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Abstract
In this thesis, we contribute to the field of rehabilitation robotics by designing haptic-enabled

tangible robot-based activities and exploring their added value for therapy and assistance.

The research specifically focuses on the design and development of gamified robot-enhanced

therapy and training activities for patients suffering from neurological disorders, children

with neurodevelopmental difficulties and elderly. We adopted an iterative design approach to

develop adaptive components tailored to the specific needs of the multiple target groups, and

introduced gamification as a way to increase users’ engagement with the training.

The key accomplishments of our research are: (1) We designed and developed robot-mediated

gamified handwriting activities by iteratively adapting, testing and integrating the system

into occupational therapy environments for children with neurodevelopmental difficulties.

We showed that haptic-enabled tangible robots can be a useful tool for handwriting training

in multi-child therapy settings. (2) We designed and developed a novel robot-enhanced

upper limb rehabilitation game, the Tangible Pacman Game, with various adaptive and

configurable components and game elements. We showed that these adaptation elements

allow for personalized interventions tailored to individuals with varying level of impairments,

ranging from stroke patients, to older adults and to children with hemiplegia, overall aged 3 to

77 years old. (3) We investigated the effectiveness of our tangible robot-mediated activities

with chronic stroke patients, and showed the effect of gamification on performance outcomes

as well as patients’ preferences via a controlled study. We showed that gamification leads to a

more controlled motor performance and discovered that there are patients who do not like

gamification, or for whom gamification is not well suited. (4) We extended the application

of our approach into the context of healthy aging, investigating the effect of the Tangible

Pacman Game and its game elements on the motor performance of the elderly. We explored

age-related differences within a controlled study with a young control group, and showed

positive motor learning and skill transfer. (5) We developed further variants of our proposed

system with additional adaptations and features to increase its effectiveness and acceptance

by: (5a) Designing dynamic game spaces with rearrangeable tiles, (5b) Incorporating IMUs

to our games to detect and prevent compensatory motions, (5c) Developing co-located and

remote multiplayer game modalities to promote social interaction, and elevating the tangible

robots to the online space to bridge the patient’s interaction with therapists or family members

in the context of recent social distancing rules.

vii



Acknowledgements

Throughout this thesis, we aimed to strike a balance between exploration and exploitation.

In the exploration side, we interleaved design, development and testing in multiple steps

involving 7 therapy centers in 5 cities in 2 countries. This allowed us to successfully introduce

and adapt our system to different therapy settings and persons affected by a large range

of neurological difficulties and impairment levels. In the exploitation side, we conducted

controlled studies, showing the effectiveness of our interventions on real target users. In total,

the designs in this thesis touched 122 healthy participants, 96 target users and 18 domain

professionals.

Keywords: Robots for Therapy, Human-Robot Interaction, Rehabilitation Robotics, Assistive

Robots, Gamification, Tangible Robots, Special Needs Education, Healthy Aging
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Résumé
Dans cette thèse, nous présentons une nouvelle approche de la robotique de rééducation qui

vise à explorer la valeur ajoutée des robots tangibles haptiques, en étudiant leur utilisation

dans la thérapie et l’assistance. La recherche se concentre spécifiquement sur la conception

et le développement d’activités de thérapie et d’entraînement gamifiées à l’aide de robots

pour les patients souffrant de troubles neurologiques, les enfants souffrant de troubles du

neuro-développement et les personnes âgées. Nous avons adopté une approche de concep-

tion itérative pour développer des composants adaptatifs s’adaptant aux besoins spécifiques

des multiples groupes cibles, et avons introduit la gamification comme moyen d’accroître

l’engagement des utilisateurs dans la formation.

Les principales réalisations de notre recherche peuvent être résumées comme suit. (1) Nous

avons conçu et développé des activités gamifiée de l’écriture assistée par robot en adaptant,

testant et intégrant le système de manière itérative dans des environnements d’ergothérapie

pour les enfants atteints de troubles du neuro-développement. Nos tests ont montré que

les robots tangibles haptiques peuvent être un outil utile dans l’apprentissage de l’écriture

manuscrite pour enseigner le ductus et le graphème des lettres dans des environnements

thérapeutiques multi-enfants. (2) Nous avons conçu et développé une nouvelle activité de

gamifiée rééducation des membres supérieurs par le biais de robots, le jeu Pacman tangible,

avec divers composants et éléments de jeu adaptatifs et configurables pour des interventions

personnalisées adaptées à des individus présentant différents niveaux de déficience, impli-

quant des patients victimes d’un accident vasculaire cérébral et des enfants hémiplégiques,

âgés de 3 à 77 ans. (3) Nous avons étudié l’efficacité de nos jeux tangibles médiés par des

robots avec des patients victimes d’un accident vasculaire cérébral chronique, et nous avons

montré l’effet de la gamification sur les résultats de performance et les préférences des

patients dans une étude contrôlée. Nous avons montré que la gamification conduit à une

performance motrice mieux contrôlée (plus régulière et plus lente) et découvert que nous

n’avons pas besoin de gamification pour chaque patient. (4) Nous avons étendu l’application

de notre approche dans le contexte du vieillissement en bonne santé et avons étudié l’effet du

jeu Pacman tangible et de ses éléments sur la performance motrice des personnes âgées. Nous

avons exploré les différences liées à l’âge dans le cadre d’une étude contrôlée avec un groupe

de contrôle jeune, et avons montré un apprentissage moteur et un transfert de compétences

positifs. (5) Nous avons développé d’autres variantes de notre système proposé avec des

adaptations et des caractéristiques étendues pour augmenter l’efficacité et l’acceptation à
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travers : (5a) la conception d’espaces de jeu dynamiques avec des tuiles réarrangeables, (5b)

l’incorporation d’IMU à nos jeux pour détecter et prévenir les mouvements compensatoires,

(5c) des modalités de jeu multijoueur co-localisées et à distance pour promouvoir l’implica-

tion sociale et favoriser l’interaction sociale ; le transfert de robots tangibles en ligne pour

combler l’interaction du patient avec les thérapeutes ou les membres de la famille dans le

contexte des récentes règles de distanciation sociale.

Tout au long de cette thèse, nous avons cherché à trouver un équilibre entre l’exploration

et l’exploitation. Du côté de l’exploration, nous avons entrecroisé la conception, le dévelop-

pement et les tests en plusieurs étapes impliquant 7 centres de thérapie dans 5 villes de 2

pays. Cela nous a permis d’introduire et d’adapter avec succès notre système à différents

contextes thérapeutiques et à des personnes affectées par des difficultés neurologiques et

des niveaux de déficience variés. Du côté de l’exploitation, nous avons mené des études

contrôlées, montrant l’efficacité de nos interventions sur des utilisateurs cibles réels. Au total,

les conceptions présentées dans cette thèse ont touché 122 participants sains, 96 utilisateurs

cibles et 18 professionnels du domaine.

Mots Clés : Robots pour la Thérapie, Interaction Homme-Robot, Robotique de Réhabilitation,

Robots Assistifs, Gamification, Robots Tangibles, Education pour Besoins Particuliers, Vieillisse-

ment Sain
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1 Introduction

The origin of the idea of a robot was only an imagination shaped within the science fiction liter-

ature in 1920 as a slave that was built to work on factory assembly lines and ultimately rebelled

against its human masters. After some years, Isaac Asimov invented the word "Robotics" in the

40’s in his short stories with a more optimistic opinion of the robot’s role in society as helpful

social servants of humans. Asimov also proposed so-called three "Laws of Robotics" that his

robots, as well as fictional robotic characters of many other stories, followed: Law One: "A

robot may not injure a human being or, through inaction, allow a human being to come to

harm", Law Two: "A robot must obey the orders given it by human beings except where such

orders would conflict with the First Law", Law Three: "A robot must protect its own existence

as long as such protection does not conflict with the First or Second Law".

Now, after decades, robotics became a reality as one of the dominant technologies of the 21st

century. But this technology does not obey the imagined laws time and time again: Law One;

unfortunately robots can be programmed for military services and be the last thing someone

ever sees, for example in a drone strike. Law Two; robots sometimes prefer to obey the

"Murphy’s Law" more than this law, and even if they obey the law, they cannot question it. Law

Three; we know that robots love jumping over tables and falling on the floor (unconsciously)

since a human forgot to teach them "not to break their joints". Therefore it seems, the job

is up to us, the humans behind the robots. We, as scientists and roboticists, have a great

responsibility to design and develop robots that are robust, intelligent, safe, secure, and useful

within well-designed contexts for responsible purposes that will shape our future.

The responsible use of robots may have incredible benefits for humanity in monitoring and

helping us to repair climate change destruction, in replacing of humans in dangerous and

life threatening tasks, in assisting complicated surgeries, in assisting the walking of impaired

people, in exploring space and earth’s harshest conditions, in helping sterilization of rooms

and delivering medical supplies and equipment, in helping teaching students and in assisting

the care or rehabilitation of older or physically/mentally challenged individuals.

Among the fields of robotics, our enthusiasm and effort in this thesis was firstly channelled
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towards educational robotics, where our research environment’s roots are coming from. This

thesis expands these roots with robotics in healthcare, specifically, assistive and therapeutic

robotics where my previous research effort was based on, before my Ph.D. work.

This expansion was possible thanks to the National Centre of Competence in Research (NCCR)

Robotics1, which aims to develop human-oriented robotic technologies in order to enable

them to help both individuals and society. NCCR Robotics binds together the experts working

in the field of robotics for fighting disabilities and transforming education. Being part of this

community allowed us to transfer our robotic platform from education to therapy through

many fruitful collaborations and annual meetings where we brainstorm all together for new

ideas and further research opportunities to improve quality of life. It is here that the aim to

discover the potential of using tangible robots within therapy and training contexts was born.

1.1 Therapy and Training - Key Factors

A major goal of a physical and an occupational therapy is the improvement or recovery of

functions after an injury or the underlying condition that has caused impairment in one’s daily

functioning. The process of therapy involves a complex interplay of several factors that shape

how well a patient benefits from this treatment [1]. Some of these factors relate to therapy

practices, such as adaptive training approaches that are tailored to the each patient’s abilities

and therapy goals, and monitoring the progress in function of the current impairment level

of the patient. Some others relate to the patient’s relationship with the therapy process, such

as active participation and involvement into the therapy with voluntary actions, repetitive

exercise, regular practice in the therapy center as well as at home and high engagement in the

therapy process.

Active participation is considered to be one of the key factors in therapy: There is evidence

that for patients to maximize therapy benefits, they must be actively involved in the process

[2]. Existing evidence in literature reveals that there are two common features across all

the approaches with sufficient evidence of efficacy [2]. The first one is voluntary and active

movement of the participant using principles of motor learning [2, 3, 4]. Effective practices

must also involve active voluntary task-based motions and effort from the patient, apart

from the passive motions where the therapist or a tool provides the functional motion to the

patient’s affected limbs.

The second common feature of approaches with evidence of efficacy is that they involve

intensive practice [2, 3, 5, 6, 7, 8, 9]. One of the reasons for this is that the effective therapy

process including large volumes of repetitive exercises induces neural plasticity2 which is the

brain’s ability to reorganize itself by forming new neural connections [10, 11]. Apart from the

above-mentioned general factors, there are additional activity-dependent factors affecting

the therapy outcome: the manipulation of task intensity, task specificity and the sensorimotor

1https://nccr-robotics.ch/, accessed July 2021.
2https://www.medicinenet.com/neuroplasticity/definition.htm, accessed July 2021.
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experience of the activity are also needed for maximizing the potential for recovery in patients

[5, 12, 13].

Many studies suggest that the rate of recovery and the resulting functional gain essentially

depend on focused, intense, and as well as continual therapy [6, 12, 13]. The recovery process

simply takes time and after some progress in initial therapy at the hospital and rehabilitation

centers, the patient continues with one-on-one therapy sessions. However, the exercise inten-

sity is usually not enough due to the high cost and restricted availability of therapy sessions in

centers [14], which reveals a need for patients to do home-based therapy independently.

Unfortunately, these take-home exercises are criticized for being frustrating due to the

monotony. Consequently, only approximately 30% of patients perform home-based exercise

routines as expected [15, 16]. In the literature, some of the reasons behind the poor rehabilita-

tion reported by the patients are as follows: Lack of time (28%), forgetting to do the exercises

(24%), feeling that there was no improvement (10%), exercises being too boring (25%) and

not remembering how to do the exercises alone at home (19%) [15]. This presents a paradox:

The exercises must be intensive, repetitive and continuous in order to be effective, but these

features make the exercise uninteresting and easily neglected. The result is that there is low

persistence and lack of engagement, which limit the functional improvement and restrict the

long term outcomes in psychosocial well-being and quality of life [17, 18].

In addition to the monotony problem, previous research shows that the physical and occupa-

tional therapists rated fear of pain, depressed mood and cognitive issues as the most frequently

encountered barriers impacting patient engagement. As a solution, making therapy tasks

meaningful and explicitly related to personal goals of the patient was the most commonly

reported practice for enhancing therapeutic engagement [19]. In making therapy tasks mean-

ingful, it has been argued that enriched environments, highly functional and task-oriented

training [20], and motivating environments that enhance the engagement have an important

role [5].

These environments with enriched affordances have been shown to positively affect the

kinematic performances of patients. [20] shows a strong example for this phenomenon by

comparing an enriched condition (patients chop a real vegetable with a kitchen utensil) to an

"impoverished" condition (patients do the same movement with the same kitchen utensil,

but without a real vegetable): patients show more efficient, more direct and more smooth

motion overall in the enriched condition. It is therefore clear that these natural environments

and meaningful functional tasks have high potential to positively affect the involvement and

motivation of patients to produce higher performance motion. In other words, repetition

alone without usefulness or meaning in terms of function, is not enough to produce desired

performance outcomes [21].

There are strong parallels between physical and occupational therapy with the goal of func-

tional recovery after injury or adverse events, and maintaining functional performance in

aging but otherwise healthy individuals, through invoking neuroplasticity. With the global life
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expectancy on the rise (67 years in 2000 to 73 years in 2020 [22]), many individuals are granted

with a longer period of later life where it is key to be in good physical and mental health

in order to maintain functional independence. One key factor for maintaining functional

independence is skilled upper limb functions and the acquisition of novel motor skills [23].

These functions typically exhibit age-related performance declines and deficits, which can be

characterized by e.g slowing of movement and coordination difficulties [24].

Very similar to the case of therapy, motor training protocols can at least partially ameliorate

the above-mentioned deficits in the elderly population by invoking motor learning and neu-

roplasticity [25]. Unsurprisingly, these exercises for motor learning must be deliberate and

goal-oriented in order to be effective, also when applied in the context of healthy aging. In

other words, the elderly person must intentionally, willingly and persistently perform the exer-

cises. Especially relevant for the elderly population, the technologies designed around these

exercises must be intuitive and usable, whereas in practice, these technologies are typically

designed for a younger and technologically fluent population [26]. This presents a significant

challenge and a risk of reduced engagement in the elderly.

Given these evidences, transforming laborious repetitive exercises into enjoyable, motivating,

easy to remember and intuitive experiences, within a meaningful, functional task, while also

giving proper feedback about the performance of the user to him/herself are crucial elements

for therapy and motor training, as these factors determine the engagement and involvement of

affected persons in these activities.

While it is clear that engagement and involvement are highly desirable outcomes within

therapy and exercise activity design, there is a certain lack of clarity in the definitions of en-

gagement and involvement in the therapy context; the common understanding of engagement

in educational psychology as well as in therapy is the multi-dimensionality of the construct.

Previous research [27] identifies several dimensions in the definition of engagement: be-

havioural, social, cognitive, affective, emotional and psychological. This multi-dimensionality

is also consistent with the understanding of involvement, whose dimensions are: attraction,

centrality, social bonding, identity affirmation and identity expression [27].

Importantly, involvement seems to be more relevant to the internal state and personal prefer-

ences of the affected persons, denoting their motivation and willingness to do an activity and

their interest in it. Engagement seems to be more relevant to the behavioral, cognitive and

affective investment of the affected persons to the activity, and is defined by e.g the persistence

of attendance and the emotional state while performing the activity [27]. A key insight here

is that these two concepts overlap and have mechanisms that continually feed into each

other. A high/low level of interest in the activity (involvement) influences the affected person’s

willingness to engage in the activity, whereas positive/negative experiences during the activity

(engagement) influence the affected person’s level of longer-term involvement [27].

Going even further, this feedback loop can be argued to have more underlying mechanisms

and detail [28]. Ideally, a high involvement in the activity will result in high engagement,
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i.e more positive experiences and better emotional state while performing the activity. This

continual positive state while performing this activity will ideally result in more and more

activity competence, namely the ability to perform the activity according to an expected

standard. When this happens, the affected person’s sense of self will improve, namely they

will feel more satisfied and confident. With this improvement of self-esteem, they will be

able to choose and perform more meaningful activities, namely they will generate a sense of

personal preferences. Finally, these personal preferences will ideally feed back into developing

long-term involvement.

The factors that contribute to these outcomes are also, understandably, multi-dimensional.

[29] identifies several environmental dimensions:

Availability: Objective provision of activities and services. This includes e.g the limited dura-

tion of therapy sessions and the limited space available in therapy centers.

Accessibility: Ability or perceived ability for the stakeholders to access the activity. This can be

simply e.g the activity design having high degree of usability by impaired persons, and

having easy management by the therapists.

Affordability: Resource constraints to the activity, including financial, time and energy re-

sources. An activity having less resource cost will potentially have higher reach, impact

and adoption.

Accommodability: Adaptability and modifiability of the activity. An adaptable activity will

have impact on a broader range of affected persons thanks to its ability to adapt to each

individual’s capabilities and therapeutic goals.

Acceptability: The affected person’s and other people’s acceptance of the activity and its

situational context. Activities with e.g high invasiveness or little regard towards personal

preferences would have higher risk of diminished acceptability.

As such, the activities that patients attend must be adapted to accommodate their compe-

tences in order to be experienced as meaningful, and ideally be matched and adapted to

their preferences in order to be accepted. The design of technologies around these activities

should facilitate active participation with voluntary movements, intensive practice, preferably

at low cost. These designs must also facilitate virtual or in-person therapeutic visits by being

as accessible as possible, and motivate affected persons to engage in under-supervised or

unsupervised therapeutic activity at levels necessary for motor learning and skill transfer [13].

1.2 Technologies for Therapy and Training

To improve engagement, involvement and the overall effectiveness of therapeutic activities,

there have been numerous technology-enhanced solutions developed for occupational and
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A B

C D

E F

Figure 1.1 – Prominent technology-enhanced solutions for rehabilitation and assistance in the
literature: (A) Exoskeleton robots [30], (B) End-effector robots [31], (C) Social robots [32], (D)
Tangible devices [33], (E) Video games [34], (F) Virtual reality [35].

physical therapy and assistance including tangible devices, gamified solutions as well as video

games with Virtual Reality (VR) components, and robots, please see Figure 1.1. Below, we

summarize and give a brief state-of-the-art of these technologies.

Robot-assisted therapy devices are increasingly used in therapy and training. Robotic solutions

for this purpose are generally found in three broad categories: exoskeletons, end-effectors,

and social robots [36, 37, 38, 39, 40].

Exoskeleton robots are wearable devices that can move passive limbs, while providing as-

sistance or resistance to the movement of a single joint or perform control of multi-joint

coordination [41, 42]. These robots typically follow the link and joint structure of the limb they

are designed for, and can control multiple joints simultaneously, resulting in tight physical

human-robot interaction. However, since these devices follow the limbs closely and precisely,
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adaptation for individual persons with different limb lengths is significantly challenging. Setup

usually takes considerable time and complex mechanisms are involved in order to ensure

patient safety, and these factors may increase the burden on the therapy process [42, 38].

End-effector robots are active or passive devices that are attached to the person’s limb at

its extremity and follow the movement of the limb usually with fewer degrees of freedom

[42]. These devices can be planar or operate in 3 dimensions. As their main advantage over

exoskeleton robots, end-effector robots show improvement in efficiency or cost-effectiveness

during the limited time allocated for clinical therapy setting [38]. However, they do not provide

detailed control over each joint of the limb, limiting their use in certain scenarios.

From a different perspective, Socially Assistive Robot (SAR)s use voices, gestures, or other

humanlike behaviors for social interaction, for functional assistance or for exercise training as

a partner, as a coach or as a companion of stroke patients, elderly persons and children with

Neurodevelopmental Disorders/Difficulties (NDD) [40, 43, 44, 45, 46, 47, 48, 49, 50]. Among

them, social robots designed to promote physical exercise typically execute a series of physio-

therapeutic exercises, which the affected person imitates within a social interaction scenario

[51, 52, 53]. Such robotic solutions have a positive influence on affected persons and are

used successfully by offering alternative ways for entertainment and rehabilitation sessions.

These solutions work by providing assistance through non-physical social interaction, thus ad-

dressing social rather than physical needs [54, 40]. The robot moves autonomously, monitors

the patient’s activity, and helps the patient to remember to follow a rehabilitation program

through several levels of feedback and monitoring capability, while providing encouragement

and reminders throughout a therapy session. Evidence suggests that these robots have a

positive impact on willingness to perform prescribed rehabilitation exercises, which makes

the therapy process more enjoyable [54, 40, 44, 55, 45, 52]. However, set-up time is still found

to be time-intensive [53]. Additionally, in order to monitor the affected person’s motion, these

robotic systems are typically enhanced with wearable sensors or video capture systems. Such

wearable devices for monitoring physical activity have been shown to be effective, however,

since they have to be worn, they are found too invasive in the long term, and their acceptance

by older people is low [56, 57]. They must be miniaturized for being acceptable as wearable

devices or have to be used for disease monitoring with a conscious involvement [57, 58, 49].

Regardless of the specific approach, rehabilitation robots have clear potential in reducing the

burden on therapists by substituting human intervention with automated procedures and can

provide effective therapies by fulfilling the main goals of enhancing repetitive task training

with high intensity, task specificity, objective measurements of the temporal changes in motor

control of the affected limbs [5, 38, 59, 60, 61, 62], as well as engagement and involvement

[54, 40, 44, 55, 45]. Therefore, in the literature, robotic interventions have been highlighted as

a promising intervention to support motor learning and increase motor control and strength

[38].

In order to motivate, engage and increase patients’ adherence to their treatment, robot-aided
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rehabilitation is frequently combined with gamification [63, 64]. Gamification is the use of

game design elements in non-game contexts [65] and is used widely in therapy and training

contexts in order to provide meaningful and playful tasks and appropriate challenge for

enhancing the engagement [66, 67, 68, 69, 43].

Gamified technologies can provide attractive therapy and exercise settings via the integration

of meaningful goals, high variety of tasks, rewards, feedback and difficulty adaptation to

promote high enjoyment, to provide appropriate exercise intensity, and to improve the well-

being of the user population [58, 14, 57, 69]. Furthermore, gamification opens the possibility

of multiplayer game modalities, which allow the games to be extended with social interaction,

a strong motivator and an opportunity to capture the possibilities often missed in single player

modalities. Compared to pre-programmed challenges or autonomous agents opponents, a

second player (e.g friend or family in the context of motor training, family, friend or therapist

in the context of rehabilitation) has often more to contribute to the game [70, 33, 71, 63].

Technologies commonly used in integrating gamification into therapy and training contexts

include self-management systems, portable devices such as tablets and smartphones, physical

robots, gaming consoles, wearable technologies, VR, and embedded sensors [58, 57].

Gamified applications on portable devices (typically smartphones) can provide tracking of the

activities of the patients or elderly and encourage them to monitor their progress by offering

in-game rewards and motivating them to increase their physical activity [58]. One limitation

of these solutions is that they often only focus on whole body activities like walking or running,

and do not cover finer motor activities like upper limb functions. To enable this coverage, they

can be augmented with wearable motion tracking sensors in the form of e.g bracelets. These

have been shown to be effective, however, as we discussed above, they are sometimes found to

be invasive and might create acceptance issues [56, 57]. These solutions must be engineered

to be as lightweight and miniature as possible for reducing this risk.

Game-enhanced virtual environments can provide customizable training and encourage the

patient to become more involved in rehabilitation [72, 73, 74, 75]. Therapy involving such

virtual environments and VR technology allows for increased intensity of training while pro-

viding augmented sensory feedback. It is considered as a strong patient-centered tool for

stroke rehabilitation and the rehabilitation of children with hemiplegia thanks to its charac-

teristics, such as contextualized environments, task-oriented training and adaptive training

[76, 77, 78, 79]. The results of several studies suggest that the use of VR has promising results

in improvements in motor function and in activities of daily living [80, 81, 82, 83, 84, 85, 86].

Technologies based on touch panels or gaming consoles provide rehabilitation games with

touch, visual and audio feedback to guide users through a series of gamified video exercises

which track and measure movements, provide real-time feedback, and record performance

over time [58, 49, 87, 88]. Webcam-based video capture systems and game consoles such as the

Nintendo Wii and Playstation II EyeToy deliver relatively cheap low cost solutions compared to

high cost robotic systems [89, 14]. Studies with such systems report significant improvements
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in functional recovery [90, 91, 92, 93, 94, 95, 96].

However, most of the above-mentioned gaming console, VR and touch panel-based solutions

generally need a specific or an isolated part in the therapy or care center and home. Their

need of a screen, a panel, or a TV makes the system difficult to be carried to different places

and diminishes ease of setup. One of the current significant challenges of designing at-home

rehabilitation technologies is the repurposing of the use of rooms or shared devices such

as TV and computer within the space available in the home [97, 98]. Considering this issue,

above-mentioned technologies might not provide the needed solution. Similarly, the need for

a special area in a room for setting up in home-environments and care centers is found difficult

due to environmental constraints in elderly care studies as well [99]. It is also claimed that

lack of familiarity and steep learning curve of such devices may reduce the training efficiency

among elderly users [100, 101].

Current conventional physical and occupational therapy methods involve the manipulation

of real objects of daily life and these therapy settings require a tangible setup where the user

grasps, holds and moves objects [102, 103]. Inspired by this conventional use, in order to

provide more compact and intuitive rehabilitation, recent studies combine low-cost materials

with small interactive tangible devices. These studies show that using tangible objects that

the elderly are familiar with and providing a tangible interface with simplified elements may

reduce the technology learning curve among the elderly [104, 105, 106]. Furthermore, direct

contact via touch interfaces is proposed to provide lower cognitive loads and a more suitable

and intuitive alternative, especially for aging users [107].

Tangible user interfaces also support post-stroke training through the tracking of the train-

ing performance and progress of the patient by converting physical representations into

digital representations [106, 108, 109]. Typically, research with tangibles explore the idea of

technology-supported, digital training systems (physical and cognitive) that aim for accessible

and affordable setups [103, 110, 111].

Examples include a custom tangible device for bimanual exercising [112], a tangible gaming

board with 64 RGB LED rotary encoders inspired by a commonly used checkerboard tool in

stroke rehabilitation centers for multi-directional reaching training [113] and an augmented

reality-based game where the player can have several real world objects of different shapes,

sizes and weights with fiducial markers and corresponding virtual representation of each

object on-screen in a meaningful game context for upper limb rehabilitation [110]. Initial

results showed acceptance of the systems by stroke survivors and therapists [106, 110]. A

commercial product example is Bimeo PRO3, which is a sensor-based tangible rehabilitation

device, used in several studies. Results show potential to improve motivation, acceptance and

exercise intensity through multiplayer games [114, 14].

3https://www.kinestica.com/bimeo-pro.html, accessed July 2021.
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Figure 1.2 – General framework explaining the motivations behind this thesis. On the right,
we list the ultimate goals for a system designed for therapy. On the left, we list the promising
technologies and methods used in the literature inspiring this thesis. In the middle, we list
exactly how and with which components these technologies contribute to the therapy system
design goals.

1.3 Our Motivations and Research Goals

We see several strong categories of technologies and associated experiences in the literature

that we draw inspiration from:

1. Tangibles are excellent in providing intuitive interaction and promoting active involve-

ment, especially for older users, while being easily integrated into home-rehabilitation

as well as therapy environments.

2. Gamified solutions are excellent in increasing involvement and engagement via attribut-

ing meaning to the user’s actions and being adaptable to user’s preferences and needs

through rich and diverse game elements and mechanics.

3. Robots are excellent in facilitating precise and repetitive exercises while adapting them

to the users through data-driven monitoring via sensors, and increasing engagement

through intelligent behaviours.

In Figure 1.2, we summarize how these technologies are anticipated to contribute to the goals

of a therapeutic system’s design.
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1.3. Our Motivations and Research Goals

In light of these technologies and their effectiveness in rehabilitation and assistance as shown

in previous works, in this thesis we propose tangible robot mediated gamified therapy with the

use of the Cellulo robotic platform. Cellulo is a robotic platform that offers added values from

each of the aforementioned technology groups: It is a tangible tabletop robot platform that

operates on printed paper sheets, providing fast and accurate localization, planar locomotion,

visual and haptic feedback [115]. It allows fast and easy design of activities with active and

passive robot behaviours, which we will exploit throughout this thesis in order to design

gamified robot-mediated activities for therapy. Please see Section 1.4 for the details on the

platform design.

Although we choose to use a specific robotic platform, coming from an educational back-

ground and having this perspective, we believe that it is not the robot or technology itself,

but the corresponding activity design and the context are the ones improve the learning

of students. Similarly for the therapy and assistance domain, we believe that the activities

designed in meaningful contexts including targeted therapy goals with meaningful tasks

and enhanced by gamification components can increase the potential of a robotic system’s

integration into multiple therapeutic environments. However, it is not immediately clear

"What is meaningful?", "What are the therapy goals?" and "How to design such activities?".

In order to learn about these questions, we adopted an iterative design methodology, focus-

ing on repeated design, development and testing cycles of the gamified activities and the

components of our proposed system with the domain’s stakeholders such as neurologists,

occupational and physical therapists, teachers, and most importantly patients with a wide

range of neurodevelopmental issues.

By continually learning about these questions in the process of integrating our proposed

robotic system into the context of therapy and assistance, we aim to avoid the risk of disap-

proval and opposition from the stakeholders of this complex domain. Importantly, our goal

is not to replace existing practices but to complement and add value to existing practices.

Therefore, it is crucial to closely collaborate with this domain’s professionals.

During this process, our aim is to do several iterations with the help of multiple therapy centers

and health-care professionals (preferably from a variety of backgrounds and professional

cultures) in order to discover more potentials and added values of our proposed integration,

and to open more doors for research. Therefore, our purpose is to not focus on one dimension

and show that this one dimension works well (such as gamification, or robots), but to show

the overall potential of using such robot-enhanced solutions for multiple target groups and

objectives.

Ultimately, a therapeutic intervention or exercise regime is useful only if it is measurably

effective, i.e there are performance outcomes. Therefore, it is very important to define per-

formance metrics, measure these metrics and show the clear effect of the intervention on

these performance metrics. At the same time, exploring and designing technical components

and seeing their added values in our contexts of interest is very valuable to us as members of
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Chapter 1. Introduction

engineering disciplines, in order to discover how to integrate these components properly as

part of an effective and well-adopted solution. We find these two approaches complementary,

i.e the approach of conducting series of controlled experiments where performance goals and

effectiveness of the intervention are key and the approach of engineering the robot-enhanced

solution where the design, development, and exploration are key. We benefit from both

approaches in this thesis, and attempt to find a balance between them.

Our ultimate research goal is therefore to iteratively design tangible robot-enhanced gamified

activities for therapy and training of multiple target user groups and measure their effective-

ness. This objective generates two main and complementary research questions:

1. How do the design and components of a tangible robot-enhanced gamified activity

affect the training outcomes and contribute to therapy and training?

2. How can the design and components of a tangible robot-enhanced gamified activity be

adapted to different target user groups and therapy environments?

We believe that by discovering the real added value of the various components of a gamified

robotic intervention and by learning how to adequately adapt these components, we will be

able to effectively integrate such robots into various rehabilitation contexts such as homes and

occupational and physical therapy centers. Stemming from these general research questions,

we also targeted a number of more detailed research questions on the effectiveness of the

proposed activities during our controlled studies. These specific research questions are

presented in Chapter 4 and Chapter 5.

1.4 Robotic Platform

Background

The base robot platform used in this thesis is the Cellulo tangible swarm robot platform.

The Cellulo research project and associated robotic platform was originally developed in the

context of educational robots, by envisioning new added values to education and new ways in

which robots could be useful in the classroom [115, 116]. The design rationales of the Cellulo

project can be summarized as follows:

• Build and effectively use robots that are perceived as everyday objects rather than

as robots: Cellulo robots and associated materials do not invoke the “robotic feeling”

usually associated with humanoid or industrial robots.

• Build simple robots perceived as tools that promote other uses than building or program-

ming: Cellulo activities come pre-programmed to the user, who then simply launches

and enjoys the activity. During the activity, the users are free to touch and manipulate

the robots as they wish, and the robots should adapt their behaviors accordingly.
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1.4. Robotic Platform

• Build robots enriched with previously unpopular affordances and materials: Cellulo

robots use printed paper as the physical base on which robots move, which is an afford-

able, easily manufacturable and distributable material.

• Build robots that are part of social interactions among users without necessarily being

humanoid/social robots: Joint tangibility and shared workspace of Cellulo robots are

typically used as a social medium between humans within co-located activities.

• Build tool-like robots whose added value is easier to imagine by those who author the

activities: Software architecture and tangible quality of Cellulo robots make them easier

to reason about within potential activities.

• Use existing materials and practices to improve the integration of the robots into formal

contexts: The original formal context is imagined as the classroom, which already has

strong and reliable paper based practices that are difficult to modify. Therefore, the

Cellulo robots must adapt to these formal contexts rather than the other way around.

Figure 1.3 – An example scene of a physical therapy activity in a hospital room where an acute
stroke patient is holding a Cellulo robot which is semi-passive and playing a game against
another Cellulo robot which is active and autonomous.

Although all of these design rationales were initially imagined within the context of the class-

room with learners and teachers as users, it is plain to see that each of these rationales trans-

lates well into the context of rehabilitation and assistance, with young and elderly patients,

therapists and special education teachers as users. Especially given our motivations based

on similar technologies and experiences in the literature, we believe that these rationales will

yield valuable gains in our efforts in this thesis.

The resulting robotic platform is “as versatile as pen and paper”, composed of many low-

cost, palm-sized tangible robots that operate on printed paper sheets, controlled by readily

available mobile computers such as smartphones, tablets or laptops. An example scene of

a physical therapy activity in a hospital and a multi-user writing activity in an occupational

therapy center designed with the Cellulo platform can be seen in Figure 1.3 and Figure 1.4
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Figure 1.4 – An example scene of a multi-user writing activity in an occupational therapy center
where each child has their own Cellulo robot to interact with, and the therapist is present to
supervise the activity and observe their performances.

respectively. Below, we explain the operation of each key technical component within the

Cellulo design, especially the elements that were highly useful for this thesis.

Localization

In Cellulo, the challenge of accurately localizing a potentially very large number of robots

within the workspace is solved via an optical microdot pattern printed on common sheets of

paper, also called maps. Each robot picks up a portion of the pattern via an embedded camera,

decodes the pattern and self localizes. See Figure 1.5 for an example robot camera image of

the microdot pattern. See [117] for the full details on the design, operation and experimental

validation of this system.

The regular workflow of creating an activity map on which Cellulo robots localize consists

of first designing the graphics that will go into the activity, and then overlaying the microdot

pattern with a script, which takes as input the desired origin coordinates of the sheet. The

microdots are designed to be printable with at least 300 Dots per Inch (DPI), which is common

in modern home and professional printers. The size of the maps are limited by the printer: the

largest map used in this thesis was printed as usual in our university’s poster printing facility,

measures 800 mm × 2000 mm, and costs the same as any poster (upwards of CHF 20 at the

time of writing), see Figure 4.3 for this specific sheet. Moreover, the microdot pattern allows

around 173 million km2 of unique non-repeating patterns, enough to cover the land area of

the Earth. This feature allows us to design separate workspaces for each patient as well as

design specific disjoint workspaces for each activity.
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1.4. Robotic Platform

Figure 1.5 – Example raw camera image from a Cellulo robot on the microdot pattern [115].
Each neighboring dot pair is on average around 0.5 mm apart. Decoding requires a minimum
of 8 × 8 of dots to be visible, which can be in any orientation, and is robust against a certain
maximum number of dots missing. Resulting decoded robot pose consists of the absolute x, y
and θ (in mm and degrees) with respect to the entire map.

With this pattern underneath, each Cellulo robot localizes itself at around 93 Hz rate with

around 0.27 mm and around 1.6 degree accuracy, with respect to the origin of the map.

Localization starts as soon as the robot is dropped onto the map and works in real time. Same

happens when the robot is kidnapped and dropped onto somewhere else on the map, the

pose is recovered instantly. All of the optical system is hidden underneath the robot and

is therefore unaffected by external light conditions. In this respect, each robot resembles a

computer mouse that has absolute positioning. Furthermore, all decoding takes place in the

robot firmware, and with this respect, the number of robots whose poses can be recovered in

a single activity is unlimited.

These features allow us to start the activity as soon as running the application and putting the

robots on top of the maps without any need for a calibration. The accurate localization allows

us to monitor and record user’s physical activities on the 2D plane with sub-mm accuracy.

Locomotion and Haptics

The Cellulo robots move by an omnidirectional ball drive mechanism. Each robot is composed

of three independent degrees of motion freedom and is able to move instantaneously towards

any x and y direction, as well as rotate independently while doing so. It is also smoothly

backdrivable by users thanks to omnidirectionality and closed loop encoding provided by the

localization system. See Figure 1.6 for the related internal components and [118, 119] for the

full details on the design, operation and experimental validation of this system.

The key element of the design is the patented magnetic ball drive design, which exposes

minimal wheel area to the outside world and affords more protection for external manip-

ulations. This makes the design especially suitable for young users, and makes the robot

highly user friendly especially within the context of education and children therapy. Moreover,
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Figure 1.6 – Omnidirectional magnet-assisted ball drive of the Cellulo robot, showing the three
motors and associated ball wheels on the left in an upside-down robot. Also visible is the
localization camera in the center [115].

this manipulation-friendliness lets us explore the haptic output from each robot as a design

element, which is actively used throughout this thesis. The use of this magnetic element

forces the robot to be very lightweight and limits the external haptic force towards any direc-

tion to around 1 N, which cannot afford actively moving a user’s hand but can create haptic

disturbance and directed assistive haptic feedback.

Software and Wireless Architecture

Cellulo architecture was designed to offload complexity and computational capability from

robots to consumer devices such as tablets or laptops, in order to simplify and push the cost

of each robot down significantly. For the robots to be readily usable wirelessly from such

consumer devices, Bluetooth v2.1 with Serial Port Profile is implemented in each robot, which

allows secure pairing and the required bandwidth. Activity software running on the consumer

device is written under the QtQuick framework4, which allows cross-platform operation and

easy access to hardware resources. See Figure 1.7 for the architecture diagram and [115, 116]

for the full details on the design and operation.

Exploiting consumer devices for complexity and computational capacity allows very large

logging space for important experimental data, such as real-time robot pose and activity

related events: modern devices offer storage space on the order of gigabytes, whereas one

Cellulo activity log spanning few hours is typically on the order of kilobytes to megabytes,

depending on how many robots are used. Using the QtQuick platform allows cross-platform

operation seamlessly across devices with different operating systems. This allows particular

flexibility in developing activities and running experiments on various devices and, in some

instances, utilizing what is available on the experiment site.

In terms of connectivity, the Bluetooth v2.1 standard allows 7 devices to be connected simul-

taneously to one host. In practice, we found that only 5 robots can reliably be connected

4https://doc.qt.io/qt-5/qtquick-index.html, accessed July 2021.
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Figure 1.7 – Cellulo software and wireless architecture. In terms of hardware, each Cellulo
activity is composed of the desired number of robots and a laptop or tablet computer running
the activity software written in QtQuick. Each robot handles onboard motion control and
localization, has 6 color LED-illuminated capacitive touch buttons for extra user interface,
and has Bluetooth connection to the activity computer. Logging of experimental data, such as
robot pose, touch button events, activity events, is done on the laptop or tablet and logs can
be retrieved easily after experiments. For large number of robots in a single activity, a laptop is
optionally equipped with additional USB Bluetooth dongles, whereas a tablet is optionally
equipped with a mini computer like a Raspberry Pi with additional Bluetooth dongles.
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across consumer devices from different manufacturers before communication failures start

to occur. In order to connect more robots simultaneously to a single activity, depending on

the device and the operating system, additional USB Bluetooth dongles can be plugged in

to act as additional Bluetooth hosts. To cover cases where this is not possible (e.g Android

tablet, does not accept USB Bluetooth dongles), a Raspberry Pi “mini robot router” attachment

with USB Bluetooth dongles was previously implemented. See Figure 1.7 for these optional

components.

Connecting multiple robots to an activity and being able to program simultaneous robot

behaviors allow us to design multiplayer training activities for multi-patient training sessions

or multiplayer games between patients and the therapist, friends or family members for

remote therapy and for enhancing social interaction.

Also, being able to program each robot individually allows us to design intelligent active robot

behaviours as well as semi-passive behaviours within the same activity, where the motion of

the user’s robot is provided by the user him/herself and the same robot provides haptic or

visual feedback upon specific events within the activity.

Practical Experiment Setup

With the calibrationless and readily connective wireless design described in the previous

sections, running experiments on-site means transporting:

1. Maps

2. Sticky paper tape

3. Desired number of robots including spare ones

4. USB chargers for robots

5. Laptop or tablet with the activity software on it

to the experiment site. These items typically fit inside a backpack and a poster tube. At the

experiment site, preliminary setup takes a minimal amount of time, which includes taping the

map(s) onto a flat table, setting up the robot chargers next to a wall outlet, and preparing the

activity software on the laptop or tablet. After the experiment, timestamped logs are recovered

from the activity tablet or laptop for further analysis.

1.5 Plan of the Thesis

Throughout this Chapter, we provided the background perspectives and then our own per-

spective for gamified robotic therapy, which depends on designing effective gamified training

activities with haptic-enabled tangible robots.
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1.5. Plan of the Thesis

As stated before in our motivations, we will pursue an iterative design methodology involving

a wide range of stakeholders and target user groups within the domain. This will allow us to

revisit and revise our proposed designs, pursue emergent properties and components of our

gamified activities and adapt our development accordingly while extending the scope of our

training domains, our target user groups and building further adaptations and extensions

in light of the lessons learned in each step. Contrary to this methodology, if a non-iterative

monolithic process were to be followed, the resulting activities would risk poor adoption

by the stakeholders who have a large variety in roles (impaired patients, elderly, therapists,

families etc.), and by the therapy and assistance domain where the integration of robots is still

recent and not omnipresent.

Each Chapter will feature its own framing within the literary background associated with the

technology being developed or the domain which is considered with the specific target user

group belonging to this domain. Following these, we will detail our methodology, design or

development processes, as well as the implementation of the proposed gamified activity or

further adaptations.

Finally, each Chapter will feature either an iterative or pilot evaluation phase in “real-world”

conditions in the presence of expected noise, or a controlled experimental evaluation super-

vised in “laboratory” conditions to obtain precise and absolute performance measures to

investigate the effectiveness of the proposed tangible robot-enhanced gamified activities. All

of these evaluation phases are conducted with real users (neurologists, therapists, children

with NDDs, children with hemiplegia, young and elderly stroke patients, healthy elderly adults)

with the Adaptation and Extension Chapter being an exception. Here, we focused entirely on

the further development of our system in light of the previous real user data and feedback,

and limited our experiments to usability evaluations and pilot tests with healthy young adults

to validate the proof-of-concept solutions.

This thesis is thus composed of:

Handwriting Activity Design for Children with NDDs (Chapter 2): Designing for "from

School to Therapy Integration" for children, we iteratively designed an activity for the

therapy of children with NDDs, with haptic-enabled tangible robots to discover the po-

tential of such robots and activities in a child therapy context. Doing this let us discover

the challenges of the integration process into various special education and therapy

centers, to evaluate the real-world performance of our proposed solution and potential

future use-cases of it, to investigate the characteristics of a tangible robot-based activity

or game for a successful transfer into various therapy environments.

Upper Limb Rehabilitation Game Design for Physical Therapy (Chapter 3): Given the po-

tential of tangible robots for upper limb exercise, we then iteratively integrated our

system into physical therapy. After carrying out several iterations with therapists and

neurologists to determine the rationale for our design, similar to the previous Chapter,

we tested and evaluated our tangible robot mediated upper limb rehabilitation game
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with real target users, through a series of design iterations and “in-the-wild” experiments

that targets a functioning and adaptable gamified upper limb activity for rehabilitation

according to the abilities and therapy goals of various patients.

Effect of Gamification on Motor Performance of Chronic Stroke Patients (Chapter 4): Con-

sequent to designing a gamified activity and testing it with target user groups in the

previous Chapter, we discovered that some game elements might effect the motor per-

formances of the patients and gamification itself might be challenging for some of the

patients. Therefore, in this Chapter, we investigated the effect of gamification as a whole

training modality on motor performance and training preferences of chronic stroke

patients with a controlled study design including a non-gamified training modality with

our proposed robotic platform as a control.

Gamified Training for Healthy Aging (Chapter 5): Next, we further extended the target user

scope of our previously designed robot-enhanced upper limb training game by including

healthy aging into our research objectives. Here, we tested the effectiveness of gamified

robot-mediated upper limb motor training by assessing motor learning and its transfer

potential to daily-like activities. Furthermore, we compared the characteristics of elderly

users to young users in order to determine specific age-related differences that might

occur during our activity, in the overall extracted performances and in the impact of

game elements.

Adaptation and Extensions for Therapeutic Games with Tangible Robots (Chapter 6): In

the previous Chapters, we observed the need for further customizations, adaptations

and extensions to increase the acceptance and effectiveness of our system for various

target groups with varying motor capabilities, training goals, interests and preferences.

In this Chapter, we extend our research effort towards a more adaptive system with

further design and development in providing a dynamic workspace to enable physical

adaptivity and creativity, in detecting compensatory motions and integrating with other

off-the-shelf sensors to improve exercise quality, and in moving our activities to the

co-located and online multiplayer realm to provide social interaction.
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2 Handwriting Activity Design for

Children with Neurodevelopmental

Difficulties
2.1 Introduction

In this Chapter, we present our research effort to investigate the role of haptic-enabled tangible

robots in supporting the learning of letter writing for children with NDD. Building upon

an initial design tested with 17 children in a preliminary school, we iteratively ported the

activity to an occupational therapy context in 2 different therapy centers, in the context of 3

different summer school camps involving a total of 12 children with writing difficulties. The

various iterations allowed us to uncover insights about the design of robot-enhanced writing

activities for special needs education and therapy involving multiple children simultaneously,

specifically highlighting the importance of ease of modification of the duration of an activity

as well as of adaptable frequency, content, flow and game-play and of providing a range of

evaluation test alternatives.

Results highlight how the design changes made across the iterations affected the outcomes

of the handwriting sessions, such as the evaluation and monitoring of the performances

and the connectedness of the handwriting. Initial results show that the use of robot-assisted

handwriting activities could have a positive impact on the learning of the representation of

letters in the context of occupational therapy.

This work corresponds to the following publications:

Thibault Asselborn*, Arzu Guneysu Ozgur*, Khalil Mrini, Elmira Yadollahi, Ayberk Özgür,

Wafa Johal, and Pierre Dillenbourg. “Bringing letters to life: Handwriting with haptic-

enabled tangible robots”. In Proceedings of the 17th ACM Conference on Interaction

Design and Children, pages 12. 219–230, 2018. *Contributed equally to this work [120].

Arzu Guneysu Ozgur, Ayberk Özgür, Thibault Asselborn, Wafa Johal, Elmira Yadollahi,

Barbara Bruno, Melissa Skweres, and Pierre Dillenbourg. “Iterative design and evaluation

of a tangible robot-assisted handwriting activity for special education”. Frontiers in

Robotics and AI, 7:29, 2020 [121].
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Within these works, the author of this thesis implemented the robotic activities as well as

the corresponding adaptations of components, game elements and maps, conducted the

iterations in the therapy centers, contributed to the design of the activities, evaluations tests,

the testing in the school and data analysis.

2.1.1 Background

NDD is an umbrella term referring to disorders that affect the nervous system development,

which may lead to atypical brain functions [122]. These disorders can influence children’s

emotion, learning ability, self-control and memory, resulting in various degrees of emotional,

physical, social, academic and economic consequences for them, and in turn families, and

society [122, 123]. Upon diagnosis, families report significant delays in treatment initiation and

unsatisfactory levels of treatment monitoring [123, 124], highlighting the need for establishing

effective easy-to-access strategies for assessing, treating and monitoring NDD.

Rapid progress in the area of robotics offers excellent chances for innovation in treatment

for children with NDDs thanks to robots allowing the execution of specific and repetitive

tasks which can be tailored according to the particular needs of the individuals. Robots thus

offer the opportunity to deliver automated and independent interventions, enable therapy

to be delivered over a distance, enable inclusive and collaborative education environments

[125] and personalise treatment procedures [126, 127]. Combined with gamification, which

improves the learning rate and ensures effective improvement in the pedagogical, social and

behavioral sense [128, 129, 43], robot-enabled therapy becomes a highly promising avenue for

research [43].

Through robotic interventions and gamification, previous studies showed improvement in

the learning performance, children’s engagement, communication, and social interaction

[128, 130, 131, 132, 133, 134]. These gamified interventions can also serve as a medium for

collaborative activities between children with NDDs to promote group activity and social

inclusion, or within family members to enhance parents–child relationship [134]. While

significant research has been done on the type of the robot to adopt, such as humanoid vs.

non-humanoid, as well as on assessing its effectiveness in therapy, not many works investigate

ways to integrate the robot-based digital technologies into therapy sessions within different

environments [126, 135].

Due to the wide range of problems related toNDD, there are several activities targeting covered

in the therapeutic sessions, which are focusing social, physical, emotional or cognitive aspects.

Among these activities, handwriting is a fundamental ability that must be gained in childhood,

and has a great impact on a wide range of tasks such as communicating and recording our

knowledge, emotions, ideas and opinions. Unsurprisingly, it has been shown that handwriting

is a critical skill to be acquired for the academic and behavioral development of students

[136, 137, 138].
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Handwriting is a complex perceptual and motor skill to learn, and consisting of visuomotor in-

tegration, motor planning, visual-spatial abilities, visual perception, as well as responsiveness

to tactile and kinesthetic stimuli [139, 136, 140]. Hence, there is an ongoing research effort

dedicated to teaching students effective writing skills and highlighting the challenges students

face to master handwriting [141]. Again, unsurprisingly, children with NDD experience great

difficulty in handwriting due to its visuomotor complexity. Combining this challenge with

the educational roots of Cellulo and its shown potential in the domain of learning, we find a

highly profitable research avenue: Its capabilities such as backdrivability and visual/haptic

feedback make it a natural, promising choice to support children with visuomotor coordina-

tion difficulties. This is the main reason we targeted handwriting as our first robot-enhanced

activity to integrate into the therapy of children with NDDs.

2.1.2 Past Research

In recent years, several studies have been conducted exploring the processes engaged in

handwriting and the learning effects of different technologies on the handwriting process.

[136] suggested that handwriting difficulties do not resolve without intervention. Considering

that up to 25% of the school-aged population is affected by handwriting difficulties [142,

143], there is a need to develop technologies that support intervention methods for typically

developing and high-risk populations. One example where technology can be useful in this

domain is the usage of digital tablets to detect handwriting difficulties. They made possible the

evaluation not only of the final product of handwriting (the static image), but also its dynamics

[144, 145]. For example, [146] used digital tablets to collect data on handwriting ability before

handwriting is performed automatically. Thanks to quantitative methods, they could find

patterns indicating potential future writing impairments at a very early age. [147] used a

supervised learning model to detect dysgraphia. The authors included 54 third-grade Israeli

children in the study and used a 10-item Handwriting Proficiency Screening Questionnaire

(HPSQ) [148] to identify poor writing.

[149] in their study of handwriting investigated how certain low-level and high-level pro-

cesses differ between children with Autism Spectrum Disorder (ASD) and typically developing

children. Their findings have clinical implications which can inspire the development of

technologies to help children with executive function deficiencies. These results indicate

that to determine handwriting intervention customized to each individual has considerable

importance for their success.

In a related study, [144] focused on the detection of severe handwriting difficulties such as

dysgraphia, using a digital approach that identifies and characterizes handwriting difficulties

[144, 145]. Their approach was inspired by the original standardized test devised by therapists

to detect handwriting difficulties. Their tablet-based test can have direct implications on

developing educational technologies for children, either typically developing or with hand-

writing difficulties. Several other tablet-based applications can be found in the literature that
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remediate handwriting difficulties; the main advantages of these tablet-based applications is

that they allow the display of additional visual information to provide immediate adaptive

feedback and instructions to the learner, while capturing the handwriting data accurately to

be processed in real-time or afterwards [150, 151].

Furthermore, a growing number of studies aim at helping children with developmental dis-

orders by incorporating robots to help handwriting [152, 153]. For instance, the Cowriter

project [154, 152] exploits the social capabilities of a humanoid robot to teach handwriting in

an original way. Based on the learning-by-teaching approach, the child becomes the teacher

of a robot “requiring help” to improve its handwriting and this role reversal results in several

powerful effects including motivation gain and de-dramatization of the child’s problems.

From a learning goals perspective, in order to have a complete letter representation, a child

should acquire the visual perception of the letter, called the grapheme, but also the visuomotor

coordination associated with it, i.e. the dynamics of the movement, called ductus [155].

To enhance the visual perception as well as the visuomotor coordination, it is shown that

using more sensory information ranging from audio and visual to kinesthetic feedback is

important [156, 157, 158, 155]. Because of this reason, teachers commonly use techniques

allowing children to experience various sensory information when learning how to write.

These techniques include drawing letters in sand or semolina, touching and sensing the shape

of letters carved in a piece of wood, verbally describing the letters or building the letter with

play-dough [159, 138].

Indeed, kinesthetic real-time feedback is shown to be paramount sensory information needed

during the process of handwriting [160, 161]. To fill this gap in robot-assisted and digital tech-

nologies, several recent studies are using haptically active training programs in order to teach

handwriting. [155] compared a visual-haptic to a visual only program to teach five different

letters to a group of 21 first-grade children. The authors showed that the combination of visual

with haptic information is more efficient than visual only information since it improves both

perceptual and visuo-motor skills.

[162] showed the use of visual-haptic feedback to teach handwriting to kindergarten children

where they present a device, “Telemaque”, that incorporates a programmable force-feedback

pen that can be guided along a letter model (which is not only static, i.e the shape, but also

dynamic, i.e incorporates the rules of motor production) in order to enhance the visuomotor

perception of the letters targeted. In their study, the authors focused on six cursive letters

(‘a’, ‘b’, ‘f’, ‘i’, ‘l’, ‘s’) and showed significant improvement of the handwriting’s legibility for all

trained letters after the visual-haptic training with respect to the control group.

[163] proposed a haptic tele-operated training method aiming to improve motor skill acqui-

sition. A master helps an apprentice by showing the desired path (a letter) using a robot

end-effector, whose motion is sensed by the learner via the haptic device. The authors showed

better and faster learning of motor control for the learners using this method compared to

those using visual information only.

24



2.1. Introduction

Even though these devices have brought very promising results, a strong limitation to their

widespread use comes from their very high cost, that makes them unaffordable for most

schools and therapy centers. In addition and to the best of our knowledge, there is currently

no haptic system providing collaborative handwriting activities in classrooms, which typically

requires one set of equipment per learner. In occupational therapy settings group activities

have an important role for social participation while children practicing sharing, taking

turns, starting conversations, and making friends. For this reason, one of the goals of this

research effort is to develop and test a system for teaching handwriting that relies on low-cost

equipment, while also allowing haptic feedback in single- and multi-participant collaborative

learning activities.

Collaborative learning appears in situations where two or more people attempt to learn

something together [164]. Even if no general assumption can be made concerning the benefits

of collaborative learning (because it is strongly dependent on the designed activity), [165]

summarizes the positive effects that sometimes arise with collaborative learning as a deeper

level of learning, critical thinking, shared understanding, and long term retention of the

learned material. Moreover, according to the therapists’ feedback in the occupational therapy

centers, children may benefit from group therapy sessions by modeling their peers, learning

how to cooperate, acknowledging each other’s strengths. Lastly, group occupational therapy

or group physical therapy may provide beneficial social interaction to children: they can not

only communicate their ideas with each other, but also improve their self-esteem by achieving

skills and tasks in front of their peers. For these reasons, activities and tasks that are planned

for the group session should be fun, flexible, exciting and novel as well as in line with the

children’s goals, preferences and attitudes to minimize the number of children who refuse to

participate or exhibit non-compliant behavior 1.

2.1.3 Our Contribution

Our research effort, described here, aims to enhance the sensory information perceived

by the child while handwriting by using the tangible, haptic-enabled, low cost, small-sized

Cellulo robots [116]. While these robots move on a sheet of paper displaying the letter’s visual

representation (see Figure 2.3A), the learner can observe the ductus of the letter (the trajectory

followed by the robot between the starting and ending points of the letter), as well as the

grapheme of the letter (printed directly on the sheet of paper on which the robot moves).

Moreover, the haptic and visual capabilities of the robots allow for increasing the sensory

information provided to the learner during the activity. The design of the robot allows for

the recording of rich interaction-related information during the activity, such as the user’s

motion trajectory, accuracy of the motion, etc. The robot’s holonomic motion system provides

autonomous motion capability, as well as robustness against human manipulation [118]. The

overall design of the robot allows easy set-up and use in classroom and therapy environments

1https://www.yourtherapysource.com/blog1/2019/04/24/tips-for-successful-pediatric-

group-therapy-sessions/, accessed July 2021.
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thanks to the plug-and-play nature of its ecosystem.

In this research, we hypothesize that training with the robot can effectively convey the proce-

dural knowledge of the grapheme and the ductus of the letter in our context of interest. At the

same time, using multiple robots and their synchronized behaviors, we aim to show that it

is possible to design collaborative learning activities in the aforementioned fun, flexible and

inclusive manner.

The primary aim of this research effort is to support handwriting learning, with a specific focus

on special needs education and therapy, by designing tangible robot-mediated, interactive,

collaborative activities. In the initial part of the work, we performed a content analysis to

target specific skills involved in the handwriting processes and, based on that, designed an

activity flow composed of 4 sub-activities, which is tested and validated in a public school

with typically developed children. In subsequent iterations, we refine and adapt the activity

to a therapy context over a number of experiments in different therapy centers, with the

close collaboration of therapists and children in need of occupational therapy. During this

iterative design process, we identify the key design aspects to be taken into consideration

when addressing occupational therapy scenarios and evaluate the effect of the tested variants

on learning using qualitative and quantitative methods. We discuss several key take-home

lessons and conclude with shortcomings and future work.

2.2 Methodology

2.2.1 Iterative Design

The design of learning activities for children requiring special education within an occupa-

tional therapy session brings about many challenges and unknowns, such as orchestration,

use of space and choice of grouping of children with vastly different learning objectives and

activities. Furthermore, the design of activities for special education or therapy involves the

crucial participation of a wide spectrum of stakeholders, including teachers, therapists and

most importantly, the children themselves.

Given these factors, it becomes impractical to imagine a classical study scenario or "a single

optimal solution" where a working design can be made and tested to show that it yields

positive learning outcomes: As we show below, there are many failures, lessons that must be

learned and interactions that must be made with the stakeholders in order to improve the

existing design and bring it to an acceptable level of operability and adaptability for children

having different levels and types of difficulties.

For these reasons, we follow an iterative design methodology where we tested and improved

the design repeatedly at different stages of maturity and practicality. At each iteration, we

make/refine the design and attempt to verify it rigorously with a study in order to reveal flaws

and gather observations and feedback that may aid in improving and adapting it further for
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integration into different therapy settings.

First, we start our design by aiming to meet the learning objectives assigned to typically

developed children in a school environment. This is labeled as Iteration 1, and aims to yield a

base-level usable activity that we can iterate over.

This also allowed us to eliminate the usability flaws before launching the activity in a ther-

apy environment. In Section 2.3, each iterative step of our iterative design methodology is

explained in detail to reflect the design changes, feedback and observations affecting the next

steps.

2.2.2 Participants and Environments

During the iterative design process, one public school and two therapy centers were involved

in our activity design and evaluation. Initial design and evaluation were done in a public

school with the contributions of teachers and the participation of 17 children (10 girls and 7

boys) with a mean age of 5.3. During the integration of the system into the therapy setting,

therapists of each center gave feedback on the application before the testing stage. In the first

center, we conducted one training session with 5 boys. In the second therapy center, we first

conducted 3 training sessions with 3 girls and then 2 training sessions with 4 boys. The children

attending the sessions had a variety of difficulties such as poor concentration, fine motor

dexterity issues, attention difficulties, etc. The detailed information about the symptoms and

problems of each child indicated by the corresponding therapists of each group can be seen in

Table 2.1, which further stresses the importance of developing adaptive solutions able to suit

the needs, constraints and learning goals of each child. The clinical and neuropsychological

assessment data belonging to the participating children have been provided directly by the

therapists. These assessments include proper clinical diagnoses related to NDD (reported as

ASD and Attention Deficit Hyperactivity Disorder (ADHD)), but also other potential problems

observed by the therapists. These problems may simply be outside of clinical diagnosis scope

(reported as e.g “does not like to write”) or may potentially eventually lead to the discovery

of clearly diagnosable disorders in the child (reported as e.g “motor coordination/activity

problems”). In the latter case, the clinical diagnoses were not yet attempted on the children

by their legal guardians. We opted to acquired all of these information as they were highly

beneficial in being the primary guiding factor in both the design phase and the application

phase, i.e when the actual interaction with the affected child took place.

Testing of our system was part of three different summer schools for fine motor and hand-

writing skills within the therapy centers. These summer schools were aimed at helping with

different aspects of handwriting and included varying activities to assist: (1) Core body strength

and shoulder stability, (2) Body posture and hand positioning, (3) Manual dexterity and pencil

grasp, (4) Fluidity of writing movements, (5) Handwriting legibility, (6) Typing, (7) Sensory

awareness, (8) Graphomotor skills, (9) Concentration and attention, (10) Social skills. In the

second therapy center, therapists were also providing support for the development of gross
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Group Child Id Age Symptoms/Problems Indicated by Corresponding Therapists

1

F 7
ASD, losing motivation quickly, problems in visual

construction, does not like to write

A 7 ADHD, attention problem, sensitivity to auditive stimulation

X 6 ADHD, attention problem, does not like to write

B 7
Visuomotor coordination problems, poor fine motor dexterity,

problems in line following

V 7
Visuomotor coordination problems, poor fine motor dexterity,

problems in line following

2

J 7

Handwriting problems, poor fine motor skills, poor precision,

functional problems, high intelligence assessment,

moves a lot and is disturbed quickly, poor concentration

C 8
Problems in fine motor skills, poor attention, not totally

concentrated, focused or engaged while handwriting

I 5,5
Poor gross and fine motor skills,

robot activity is first experience with cursive letters

3

O 7
Problems in handwriting skill and fine motor activity,

difficulty in visual perception, line following and drawing

S 7 Handwriting problems

K 8 Hyperactive, sensory problems

M 7
High potential, fine motor skill difficulties, handwriting

problems, hyperactive

Table 2.1 – Child participants to occupational therapy sessions.
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motor skills with outdoor activities.

This study was carried out in accordance with the recommendations of the Human Research

Ethics Committee (HREC) at EPFL. The protocol was approved by the HREC (No. HREC

008-2018 / 16.02.2018). All subjects’ parent or legal guardian gave written informed consent in

accordance with the Declaration of Helsinki. All child participants gave a verbal consent and

were informed of their right to stop the experimental activity at any time.

2.2.3 Method to Analyze Learning Outcomes

In order to explore the added value of our tangible robot-assisted writing activities to the hand-

writing learning process, we want to assess the visual perception (linked to the representation

of the letter’s grapheme) and the visuomotor coordination (linked to the representation of the

letter’s ductus) aspects of the learners in detail. In other words, we want to assess the quality

of the letter representation in the child’s mind in terms of ductus and grapheme.

All children participated in each activity session in the following way: First, they did a pre-

test with a pressure-sensitive pen & tablet (Wacom Cintiq Pro in the public school, Lenovo

ThinkPad X1 Yoga in the therapy centers) in order to measure their handwriting proficiency

before the activity. Then, they participated in the tangible robot-enabled writing activity as

a group 3 or 4. Finally, they did a post-test in a similar way to the pre-test to measure their

progress after our one session of robot-enhanced intervention.

Initially, the assessment of handwriting proficiency was done by asking experts to grade each

letter from every child in terms of the ductus quality between 0 (for totally wrong ductus) and 3

(perfect ductus with proper start and end points and directions) but the inter-rater agreement

of the experts was found to be too low. One of the contributing factors was the high variance

in the handwriting performance (ductus, grapheme and cursiveness quality) of children in

therapy centers. Another factor was that during the initial phases of the experiment, tests

were mis-perceived by some children, who started to fill the letter graphemes as if it was a line

following activity (in the form of painting), rather than a writing activity. This mis-perception

will be explained in the following sections and can be seen in 2.7. Ranking between 0 and

3 was also not able to grasp the improvement in writing performance of children who were

previously unable to write at all: There were instances where the pre-test performance was not

gradeable (no sensible letter was written), while the post-test performance was very low but

comparably closer to actual writing. Some learning clearly took place, but both performances

received 0 rank.

In order to reliably quantify the letter writing performance by focusing on grapheme and

ductus quality, we switched to the DTW technique from [166] (available as a python package

under the name of fast-dtw) which allows for measuring the distance between two temporal

sequences regardless of the speed. Using this technique, we measured the distance between

the written letters (taken as an actual time series (x, y, t )) and the ideal letter represented on
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Figure 2.1 – The timeline of the iterative design and testing steps. Group 1, Group 2, and Group
3 are child participants in occupational therapy sessions in Table 2.1. Light blue iterations
denote activity design and software development, dark red iterations denote testing and
validation.

the activity sheets (taken as an ideal imaginary time series (x, y, t )). This distance is used as an

error score for writing performances. For a given letter, a lower error score indicates a closer

ductus and grapheme to the expected letter. Furthermore, we calculated the connectedness of

the letters (defined as the total number of strokes per letter) as another factor contributing to

performance, in order to take into account the possible mis-perceptions of the activity as the

case shown in Figure 2.7.

2.3 Design of The Robot-Assisted Writing Activity

This section explains in detail each step through the iterative design process, starting from the

pedagogical design, followed by the various steps of testing in the school and therapy centers,

and the adaptation of the system to the new learning environments. The overall flow of the

iterations and corresponding group information can be seen in Figure 2.1.
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A B C

Figure 2.2 – Example of devices used to teach visual perception and visual-motor coordination
of letters. (A) The letters are formed using play-dough. (B) the child draws the letter in a
sandbox. (C) Haptic-enabled tangible robotic platform Cellulo, assistive haptic force applied
towards the letter when the user is out of the letter’s grapheme. The LEDs on the robot also
provide real-time feedback (green vs. red when in vs. out).

2.3.1 Iteration 1 - Initial Design of the Letter Writing Activity

Pedagogical Design

In the initial design, our focus was on enhancing the knowledge of the grapheme and the

ductus of the letter which are correlated with the visual perception and the visuomotor

coordination. Considering these two aspects and feedback of teachers, we did a content

analysis for the process of learning the representation of letters, which led us to discriminate

the specific skills involved in letter representation. The content analysis has led us to define

the following sub-goals:

• Remembering the Grapheme: Memorizing the letter’s physical representation (Free

Recall and Recognition).

• Remembering the Ductus: Memorizing the letter’s drawing pattern (Imitation).

• Remembering the Phoneme to Ductus-Grapheme Link: Memorizing the link between the

letter’s pronunciation (phoneme) and the corresponding grapheme and ductus.

It is important to notice that we excluded the fine-motor aspect of handwriting as it is totally

different than the visual perception and visuomotor coordination aspects that we are inter-

ested in. In other words, we aimed at enhancing the child’s letter representation (grapheme

and ductus) but not the way he/she produces these letters on paper. The link from the letter’s

phoneme to its corresponding grapheme is also excluded from this study as it is more related

to learning how to read, which is not a part of our design goals.

It is shown that using more sensory information ranging from audio, visual to kinesthetic

feedback enhances visual perception as well as the visuomotor coordination [156, 157, 158,

155]. Precisely because of this, teachers use techniques allowing children to experience various
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sensory information during letter learning such as using sand filled boxes for drawing letters

in; touching and sensing the grapheme of letters craved in a piece of wood or plastic surface2;

or building the letter with play-dough or with similar materials that can be shaped by hands

as can be seen in Figure 2.23 [159, 138]. There also exist sensory play games used in therapy

centers such as draw on your back game. Each child takes turns with the teacher or therapist

in drawing with their finger on the other’s back. The main goal is to try to guess what the

other person is drawing or writing. The level of difficulty is easily adjusted by modifying

what is drawn – starting with shapes for young children, progressing through letters of their

name, numbers, and so on4. The design of our robot-mediated activity is inspired from these

traditional methods that are already used in classrooms, as well as from discussions with

school teachers and therapists on how we can position Cellulo in handwriting activities.

Activity Design

The proposed writing activity is composed of Cellulo robots and several shapes printed on

paper sheets, displaying letters and cues related to the letter’s ductus (see Figure 2.3A and

2.3B). The haptic, audio, visual and synchronization capabilities of the Cellulo robots allow

us to provide real-time multi-sensory feedback during the handwriting task at the individual

learner level as well as at the group level during collaborative handwriting activities. Lastly,

each robot can be programmed to have a passive, active or semi-active role, which helps us

design a pool of different sub-activities where the role of the children can switch in between

active and passive.

We decided to use three features of the robot, namely haptic information, autonomous motion

and synchronized behaviour of multiple robots, to increase the multi-sensory feedback via

touch, motion and sight. Haptic features allow each child to receive individual real-time

feedback, autonomous motion makes the robot reproduce the ductus while synchronization

allows collaborative game design. With this in mind, we designed the following sequence of

sub-activities:

• Sub-Activity 1: Link between grapheme and ductus - Watch the Robot - In this sub-

activity, we aim that the child learns the letter’s ductus by watching the robot moving on

a map with the grapheme of that letter. The robot performs the dynamics that should be

done while writing with its autonomous motion as the first representation of the letter’s

ductus. In addition, the letter’s phoneme is generated at the beginning and at the end

of the writing process, to strengthen the link with the corresponding grapheme. The

robot’s LEDs turn red and blinking, in order, one by one as a progress indicator while

2Such as the one in https://www.etsy.com/listing/453872176/cursive-alphabet-wood-tracing-

board, accessed July 2021.
3Images from https://parentingchaos.com/alphabet-play-dough-mats/ and https://

mymerrymessylife.com/diy-montessori-sand-writing-tray/, both accessed July 2021.
4Described in https://childhood101.com/sensory-play-ideas-games-to-develop-the-sense-

of-touch, accessed July 2021.

32



2.3. Design of The Robot-Assisted Writing Activity

A B

C

Figure 2.3 – Sub-activities of tangible robot assisted handwriting activity in a therapy session.
(A): Feel the Robot, (B): Drive the Robot, (C): Guess the Letter Game without Grapheme

the path is followed, and turn solid green when the end point is reached.

• Sub-Activity 2: Link between grapheme and ductus - Feel the Robot - While in the first

sub-activity the child only watches the robot, in this second activity we add another

representation of the letter’s ductus, by asking the child to put their hand on the robot

while it is drawing the letter. The child does not actively move the robot, but only follows

its autonomous motion in a passive way. Figure 2.3A shows an example screenshot of

the Feel the Robot activity where the child follows her robot with her index finger, while

it is performing the ductus of letter ’e’.

• Sub-Activity 3: Memorizing the ductus of the letter - Drive the Robot - In this sub-activity,

the child actively drives the robot in order to produce the ductus of the letter. The

grapheme of the letter is drawn on a map as seen in Figure 2.4A, the design of which

includes a car racing theme with the start and end points that the writing should follow.

Each child moves with their own speed since the robot is in passively backdrivable mode.

The robot provides assistive haptic feedback by moving the child’s hand towards the

expected path if the child moves away from it. In order to discriminate the active and
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A

C

B

Figure 2.4 – (A) includes round letter maps with the racing theme, letter ’a’ used in the public
school (Iterations 1 and 2) and all three letters are used in first therapy center (Iterations 3 and
4). (B) and (C) are cursive letters and their initial strokes for practice used in the second therapy
center (Iterations 5, 6 and 7). (B) includes examples of wave letters, (C) includes examples of
skateboarding letters. Adapted from the ABC Boom+ teaching approach of graphomotricity.

passive roles of the children in sub-activity 2 and 3, we assigned different colors to the

LED’s while robot is on the path or not. The robot’s LEDs are blue while the correct path

is followed, turn red if it is out of the letter path and turn green when the end point is

reached. These feedback elements condition the child to recognize errors, and serve as

extrinsic motivation for drawing correctly. Figure 2.3B shows an example screenshot of

Drive the Robot activity where the child on the left reached the end of the letter ’m’ (the

robot’s LEDs turn green) and the child on the right drives her robot on the correct path

(the robot’s LEDs are blue).
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Figure 2.5 – Guess the Letter Game with Grapheme: The children on the left side of the barrier
are the guessers and the child on the right side is the writer who just finished writing ‘u’ with
the map carrying the grapheme of the letter and waiting for the guessers to guess the written
letter.

• Team Activity: Recalling grapheme by watching ductus - Guess the Letter - In this sub-

activity, children form groups and take turns at drawing a letter with a robot. Each time,

the other children in the team have to guess which letter is being drawn. In the group,

the two guesser children sit together, with the writer separated from the other two by

a physical barrier in order to ensure that they cannot see each other. The writer has

one robot, and the two guessers have one robot (or one robot each depending on the

size of the workspace) that reproduces whatever movement the first robot performs.

In the beginning of the activity, the writer is shown (privately) the map of the letter

that indicates only the grapheme, which they then have to draw with their robot. The

other children watch their robot reproduce the letter drawn on their empty map. Then,

the guessers have to choose the correct letter by recalling the letters they learned or

selecting among given graphemes. An illustration of this activity can be seen in Figure

2.5 where the two children on the left of the barrier are the guessers and the child on the

right side is the writer.

Design of Performance Evaluation

In order to explore the added value of the proposed robot-enhanced activity to letter writing

learning, the visual perception and the visuomotor coordination aspects should be assessed in

detail. Therefore, we focused on assessing the quality of the letter representation in the child’s

mind in terms of ductus and grapheme. Three sub-skills mentioned above are evaluated

in a software application developed in Python that runs on a graphic tablet (Wacom Cintiq

Pro). The use of the graphic tablet allowed us to save various data concerning the child’s

handwriting: The x and y coordinates of the pen were recorded as well as the pressure and

the pen tilt for every time frame at a sampling rate of 200Hz. The three tests targeting three
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3:Write

4:Next Letter1:Phoneme

2:Grapheme

A B

2:Next Letter

1:Write on Model

Figure 2.6 – Pre/post-test software: (A) Test without letter grapheme to assess the link between
the phoneme of the letter and its associated grapheme and ductus. By pressing button #1, the
child hears the phoneme of the letter. With button #2, the child has access to the grapheme of
the letter during one second. #3 is the grapheme drawn by the child. Once finished, button #4
is used to save the data and move to the next letter. (B) Test with letter grapheme to assess the
link between the grapheme of the letter and its associated ductus. #1 is the letter drawn by the
child on the grapheme. Once finished, button #2 is used to save the data and move to the next
letter.

sub-skills were designed as follows:

1. From Phoneme to Grapheme & Ductus: In this test, we aimed to assess if the child re-

members both the grapheme and the ductus of the letters: The child hears the phoneme

of a letter (upon pressing button 1 in Figure 2.6A) and is asked to draw the grapheme

on the tablet. As the link between the grapheme and the phoneme of the letter might

not yet be fully operational, we offer the child the possibility to see the grapheme of the

letter (only the grapheme and not the ductus) during one second, upon pressing button

2. As the child might want to have access to the grapheme even though they have the

representation of the letter in their mind (just to make sure they are writing correctly or

to ameliorate the letter). Since the model of the letter grapheme is not given by default

in this test, we denote this pre/post test as the test without grapheme.

2. From Grapheme to Ductus: This test is aimed to evaluate the grapheme-ductus link: The

letter’s grapheme is displayed on the tablet’s screen (see Figure 2.6B), and the child is

expected to draw the letter directly on top of the grapheme. The specific path between

the start and end points of the letter is assessed during the test.

3. From Phoneme to Grapheme: The goal of this test is to evaluate the visual perception

which helps the child to find the right grapheme after hearing the phoneme of a letter

among other letters. Concretely, the child has to press a button to hear the phoneme of

a letter and find the associated grapheme among a choice of given letters.
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2.3.2 Iteration 2 - Initial Testing in Public School

With the activity and evaluation design done in Iteration 1, initial experiments were conducted

with 17 five-year-old children (7 boys and 10 girls, mean age 5.3 years old) in a public school.

The students were split in two learning groups in order to explore the potential benefit of

teaching sessions involving the robots compared to teaching session run with more traditional

methods. Preliminary results show the potential of our robot-assisted learning activity, with

an improvement in certain skills of handwriting such as in creating the ductus of the letters

and in discriminating a letter among others. We omitted these preliminary results from this

thesis to be concise. The detailed results can be found in [120].

Most importantly, this iteration help us gain precious insights and observations contributing

to future design as follows:

• Difficulty of Feel the Robot: The children were frequently experiencing problems in

doing this activity because the excessive downward force they applied onto the robot

blocked its motion. This required the experimenters to intervene and show the child

the proper way to do the activity. Even though initially we decided to abandon this sub-

activity in future designs, later discussions with therapists revealed that the feedback

loop provided by the robot not moving while the child is applying too much pressure

could be useful for conditioning some children in reducing this pressure. More detail is

provided in the corresponding iteration description below.

• Pre/post-test duration: Even tough inspecting the learning performance for each learning

goal is crucial, collecting data through several pre/post-tests, which must be done for

each child participating to the sessions, was observed to be very time consuming. Due

to this, we decided to adopt fewer tests in order to be able to design shorter evaluations

per session in the future.

• Confusing visual feedback color: During the activities, it was observed that one particular

child became mad at her robot since it was giving red visual feedback during the View

the Robot sub-activity. The child said that her robot is misbehaving and not working

properly, rightly on her part, since the Draw the Robot sub-activity uses red color to

create the negative reinforcement feedback. It was a usability flaw which was fixed for

the subsequent iterations.

2.3.3 Iteration 3 - Adapting the activity to Occupational Therapy

The re-design process comprised of a number of successive iterations with the participation

and feedback of several therapists from 2 different therapy centers during 3 summer school

activities including multiple groups of children. In this section, the adaptation of the activity to

the first therapy center is described, which started with preliminary meetings with therapists

in order to do the adaptations specific to the therapy center’s teaching methodologies and
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learning objectives. Taking into account the specific stage the child participants and the

therapists were at during this time, it was decided to work on round cursive letters ‘a’, ‘d’ and

‘g’. The previously designed racing theme was kept, as can be seen Figure 2.4A.

Change in context, frequency and pre/post-tests due to time limitation

The principal change was on the total time of the activity and limitation of the time spent on

pre/post-test evaluation due to the limited time of a typical therapy session: We decided on

fewer repetitions of Watch the Robot, Feel the Robot and Drive the Robot sub-activities and on

using only one of the pre/post-tests that focuses on ductus learning evaluation. We chose the

From Grapheme to Ductus test upon feedback of therapists as well as this test well reflected

the progress of the healthy children in the school context [120].

Removing the grapheme from the Guess the Letter activity to focus on the goal of recalling

grapheme & ductus

Another crucial change done was with the Guess the Letter game activity where the grapheme

was removed on the writer side to encourage the child to remember the letter grapheme,

which was hypothesized (by the therapists) to be more effective to learn the letter compared

to providing the grapheme. Variations between two maps can be compared by checking the

“with grapheme” version in Figure 2.5 and the “without grapheme” version in Figure 2.3C.

This adaptation does not change the learning objective for the guessers but changes the

learning objectives for the writer by contributing to the final goal of our learning objective: To

encourage the child to remember both grapheme and ductus. If the writer cannot write the

letter properly, by definition the guessers cannot guess correctly. This becomes a feedback

mechanism for the writer to rewrite the letter by paying better attention to the writing process.

Since the grapheme is not there anymore, this sub-activity further allows us to track the

progress of the child through the writing trajectory data which does not necessarily follow the

correct path. Some example trajectory results of this feedback mechanism are given in Section

2.4.2.

2.3.4 Iteration 4 - Testing in the First Therapy Center

The activity is tested within the first day of the summer school with 5 boys for one hour. The

information related to this group can be seen in Table 2.1 - Group 1. We encountered a number

of problems in the pre/post-test application, gathered observations that highlight the added

value of the activity, and feedback from the therapists, which are summarized as follows:

• Problem of sequential testing: The activity was started with testing with the grapheme.

After second child’s tests, the rest of the group were bored of waiting for 10 minutes and

the pre-test was not completed. The sequential testing (pre-test one child at a time) did
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not work due to the limited attention span of the target child group. For the following

summer school sessions we decided to do the testing while the other children were

doing another group activity and not waiting for each other.

• Added value of the Feel the Robot activity for sensing self-applied force: Child F has the

problem of discriminating the relationship between his touch sensation and visual

perception. Therapists indicated that Feel the Robot activity is very useful for children

with such problems to train on exerting the right amount of force by improving the

connecting between sight and touch sensations. As it is observed with Child F, while the

robot was blocked by putting too much force on it, in order to observe the motion of the

robot, the child was encouraged to balance and reduce this force. In doing so, he was

training in controlling the force applied to the robot.

• Motivation and engagement: The overall group motivation was observed to be high and

the attentive time spent on our activity was observed to be longer compared to other

writing activities. In particular, the total time child F was attentive was considerably

high according to the therapists, since he does not like to write and he did not previously

focus on a writing task for such a long period of time. He was observed to be highly

willing to write with Cellulo and he readily completed all of the tasks.

2.3.5 Iteration 5 - Adapting the Activity to the Second Therapy Center

Apart from the necessities of integration to the occupational therapy environment, it was

observed in the previous iteration that there may be a need for further adaptation to each

therapy center to be compatible with their learning methodologies. In this iteration, besides

doing this, we also integrated the previously suggested changes by therapists to our activity

design and flow. These are discussed below.

Re-designing visual cues to be in-line with the present teaching methodology

The main change in this iteration was to adapt the cursive letter shapes and visual cues on the

map designs as the way of teaching cursive letters differed from the previous therapy center:

The letters were adapted to also include the connecting strokes from the previous (imaginary)

letter as the initial stroke, which was not previously present in our design.

Furthermore, the methodology designed by the ABC Boom+ company5 was adopted as it was

being used in the therapy center. This method combines visual, conceptual and sound cues

with the initial strokes of the cursive letters in order to reinforce the learning, where the letters

are divided into different conceptual groups according to their initial strokes. We designed

new maps with these new cues instead of the car racing theme, except the trophy icon at the

end which was kept. We also designed new maps consisting of only the cues to teach the initial

stroke of the corresponding letter group. Three example map designs from the "wave letters"

5ABC Boom teaching approach of graphomotricity, https://abcboum.net, accessed July 2021.
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and "skateboarding letters" groups and their corresponding initial cues can be seen in Figure

2.4B and in Figure 2.4C respectively.

Knowledge transfer from "large letters with the robot" to "small letters with the pencil"

In order to reinforce the ductus and grapheme representation learning, therapists suggested

to add writing activities with a pencil and post-it after each letter practiced with the robot. The

second reason for this addition was to switch between a gross motor activity to a fine motor

activity to help mapping the learned shape to actual handwriting practice. This allowed us to

confirm whether the writing practice with the robot, with the pencil and with the ThinkPad

pen are similar or not. See Section 2.4.4 for writing performance comparison and discussion.

2.3.6 Iteration 6 - Testing in Second Therapy Center

The activity was tested during the each day of the first summer school (3 days) with 3 girls.

The information related to this group can be seen in Table 2.1 - Group 2. Our findings are as

follows:

• Effect of summer school context on engagement: For the first day of the activity, 4 letters

were selected, which made the activity length roughly 50 minutes in total. This duration

was quite long in comparison with the duration of the other activities within the summer

school. Since it was a summer school addressing both gross and fine motor skills, there

were several active game-play sessions including outdoor activities in the playground,

jumping, climbing, etc. Within this context, the duration of the activity with the robots

played a crucial role to keep the attention and engagement of the children stable. For

instance, child J did not want to continue the activity because the other activities were

more fun in her view. For this reason, from the second day on, we reduced the number

of letters to 3 in the activity, which reduced its length to roughly 40 minutes.

• Group therapy including children with different abilities: Child I (age 5.5) was younger

than the rest of the group (mean age 7) and she had not received any lesson on cursive

writing before our activity. Even though it was her first time writing cursive letters, she

was observed to perform well albeit with the help of graphemes provided to her on a

post-it, which was not given to other children. Child C has problems with fine motor

skills, attention, and organization. Therapists indicated that sometimes while writing

she is not totally concentrated or focused. She engaged a lot during the robot mediated

activities and liked the game. Each day she wanted to continue to do more exercises

with the robots.

• Pre/post-test mis-perception: The most discriminative test previously used (writing on

top of a grapheme, i.e From Grapheme to Ductus) that showed the best the progress

of the healthy children in the school context did not work with some children in this
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Figure 2.7 – Mis-perception of the letter models, the time dimension in the data is indicated by
the color of the stroke going from light blue to light pink: Some children filled the grapheme of
the letters as if it is a line coloring/painting activity (on the left, note the strokes going back
and forth), or a line following activity (on the right, note the strokes following the grapheme’s
lines continuously but not in the correct ductus) in the pre/post-test with the grapheme.

therapy center. Some of the children did not understand the relationship between these

letters and the activity, and proceeded to fill the letters as if it was a line following task

(see Figure 2.7 for sample data): The graphemes on the screen were not perceived as

a letter writing grapheme, but as a line to be followed and/or an area to be painted.

Therapists suggested that if there is no stable grapheme in the test, it might be easier for

the children to avoid this confusion. Therefore, from the second day on, we switched

to the pre/post-test without a stable grapheme where grapheme was made to appear

on the screen for only one second after pressing the grapheme cue button (i.e From

Phoneme to Grapheme & Ductus).

2.3.7 Iteration 7 - Second Testing in Second Therapy Center

The activity was further tested during the first 2 days of another summer school with 4 boys.

The information related to this group can be seen in Table 2.1 - Group 3. We found that:

• Difficulty of changing the letter maps during the session: Even though the therapists

found the activity useful for children, it was observed that it is difficult for one single

teacher/therapist to control the whole activity flow including several letter maps in a

session with 4 children. For future use in such group sessions, they proposed using

large, thick sheets of paper or paper sheets attached to thin wooden blocks for ease of

changing maps.

• Need for practice in recalling the grapheme: The most appreciated feature of the activ-

ity by the therapists was having separate sub-activity alternatives, with and without

grapheme. It was suggested that a version of the Drive the Robot without the grapheme

(i.e empty map, similar to how it is done in the pre/post-test and the Guess the Letter

game) should be added alongside the one with the grapheme, in order to provide an

exercise in recalling the grapheme of letters.
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• Loss of motivation due to passive tasks: In the second day, one child was observed to

lose engagement in the Guess the Letter game while he was in the role of guesser which

resulted in inattentive and random guessing, as he indicated that he would like to play

the writer role instead. This implies that, to be more robust against such cases, more

variants of the game should be done to ensure that every sub-activity and every role

could be tweaked to include active participation.

• Need for repeated sessions: Since children learn script letters before the cursive letters

at school, the switch between script and cursive letters might be difficult for them, as

expected. Therapists reported that indeed more repetitions of the sessions are needed

before the ductus knowledge could be fully integrated.

After this session, we also had the chance to get the children’s feedback on which part of the

game they liked the most and the least:

• Child K: He enjoyed every part of the activity, particularly the Guess the Letter game.

• Child O: He enjoyed the Guess the Letter game the most and Drive the Robot the least.

• Child S: He enjoyed drawing the letter during Drive the Robot the most, while he enjoyed

the rest of the activity in general. He was very attentive during both days and even gave

a name to his robot.

• Child M: He enjoyed the writer role in the Guess the Letter game the most, and enjoyed

the guesser role the least.

2.4 Results

Our iterative design approach allowed us to successfully integrate our robot assisted writing

activity into the occupational therapy center by adapting the activity as well as the evaluation

methods for different therapy centers and groups. During this process, a number of different

letters were practiced with our robotic platform during several sessions.

Although we did not conduct a controlled study to test the effect of the proposed activity to

the handwriting of children with NDDs, we still recorded the motion data through the robots

and measured the learning gains through pre/post-tests in order to have an insight on the

relationship between designed game elements and the children’s letter writing performance,

as well as the effectiveness of our system within therapy sessions involving handwriting.

In this section, we first investigated the effectiveness of our activity in teaching the child

participants to write letters. Second, we focused on the effect of changes made during the

iterative processes on the writing performance. An example activity flow of a refined robot-

assisted writing session and corresponding handwriting data collected with different mediums

in each steps can be seen in Figure 2.8.
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Figure 2.8 – An example refined activity flow of a robot-assisted writing session with two letters
and corresponding handwriting data collected with a different medium in each step.

2.4.1 Overall Learning

During each iteration, before and after the learning session, a pre/post-test was done to

measure the progress in letters learnt during the sessions. To analyze if there was overall

learning in writing letters for all sessions for all children, we did a Wilcoxon Signed-Ranks Test,

which indicated that post-test error scores were significantly lower than pre-test error scores

(V = 1449, p < 0.001, r = 0.42 (moderate effect size)), see Figure 2.9.

Since two types of pre/post-test evaluation were used to measure overall learning, we also

checked for per-test learning by doing two separate Wilcoxon Signed-Ranks Tests. In the data

collected with the test with grapheme during Iteration 4 and the first day of Iteration 6, we

found a significant decrease in error scores of post-test compared to error scores of pre-test

(V = 160, p < 0.05, r = 0.45 (moderate effect size)). Similarly, in the data collected with the test

without grapheme during day 2 of Iteration 6 and Iteration 7, we found significant decrease

in error scores of post-test compared to the pre-test (V = 681, p < 0.01, r = 0.65 (large effect

size)), see Figure 2.10.

In order to test if there was any significant difference between the average performance of

the children in the 3 experimental groups, a Kruskal-Wallis Test was done which revealed no

significant difference between groups (H = 0.17,d f = 2, p = 0.92).
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Figure 2.10 – Comparison of DTW error scores of all children for pre-test and post-test using
the test with grapheme and the test without grapheme. In both with and without grapheme
tests, post-test error scores were significantly lower than pre-test error scores (V = 160, p <

0.05,r = 0.45 and V = 681, p < 0.01,r = 0.65).
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Figure 2.11 – Total of pre/post-test error scores of each child (excluding three the children in
Group 1 who could not attend pre/post tests due to the time limitation that we discussed in
Section 2.3.4).

Similarly, we checked child-level difference in overall data including pre/post-test error scores

with Kruskal-Wallis Tests and found significant difference (H = 18.91,d f = 8, p < 0.05). In

order to identify which pairs of children is different from each other, we did multiple pairwise

comparisons between children with a Pairwise Wilcoxon Test and found that error scores of

child J was significantly lower than child I (p < 0.05), please see Figure 2.11 for the comparison.

In order to test if there is a significant difference between children in pre/post-test score

difference (improvement in writing), we did a Kruskal-Wallis Test and found no significant

difference between the improvements of children (H = 8.66,d f = 8, p = 0.37).

2.4.2 Effect of Removing the Grapheme from Guess the Letter Game on Writing
Performance

In the initial version of the Guess the Letter game, the writer did not have to reflect on the

writing performance as he/she had the grapheme available directly on the activity map. Upon

removing the grapheme, the writer was obliged to listen to the feedback given by his/her

guesser friends in case they did not understand which letter was drawn due to poor writing.

This forced the writer to pay more attention to the discriminative features of letters. To this

feedback mechanism, the therapist sometimes contributed with additional cues such as,

"Write it bigger", "You should make the tail longer", etc. Figure 2.12 displays the sample letters

written during the Guess the Letter game. Letters indicated as ’Trial 1’ were the first writing

trials of the children which were not understood or not guessed correctly by their peers. Letters

indicated as ’Trial 2’ were the second writing trials of the children just after getting feedback

from peers and/or therapist on their first trials.
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Figure 2.12 – Sample improvements in Guess the Letter game trials. The time dimension in the
data is indicated by the color of the stroke going from dark red to purple. (A) Trials of writing
‘d’. On the second trial, the child made the upper tail of ‘d’ longer to differentiate it from ‘a’,
which was the previous answer from the guessers. (B) Trials of writing ‘g’. On the second trial,
the child made the curved tail of ‘g’ rounder to be more clear for the other children who were
guessing. (C) Trials of writing ‘n’. In the second trial, the child wrote a better version of ‘n’ by
paying attention to the cursive start. (D) Trials of writing ‘c’. On the second trial, the child
made the ’c’ more curvy. (E) Trials of writing ‘m’. In the second trial, the child wrote a better
version of ‘m’ by paying attention to the proportional size of its different parts. (F) Trials of
writing ‘n’. The child wrote a better version of ‘n’ in the second trial by paying attention to the
direction of the lines and cursiveness.

2.4.3 Effect of Removing the Grapheme in Pre/Post-Tests on Number of Strokes

Pre/post-test type was changed during Iteration 6 due to the mis-perception of the test with

the grapheme. In order to see the effect of this mis-perception on handwriting quality, con-

nectedness of each letter was calculated by counting the number of strokes used to write each

letter. We did a Mann–Whitney U Test to compare the number of strokes to write a letter in

the test with grapheme and in the test without grapheme. We found that number of strokes

was significantly higher in test with grapheme (U = 828.5, p < 0.01), meaning more connected

letters (which is better) were drawn when the grapheme was not provided, see Figure 2.13.
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Figure 2.13 – Total number of strokes to write a letter with the test not including a grapheme
(on the left) and with the test including the letter grapheme (on the right). We found that the
number of strokes was significantly lower in test without the grapheme than in the test with
the grapheme (U = 828.5, p < 0.01).

2.4.4 Knowledge Transfer

In Iteration 5, in order to switch between gross and fine motor activities after each letter

practice with the robot, the therapists suggested to let the child write the letter in focus with a

pencil on a post-it. This also allowed us to monitor the differences and similarities between

the writing practice and performance with our robot on an empty map, and with a pencil on

a post-it. In this comparison, we also included the writing on the tablet screen with its pen,

used in the pre/post-tests, in order to compare and contrast our evaluation practice against

the actual writing task. Sample letter performances in this comparison can be seen in Figures

2.14 and 2.15.

In all three variations of the given samples, there is general consistency in the grapheme and

ductus. Nevertheless, it is clearly visible that there is increased jerkiness of motion in most

of the letters written with the tablet pen compared to the ones written on paper and written

with the robot. There are further slight differences between the methods, such as alignment

problems with ‘a’ and ‘g’ in the case of the robot. Finally, the letters written by Child I were

observed to be inconsistent in general, which may be due to several reasons including the

child’s age (youngest one with no previous cursive letter experience), her current stage of

learning and the nature of the letters. See the corresponding discussion points below on each

of these observations.
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Figure 2.14 – Samples of letters ’m’, ’r’, ’d’ and ’g’ written with a pencil on a post-it, with
ThinkPad pen on a screen and with the Cellulo robot on an empty paper map. The time
dimension in the data coming from ThinkPad pen writing is indicated by the color of the
stroke going from light blue to light pink. The time dimension in the data coming from the
robot writing is indicated by the color of the stroke going from dark red to purple.
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Figure 2.15 – Samples of letters ’a’, ’g’ and ’n’ written with a pencil on a post-it, with ThinkPad
pen on a screen and with the Cellulo robot on an empty paper map. The time dimension
in the data coming from ThinkPad pen writing is indicated by the color of the stroke going
from light blue to light pink. The time dimension in the data coming from the robot writing is
indicated by the color of the stroke going from dark red to purple.
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2.5 Discussion

2.5.1 Overall Learning

The presented activity is designed to support children in learning to write cursive letters

within occupational therapy sessions. Reported experimental results suggest that children

experiencing writing problems are able to improve in letter writing after the use of the system

for one session. This was evident by an overall significant decrease in error scores of post-test

compared to the error scores of pre-test.

Furthermore, while investigating individual performance differences per child, we found that

only the performance of child J and child I were significantly different than each other. As

can be seen in Table 2.1, child I was the youngest participant, having her first experience with

cursive letters, while child J had the overall best performance and high intelligent assessment.

The score data probing the learning gain differences per child showed that even though

the levels of the children are different, the learning gains in handwriting are similar, thus

suggesting that the activity is inherently adaptive to the learner’s abilities and expertise.

2.5.2 Effect of Removing the Grapheme from Guess the Letter Game on Writing
Performance

As results in Section 2.4.2 reflect, providing another version of the game by removing the letter

grapheme from the writer side allowed children to learn from their errors when their peers

could not guess the correct letter. Here, adaptive content of the game allowed us to change

the learning goal of the game for the writer, i.e. remembering the ductus in the version with

the grapheme v.s. remembering both the grapheme and the ductus in the version without

the grapheme. In the version without the grapheme, we observed that the writer child was

encouraged to focus on the proportionality of the letter’s parts, as well as its discriminative

parts from other letters. For instance, in Figure 2.12, the first trial of letter ‘d’ was perceived

as an ‘a’ by the guessers and the writer prolonged the upper tail of the letter ’d’ to make it

distinguishable from an ’a’. The sequence of ’n’ letters written in the second trials shows the

importance of paying attention to the starting gesture and direction of the strokes belonging

to the letter.

Even though the learning objective for the writer was changed for the occupational therapy, if

desired, within the session, the version with the grapheme can be rapidly switched to, in the

case where the learning objective is the ductus only, e.g. in case of a very preliminary learning

stage.

The new Guess the Letter game version can also improve children’s understanding by their

peers in successive trials. Peer collaborative interactions are crucial for a child’s learning:

[167] stated that learning awakens in children a variety of internal developmental processes
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that can operate only when they interact with more competent people in their environment

and in cooperation with their peers. The effect of removing the grapheme put extra effort on

both participants in the Guess the Letter game, brought cooperation to the forefront and was

supported by the therapist’s cues – all highly benefiting the writer in enhancing their learning.

2.5.3 Added Value of Adaptive Content

The behavioral observations and feedback of therapists through the iterations emphasized the

importance of using adaptive interfaces. The unique localization mechanism of the Cellulo

platform allowed us to switch from with grapheme to without grapheme versions of the sub-

activities, easily adapting to different learning objectives for different letter representations.

The ability to change the number of letters to be learned during sessions and between sessions

enabled adapting the activity flow and the total time of the therapy session. We were able

to thus tune the duration of Guess the Letter and the total number of repetitions of the

Watch, Feel and Drive the Robot sub-activities by taking the motivation level of the children

into consideration. This temporal adaptivity was observed to be crucial in a therapy setting:

Although the initial design had been successfully applied in a public school environment

(where we can continue the activity after the recess) with typically developing children, during

our integration into therapy centers, we experienced a number of failures of fitting the activity

within a single therapy session which is around 40 minutes. Apart from this maximum duration

limitation, the limited attention and concentration spans of some children with NDDs required

adaptation in the duration of the activity accordingly.

From another perspective, different therapy centers vary in their availability in time and this

availability is typically very limited. These facts further emphasize the importance of temporal

adaptability in enabling applicability in a large number of therapy centers, as opposed to

being targeted to the scheduling and practices of a single collaborating center.

Adding traditional paper-based activities between each robot-assisted letter activity allowed us

to encourage mapping between large and small letters, and between the writing tool used i.e

robot and pen, while allowing us to switch between training gross motor skills and fine motor

skills. This change also allowed us to compare and contrast the performances while using

different writing media. This is another form of adaptivity of our system design providing

another kind of added value, namely adaptability and especially flexibility for integration with

traditional practices.

2.5.4 Added Value of Robotic Platform Capabilities

The Cellulo platform allows us to implement parallel robot behaviours where the tasks for

different children can be orchestrated simultaneously within the same activity. By scaling

up/down the number of robots, the activity can serve to groups of different number of children
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where one robot can be assigned to one child and be programmed to do the same task as all

other robots do. This feature allowed us to design three such sub-activities, namely Watch the

Robot, Feel the Robot and Drive the Robot, with varying numbers of group of children and with

ranging repetitions adapted to the attention levels of the children and total time of the session.

Tests conducted in therapy environments highlighted an advantage of another feature where

a robot becomes active when the corresponding child puts his/her robot on his/her paper

map, since the localization is dependent on the paper. This allows parallel activity flow that is

compliant to each child’s attention and intention to start.

The Cellulo platform also provides synchronized robot behaviours where the behaviours of

each robot can depend on each of the other robots, i.e provides swarm behaviors and haptic

link through the robot motion. Using this attribute, we designed the Guess the Letter game

where the writer robot guides the rest of the robots. In different therapy centers and sessions,

we had varying room settings according to the availability of rooms and tables with varying

number of children attending the session. Synchronous and parallel capabilities of the robots

enable parallel and/or shareable activity workspaces where we can group or separate children,

distributing them to different tables with different workspaces as needed. Therefore, the

system can be adapted to: (1) The unique room settings of different therapy centers involving

the size of the tables, the number of tables and the type of the divider preventing the guessers

from seeing the writer during the Guess the Letter game; (2) Number of children attending the

session.

2.5.5 Effect of Pre/Post-Test

After using multiple pre/post-tests targeting the measuring of three different learning objec-

tives in Iteration 2, we found that integrating all of these objectives into the therapy environ-

ment may not be feasible due to time limitations. Therefore, with therapists we chose one test,

that emphasizes the added value of our activity [120] was selected for use in therapy sessions.

However, during the sessions of Iteration 6, the test was mis-perceived as a line following or

coloring activity by some children.

This is evidence that perception of such activities by children with attention or visuomotor

coordination problems might differ from typically developing children. Even within each

group, there may be differences on perception and mapping capabilities. As results in Section

2.4.3 indicate, the device or medium used for pre/post-testing may affect the resulting perfor-

mance, simply because of this mis-conception of the provided test design. Therefore, for each

special group, the system should be able to provide alternative pre/post-test design choices

and the designers should question whether they can use the pre/post-tests which are typically

designed for regular schools in a special education or therapy setting.
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2.5.6 Effect of Writing Tool and Knowledge Transfer

Accommodation of the hand and the grasping and moving styles were different in each

medium. Typically for the screen, there were unintended touch events caused by resting one’s

palm or grazing the fingers over the surface. Presumably because of this phenomenon, some

children were observed to adopt an uncomfortable writing position to avoid the unintentional

touch event. Another reason for this observation might be the dissimilarity between the

friction provided by the tablet surface and its pen, and the typical friction provided by pen and

paper surface. A previous study [168] reported that many participants felt that “there was not

enough friction between the pen and screen to feel natural” and their hand jerked across the

screen as they moved it. This mismatch was also reflected in the number of participants who

floated their palms above the surface of the screen which might be due to the different feeling

of new pen and screen friction type compared to the friction between pencil and paper.

Even though there is jerkiness of motion with the digital pen and screen, the letter shapes

in our case are observed to be similar to the ones written on paper, even when we take into

account that children are used to writing with pen on paper as typical handwriting practice,

and that a digital pen is a new medium for them. Furthermore, the data and the information

that a digital platform provides is very valuable from the perspective of teachers and therapists:

For instance, this data can be easily made to reflect if the child knows the grapheme and

ductus by providing direction information with color coding. For this reason, it must be

considered by the designers of handwriting learning activities whether this jerkiness of motion

is an important factor or not, and whether it disallows the use of tablets, depending on the

needs of the specific application.

In the robot medium, children are using the whole hand to grasp the robot which makes

the practice more comparable to gross motor action supported by arm motions, where it

is typically easier to control the writing action. This may be a strong reason why we do not

observe jerky motion in robot writing. From another perspective, teachers indicated that it

is very promising how children can reflect the knowledge of writing onto a robot, which is

to a certain extent different than other typical school activities including writing with finger,

with pen or with pencil: The robot appears to support the skill transfer from pen and pencil,

where all the letters look like written letters when viewed in the same size. This indicates the

potential of the robots as an interesting alternative approach providing more feedback than a

traditional sandbox or other home remedies.

Even though there is a lack of visual feedback of the written letter with the robot (the robot

does not leave any "ink" on the paper during the letter production), the letters written with

the robot were observed to be of similar quality to the ones written with the pen on paper.

However, the alignment of the strokes which pass over or under previously drawn strokes were

more difficult to adjust on an empty map since the previously drawn part of the letter cannot

be seen visually. This results in typically more disproportionate parts in letters involving such

strokes, such as ‘g’: This is exemplified in Figures 2.14 and 2.15, which also show a similar
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problem in the letter ‘a’ whose initial connecting stroke is typically more disproportionately

positioned compared to pen and paper where the strokes can be made to pass exactly on top

of each other more easily.

Comparing the writing of the letter with a pencil on a post-it, then with the robot on an empty

map, and finally with a tablet pen on a screen, gives a useful picture to the child’s strengths

and points where he/she is having difficulties: Fine motor skills, gross motor skills, child’s

preference of the tools etc. By learning more about where an exact difficulty or strength may

be for a given child, a therapist or teacher can add more tools and options to support him/her

with overcoming his/her writing difficulties. Furthermore, it gives a variety and interest to the

practice that pencil and paper alone cannot provide. It provides an opportunity for the child

to work with their favorite writing tool and transfer the grapheme and ductus skills to a less

favored tool.

From an individual child level, only the performance of the 5.5-year-old Child I was observed

to be inconsistent across the writing tools, in light of the observational comments of an expert.

This may be due to the lack of orthographic coding of the letter ‘n’ in this child which facilitates

forgetting the grapheme of the letter, which could have occurred at different points in time

within the activity. It could also be letter dependent since the cursive letter ‘n’ has repetitive

bumps making it harder to consistently reproduce.

2.5.7 Activity Presentation and the Overall Content of the Therapy

A child who does not enjoy writing was totally engaged for 40 minutes of the session that was

presented within a writing theme (Child F), whereas another child totally lost attention after 30

minutes of the session that was presented in a more physically active theme (Child J). Here, we

observed that the general theme of the therapy session may drastically affect the perception of

the proposed robotic activity. For instance, if the robotic writing activity is part of a general

writing session, it may boost the child’s motivation and engagement. However, presenting it

among other activities involving games with more physical activity where children can run,

jump, climb etc. can make it more difficult and less motivating for the child to sit down and

concentrate for 40 minutes. Therefore, the general theme within which the writing activity will

be proposed should be considered carefully when designing the activity flow, and its duration

and composition should be adapted accordingly.

2.5.8 Novelty Effect

Even though the engagement was observed to be very high for our studies which took 2-3

days, it is not realistic to expect efficiency and engagement in the long term because of the

well-known novelty effect typically associated with technologies such as ours. For overcoming

this challenge, in the light of the feedback of the therapists, we hypothesize that the activity

could be extended with new drawing concepts and free-drawing sessions. These sessions may
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include drawing any geometrical shapes, numbers, animals or objects with their model visible

in the Feel and Drive the Robot sub-activities or the Guess the Letter game. Guess the Letter

can also be modified by various themes, such as:

• Writing the first letter of a friend’s/object’s/animal’s name and guessing who/what it is

• Free-drawing where the writer child can draw anything they imagine without necessarily

using a model: A toy, a house, an umbrella etc.

• Writing the initial cue of the letter (such as wave) while the guessers guess the group of

possible letters (such as ‘a’, ‘c’, ‘d’ and ‘g’) as a more advanced sub-activity

2.5.9 Limitations and Future Work

Even though writing on an empty map pushes the child to remember and practice what they

learned before, the robotic platform lacks visual feedback since it cannot provide the visual

output of what is previously drawn by the child. Although this is a limitation, it allows social

interaction by involving human in the loop, where the feedback is given by the peers, through

their perception of the writing and the therapist’s cues such as: “Your friends didn’t understand

what you drew, you should write it bigger” or “Please write it cursive as we learned today”.

Another practical limitation of the system is the need to secure paper sheets to the tables,

typically done with non-permanent adhesive such as masking tape. For a group of children

with attention problems, this alone may create a need for a second therapist since they

lose attention quickly while waiting for a preparation process even though it lasts only a

few minutes. An alternative is to involve children themselves in this process and aid in the

preparation and application of the tape, which may also be argued to promote fine motor

activity.

The results show the overall effect of the system on handwriting quality improvement for 9

children with visuomotor coordination and attention problems (excluding 3 children whose

test data were incomplete). Since the main purpose of the study was to adapt the system to

the environment rather than adapting the therapy to the proposed robotic activity, we had

a heterogeneous group of children which was a natural aspect of a group therapy session in

an occupational therapy center. In order to have more generalizable outcomes, the activity

should be further tested in different institutions with more children ranging in age and in

difficulties they have. The overall effect of the refined robotic activity (through iterative design

process) should be compared with a traditional training process in therapy centers. Further

research is also needed to investigate the long term improvement and retention in ductus and

grapheme learning in such children.

Comparing the results of the children in the therapy center with those of the children in

preschool would give us precious insights on the value of the activity with the robot. However,

the designs of the activity carried out within school and within the iterations at the therapy
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centers differ on a number of crucial variables including total duration of the writing activity,

mean age of children and device that is used for pre-post test, which reduces the validity

of a comparison between the data already collected. Therefore this comparison should be

considered for a more controlled follow-up study specifically targeting this question.

The results comparing different writing media and investigating knowledge transfer are limited

to observational inputs. In order to explore the knowledge transfer more in depth, more exper-

iments should be conducted where the focus is on transfer learning analysis with quantitative

methods.

2.6 Conclusion

Tangible robot mediated gamified activities were iteratively refined and integrated into a

number of occupational therapy sessions with the feedback of teachers, therapists and children

and was shown to improve the letter writing performances of children with various NDD

related difficulties. This emphasizes tangible haptic-enabled robots as a potential tool to

conduct handwriting training to teach ductus and grapheme of the letters in multi-child

special education or therapy environments.

The effective integration of a robot-assisted system into the occupational therapy environment

demanded variants of different content throughout the iterations. These adaptations are:

• Duration of the game and sub-activities including active, semi-active and passive robot

behaviours according to the total time of the therapy, skills and attention levels of the

children

• Activity content according to the current schedule and teaching methodology of each

environment (the number of letters and repetitions of each letter for each sub activities,

map graphemes and themes)

• Game content according to the objectives of the therapists (maps with/without

grapheme)

• Pre/post-test types according to the therapy duration and learning objectives

• Adaptation of number of robots working synchronously according to the number of

children in the current therapy sessions and the unique room settings of different

therapy centers

• Activity flow in order to selectively integrate with traditional practices

These adaptations, allowed by the flexible design of the robotic platform, assisted the consis-

tency and overlap of the learning goals determined by the therapists and the learning goals of

the activity. They also allowed adequate engagement of the different groups of children while

fitting into the typical time frame of an occupational therapy session.
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3 Upper Limb Rehabilitation Game

Design for Physical Therapy

3.1 Introduction

In this Chapter, we present the design of a gamified rehabilitation activity targeting physical

therapy. In the previous Chapter, as a starting point, we explored the idea of implementing

therapeutic uses of haptic-enabled tangible robots within the school environment and a

learning context targeting handwriting. The origins of the Cellulo robot’s design was rooted in

learning, and this context was natural for us to approach. Given this, we iteratively integrated

these tangible robots into a therapy environment for children with NDDs. During the work

in Chapter 2, we have shown the potential of Cellulo in addressing problems associated with

visio-motor coordination in children with NDDs. Children with some of these disorders (such

as Cerebral Palsy) typically also require dedicated physical exercise as part of their therapy. An

observation during this work is that the patients suffering from motor impairment require

physical therapy which shares very similar types of tabletop exercise regimes to the gross letter

writing process that we previously used.

Based on the results and lessons learned from the previous Chapter, we believe that haptic-

enabled tangible robots have strong potential in improving upper limb therapy processes by

providing exercises in an enjoyable and motivating way through gamification. The problem

we want to address, motor function loss, is a more fundamental problem that affects not only

handwriting but a wide range of daily life activities. This is one major reason that we aimed to

focus more on physical therapy in our further research effort. In this Chapter, we again adopt

an iterative design approach and involve several stakeholders to our design process. Our goal is

to extend our target group pool with patients going through physical upper limb rehabilitation,

such as children with Cerebral Palsy, children with Brachial Plexus (BP) injury, and stroke

survivors, and therefore to extend the scope of our application domain with physical training

as well as with adult patient cohort.

This work corresponds to the following publication:

Arzu Guneysu Ozgur, Maximilian Jonas Wessel, Wafa Johal, Kshitij Sharma, Ayberk Özgür,
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Philippe Vuadens, Francesco Mondada, Friedhelm Christoph Hummel, and Pierre Dillen-

bourg. “Iterative design of an upper limb rehabilitation game with tangible robots”. In

Proceedings of the 2018 ACM/IEEE International Conference on Human-Robot Interac-

tion, pages 241–250, 2018 [169].

Within this work, the author of this thesis developed the activity and implemented the corre-

sponding adaptations, conducted the iterative cycles in the therapy centers, contributed to

the design of the game, the design and production of grasp aids, and data analysis.

3.1.1 Background

Upper limb rehabilitation mainly focuses on relearning of lost or weakened functional move-

ments that are crucial for daily life activities. Effective recovery process includes large volumes

of repetitive exercises that induce neural plasticity which is the brain’s ability to reorganize

itself by forming new neural connections. This plasticity is mediated via various mechanisms,

e.g. anatomical or synaptic plasticity or adaptation to cortical circuitry or brain networks [10],

which allows the neurons to respond and compensate for injury and disease [11]. Several

studies have found that this intensive therapy in both acute and chronic phases improves

motor functions in patients [7, 8, 9]. Therefore, the process takes time and after some progress

in initial therapy at the hospital and rehabilitation centers, the patient continues with one-on-

one therapy sessions. Due to the high cost and restricted availability of one-on-one therapy

sessions, in the outpatient set-up, the goal of the long term treatment is to continue at home.

However, these intensive take-home exercises are criticized for being frustrating and boring.

For example, daily exercise routines may include cleaning table surfaces with a towel. Besides,

therapists cannot directly assess the quality of movements performed at home. The result

is that, unfortunately, only 29 to 31% of patients carry out home-based exercise routines as

recommended due to a range of reported reasons, which include the feeling of not improving

and the feeling of monotony [15, 16]. This highlights the importance of transforming these

exercises into enjoyable processes and giving continuous feedback to the patient and the

health professionals about the process.

Recently, game-based rehabilitation approach gained popularity in upper limb functional

recovery to increase patient motivation by integrating entertainment elements in the training

tasks. Although most rehabilitation technologies have a common feature of providing motor

practice in a compliant way, the type of technology used is diverse. This ranges from robotic

systems [170, 171, 172] to tangible objects [103, 106] and commercial off-the-shelf game

consoles [90, 72]. Below, we provide a brief overview of some of these technologies.

Robot-assisted rehabilitation

Robot assisted rehabilitation can provide both accurate motion tracking and high volumes of

repetitive movement training [5, 79]. They have the key ability to provide solutions for severely
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impaired patients in both acute and chronic phases [170, 173, 174, 175, 176, 60]. Additionally,

SARs offer ways to motivate patients by filling social needs, while also autonomously moni-

toring the rehabilitation program and interacting with the patient to improve the process by

feedback [54, 40]. One of the main strengths of such systems is that it removes the need for a

100% present therapist which can increase the accessibility to the therapy. However, the sys-

tems should be cost effective to be widely implemented [106]. In therapy use, many therapists

may get frustrated with these devices if setup takes more than a few minutes. Therefore, newly

developed devices for physical training should be intuitive, easy and fast to set-up [42, 177].

Commercial video game consoles, Virtual Reality and motion capture

VR combined with upper limb rehabilitation has promising results [82, 83, 84, 85, 86]. Ad-

vances in the commercial gaming device technology have led to a convergence of upper limb

rehabilitation and commercial off-the-shelf video game consoles [79, 96, 89]. Systems such as

the Nintendo Wii and Playstation II EyeToy deliver low cost virtual reality and report significant

improvements in functional recovery of the participants [90, 72, 91, 92, 93, 94, 73, 95]. Player

interaction in a virtual environment is typically achieved by video capture, motion sensors,

or a combination of both [79]. Motion tracking is mostly based on motion sensors such as

Kinect and Wii Remote where the motion detection is fast. However, the use of these devices

is often discussed to present an additional risk of seizures in the stroke population [178, 179].

Nintendo has suggested that the risk of a seizure in healthy populations is 1 in 4000 1 [79].

Thomson et al. made a survey study with 112 therapists: Gaming was reported to be enjoyable

but therapists described barriers related to time, space and cost; half of the therapists (51%)

reported at least one adverse event, such as fatigue, stiffness or pain [180]. Kumar et al.

evaluated the usability of three lower-cost virtual reality rehabilitation games where P5 Glove

and Kinect were used to record the movements [181]. People with stroke were found to desire

motivating and easy-to-use games with clinical insights and encouragement from therapists.

The results revealed the expectations of stroke survivors for games: the games should be

improved by obtaining evidence for clinical effectiveness, including clinical feedback regarding

improving functional abilities, adapting the games to the user’s changing functional ability,

and improving usability of the motion-tracking devices. It is claimed that lack of familiarity

and steep learning curve of such devices may reduce the training efficiency among elderly

users [100, 101].

Furthermore, these systems generally need a dedicated room or space in the environment

they are installed in. There is a further need of a dedicated computer, TV screen, or both

for the system to work. This implies a challenge if these spaces and devices need to be

shared or repurposed, and a difficulty in the mobility of these systems if they need to be set

up somewhere else. For this reason, these solutions may not always provide the required

convenience [97, 98].

1https://www.nintendo.com/consumer/systems/wii/en_na/health_safety.jsp, accessed July 2021.
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Figure 3.1 – Gamified upper limb rehabilitation with tangible Cellulo robots. The patient
moves their "player" robot on the map while being chased by autonomous agents. Therapist
can hold the patient’s hand and easily assist the game play if needed (on the right).

Tangible interfaces

Current conventional physical and occupational therapy methods involve the manipulation

of real objects of daily life and these therapy settings require a tangible setup where the user

grasps, holds and moves objects [102, 103]. One key idea in the literature is to augment these

objects with various technologies in order to elevate the physical interaction into digital space,

while still staying low cost and physically usable from the user’s perspective, which results in

the line of research that is called tangible user interfaces.

One of the biggest strengths of this domain is that it enables the possibilities of tracking

the digital data of the user from e.g sensors integrated to these easily usable objects. This

is especially strong with the ongoing developments in electronics which pushed the cost

of sensors down, made them even more accurate and more accessible (for example, the

more and more accurate IMU sensors in the last decade, or video cameras with steadily

increasing resolution, both of which continuously get cheaper). Within the domain of post-

stroke rehabilitation, where the tracking of the patient is crucial, this implies a very promising

research avenue, by essentially allowing the measurement of the motion performance and

progress of the patient numerically and objectively [108, 106].

Furthermore, this ease of use, simplicity and familiarity of tangible user interfaces presents

an excellent opportunity in increasing the interaction quality of the elderly by reducing the

learning curve [104, 105, 106]. Especially for the elderly, a touch-based interface is claimed to

provide lower cognitive loads, and to be more intuitive [107].
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Figure 3.2 – Our rehabilitation game’s printed paper map design (980 × 420 mm) with the visual
game elements, inspired by the famous Pacman arcade game. Blue walls activate assistive
haptic feedback, fruits represent objects to be collected by the patient.

3.1.2 Our contribution

Inspired by the promising results of (1) Tangibles in providing an intuitive interaction, (2)

Robots in facilitating precise and repetitive exercises and (3) Commercial gamified solutions

in integrating enjoyable approaches into rehabilitation, we propose using the Cellulo platform

since it offers each of these advantages: It is a tangible robotic platform providing fast and

accurate localization, haptic capabilities, and is capable of being an active and passive object

in gamified activities, please see Chapter 1 for the more detailed reasoning for this choice.

Our design objective is to provide practical, easy to use, easy to set up and intuitive gamified

upper limb rehabilitation by using these novel haptic-enabled tangible robots as game agents

and objects (see Figure 3.1). By augmenting tangible objects commonly used for rehabilitation

with the robotic technologies such as precise localization and locomotion offered by Cellulo,

we hypothesize that various aspects of rehabilitation can be improved.

Designing games for rehabilitation requires input from multiple stakeholders. In order to meet

design concerns of the end users, we iteratively designed a game by testing it in 4 different

therapy centers and getting feedback from 7 therapists, 14 stroke patients and 5 children with

hemiplegia due to BP or Cerebral Palsy.

The resulting activity design uses the haptic-enabled Cellulo robots and their printed paper

sheets as game elements. The printed paper sheet (also referred to as map) features graphical

objects and zones that are involved in the game logic and are associated with specific robot

behaviors. As they share the space with the robots, the game become easier and more natural

to follow and play. Such a map is seen in Figure 3.2 where blue wall zones activate assistive

haptic feedback of the robot and fruits represent target objects to be collected. The patient

tangibly moves their own "player" robot through the map while being chased by autonomous
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Figure 3.3 – The timeline of the iterative design and testing steps. Light blue iterations denote
activity design and software development, dark red iterations denote testing and validation.

agent robots. Through the accurate localization of the patient’s robot, their performance

metrics can be easily measured with no additional cost or setup. Using these measurements,

we show that the modification of game elements can affect the patient’s accuracy, time spent

on the exercise, and their total amount of motion.

3.2 Design of the Rehabilitation Game

In order to design an effective game that is successful in motivating the patient during the

rehabilitation process, the input of many stakeholders in addition to the patients such as

neurologists, physiotherapists and occupational therapists, are needed. A traditional design

process, where requirements are be gathered from all of these professionals as well as the

patients and the final system is developed accordingly, would likely fail to achieve satisfactory

results as the spectrum of stakeholders is too broad and diverse.

Instead, we opted to follow an iterative design process where various stakeholders were met
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3.2. Design of the Rehabilitation Game

with and the system tested in four different therapy centers/hospitals in four different cities of

two different countries. Iteration 0, 1 and 2 consisted mainly of design requirement meetings

with stakeholders and incremental software development of the game. Iteration 3 consisted of

pilot experiments with adults and children where we tested our game for the first time with real,

albeit healthy, users. Iterations 4 through 8 consist of experiments with different therapists

and patients with varying degrees of impairment, and the implementation of improvements

that resulted from these experiences. In Figure 3.3, we summarize these iterations and below,

we explain each iteration in detail.

3.2.1 Iteration 0 - Determining The Design Rationale with Neurologists

In this initial iteration, the design rationale of our game was determined with the input from

two neurologists. Considering the possible cognitive deterioration that may accompany

physical impairments, the game elements and rules are expected to be simple and easy to

understand. According to the neurologists’ experiences, the game should also include features

to change the level of difficulty according to the abilities of the patient besides simplicity.

Therefore, the challenge level of the game should be configured for each patient with different

levels of impairment. Several papers have also elucidated core principles important to the

design and development of games for upper limb rehabilitation which are in line with the

inputs of the neurologists [96, 66, 42]. Evidence related to elderly motivation requirements

summarizes the needs of elderly players and stroke rehabilitation as follows [42]:

1. Meaningful game tasks to guide useful and appropriate upper limb functional training

2. Intuitive game interface with simplified elements

3. Recording of the performance and progress feedback

4. Supportive social game play such as competition and cooperation

5. Appropriate design of the game difficulty levels (not too easy or too difficult)

6. Easy game rules for the elderly to master and to understand

3.2.2 Iteration 1 - Basic Game Elements and Rules for Simplicity

With the previously obtained design rationale, we began discussing the nature of the game

and its elements. We chose to implement a game inspired by the classic Pacman arcade game

to make the system possibly easier and more intuitive for the users to play with. The following

game elements were designed with also the input from two physiotherapists:

• The Pacman robot: Includes both passive and active behaviors and is manually moved

by the patient. Since the robot is palm-sized and looks like a small tangible toy, we
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Chapter 3. Upper Limb Rehabilitation Game Design for Physical Therapy

believe it would be intuitive for patients to move it on the game workspace as the

representative player character.

• The Ghost robot(s): Chase(s) the Pacman in an autonomous way, the patient does

not manipulate them. The autonomous behavior is implemented to be robust against

kidnapping to allow the therapist to move them to any other point on the map during

the therapy. Therefore, if this happens, a ghost robot keeps on chasing the Pacman robot

via the new shortest path available when returned to the new position on the paper.

This feature provides a competitive element to the game and increases the challenge.

• The paper with maze and the targets: Seen in Figure 3.2, it consists of a Pacman-

themed maze including walls, paths and fruits. The map size (980 × 420 mm) is designed

to be suitable to the possible range of motions of the patient’s arm in sagittal and

transverse planes while sitting on a table. The wall design is made symmetrically to be

suitable for each affected side. Further visual items were added to the map to indicate

the initial positioning of the Pacman and the Ghost(s). This maze allows the system to

push the patient to perform reaching motions in a controlled way (by using the maze

paths). Therefore, accuracy related metrics can be measured through the deviance from

these expected paths. The targets are positioned to the points closer to the each corner

of the map to push patients to perform full range of motions within the game map.

• Game start: A simple multi-robot behavior is designed to initialize robot positions on

the map in the beginning of the game which can help the patient to effectively start

the game from the easiest position and not need to find his/her own robot among

others. When all robots reach their initial positions, Ghost(s) become(s) light-blue while

Pacman becomes yellow and the Ghost(s) start(s) chasing.

• Rule 1: Main goal of the game is for the patient to move the Pacman along the paths

without crashing into the walls and to collect 6 fruits on the map by bringing the Pacman

on top of the each fruit.

• Rule 2: If the Ghost(s) catch(es) the Pacman, all collected fruits of the patient are lost.

We avoid using terms like "death" and "life" to prevent possible negative effects on the

psychological status of the patients who are likely survivors of traumatic events. Upon a

catch event, ghost(s) turn(s) back to their initial positions and the game continues.

• Game end: The game ends when all fruits are collected.

3.2.3 Iteration 2 - Game Elements for Difficulty Adaptation and Feedback

With an initial game implementation, we began discussing the adjustment of difficulty for

patients, which is challenging for those with upper limb impairments since the range of

physical and cognitive deterioration is typically wide. In order to provide this adaptability, the

main methods suggested by the neurologists were manipulating the speed and the accuracy of
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the patient’s motion. To achieve this, the following game elements were added which depend

on some of the advantages of the robotic platform that we are using, such as haptic feedback

and easy scalability of programmable agents in number:

• Number of Ghosts: For a more challenging game the number of Ghosts chasing the

Pacman can be changed. We hypothesize that increasing the number of Ghosts can

increase the velocity of the patient and the challenge of the game due to harder path

planning while reaching towards the targets.

• Speed of the Ghost(s): The speed of the chasing Ghost(s) can be tuned to hypothetically

increase or decrease the velocity of the patient. An increase in the competitor agents

might increase the challenge of the game in terms of motion, accuracy, attention, and

planning.

• Adaptive Ghost speed: During the game the Ghost speed can change dynamically,

which adapts to the patient’s speed to make the game more challenging.

• Crash penalty: To force the patient to be more accurate, crashing into the walls can be

penalized by taking back the last collected target.

• Haptic disturbance: In order to increase the effort and attention of the patient, the

neurologists hypothesized that patterned and random resistive control strategies can

be used by applying haptic disturbance through the grasped Pacman. Several optional

haptic features were thus implemented to investigate the effect of disturbative feedback

on motor learning in future studies. Without haptics, moving the robot resembles

moving a computer mouse on the paper (i.e robot is backdrivable). With haptics, the

robot can apply up to 1N force in any direction in the x, y plane, which can be in a pulsing

vibratory fashion with adjustable period and direction. This is typically not enough

to force any user to do a motion involuntarily, and was anticipated by the therapists

to only increase the perception of the motion, kinesthetic sense in the hand and was

not anticipated to cause any harmful movements. The pool of these adjustable haptic

features are:

– Constant haptic disturbance (disturbance is activated and applied while the Pac-

man is moved)

– Haptic disturbance with random period (from 1 second to 10 seconds)

– Haptic disturbance with fixed period (from 1 to 10 seconds)

– Vibration with given number of pulses (from 1 to 10)

where the intensity (low, medium, high) and the direction (along x axis, along y axis,

random, orthogonal or parallel to the current motion direction) of the vibration is

configurable.
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Chapter 3. Upper Limb Rehabilitation Game Design for Physical Therapy

Figure 3.4 – An example game scene of an adult while playing the tangible Pacman game in
his home environment and performing shoulder horizontal abduction/adduction by moving
the robot in the horizontal axis.

• Assistive haptic feedback: An assistive haptic stimulation control strategy was imple-

mented to inform and assist the patient upon crashing into a wall: Pacman does not

intervene as long as the patient stays in between the walls; however, if the patient moves

towards the walls the Pacman produces a restoring haptic force perpendicular to the

wall. The intensity of the force is proportional to the deviation from the desired path.

Some margin of deviation is tolerated before the restoring haptic force is provided.

• Game configuration for therapists: A configuration page was added to the pre-game

stage for therapists to decide the difficulty level of the game by tuning all aforementioned

features and game elements. This allows each therapist to configure the game from a

tablet/laptop according to the type and state of the upper limb disability of the patient.

3.2.4 Iteration 3 - Mapping Upper Limb Rehabilitation Exercises to Game Activity
Pool

The crucial feature of a rehabilitation game is including the appropriate exercise motions.

Naturally, since the base platform in our games is composed of tabletop robots, we focus on

upper limb activities where the tangible robots serve as end-effectors for the patients’ upper

limbs. Although the robots perform movements in one plane (on the paper), joints of the limb

holding the robot may still move in a three-dimensional space. Since the map is designed

according to the possible range of motion of the human, following basic motions commonly

used in stroke rehabilitation exercises are expected during the given corresponding actions:
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Figure 3.5 – An example game scene of a child while performing elbow flexion/extension by
moving the robot in the vertical axis.

Figure 3.6 – An example game scene of an adult while performing wrist ulnar/radial deviation
by rotating the robot in place.
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• Shoulder abduction and adduction: Moving the robot along the horizontal axis on the

paper (see Figure 3.4).

• Elbow flexion and extension: Moving the robot along the vertical axis on the paper (see

Figure 3.5).

• Grasping and wrist ulnar and radial deviation: Manipulating the robot in place and

making the turns between the maze paths (see Figure 3.6).

At this point, in order to make the game more challenging in terms of hand and wrist motion

and increasing our motion pool, a rotating motion rule is added to the game. If this rule is

enabled, the patient should rotate the robot in place for a specific amount in order to be able

to collect the fruits. Required angle for this optional turning motion is also determined by the

therapist in the initial configuration settings (45, 90, 135, ..., 360 degrees).

We tested this motion pool and its mapping to our intended rehabilitation exercises with

healthy adults and children. After trials of the game with adults, a pilot experiment was also

conducted with children to explore possible exercise motions enabled by the game platform

during the game. The goals of this pilot test were first to assess the usability of the game when

manipulated by children “in the wild” as well as by adults in their home environments; second,

to evaluate the combination of robots, paper and tablet over a range of interaction modalities

in terms of legibility and intuitiveness. A total of 5 adults (27 to 57 years old) and 55 children

(10 to 12 years old) played the game after a brief introduction with a given configuration that

we desired to test at the time. In the case of children, the game time was limited to at most 3

to 4 minutes because of the availability of the participants. All of the expected rehabilitation

motions listed above were observed during game play and the 7 therapists involved in our

iterative design process agreed that these movements would be useful in therapeutic contexts.

We also observed that set-up of the game in home environment is easy and does not require a

special room or setting but only a tabletop surface.

3.2.5 Iteration 4 - Severely Impaired Stroke Patient in Sion

Beginning with this iteration, we began testing with our true end users, namely impaired

patients that play the game with the help of and in the presence of neurologists and phys-

iotherapists. A 68 years old female patient with 2 months-old stroke tested the game in a

rehabilitation center located in Sion.

She had severe upper limb impairment (right arm) and could not use the system with her

affected arm independently. In order to understand the game and test the game elements to

give feedback, she used her healthy arm in 4 trials with different configurations of the game.

Afterward, the therapist tried to help her to move the robot with her impaired hand as can be

seen in Figure 3.7.
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Figure 3.7 – An example game scene of the severely impaired patient while playing the game
with the help of the therapist.

Feedback and Changes

The patient could not play the game with the affected hand. She did not enjoy the game, and

felt frustrated due to the game’s challenges.

A demonstration session was added at the beginning of the further experiments. Visual and

sound alert feedback using robot LEDs and the tablet speakers were added to inform the

patient of their every action, i.e when he/she crashes into the walls, collects a target fruit,

finishes the game by winning or gets caught by the Ghost.

Crash penalty and assistive haptic stimulation were made optional for patients who can move

their hands with limited accuracy along the path; when these rules are not applied, the path

width does not have any effect on the game and is only a visual to guide the patient.

After this test, a smaller map (620 mm × 420 mm) was designed for patients with more limited

range of motion as can be seen in Figure 3.8. A decision was made to simplify the game and

visual complexity even more by changing all the fruits to apples with the same color and shape,

as the existing 6 dissimilar fruit designs were observed to have the potential to cognitively

overload the patients.
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Figure 3.8 – Smaller map design (620 mm × 420 mm) for patients with more limited range
of motions of the arm. 6 dissimilar fruit designs were changed to a single apple design with
identical color and shape to make the visuals even more simple.

Figure 3.9 – An example game scene of the moderately impaired patient while playing inde-
pendently with 2 Ghost robots.

3.2.6 Iteration 5 - Moderately Impaired Stroke Patient in Sion

Iteration 5 was done in the same center with a 49 year-old male patient with perinatal stroke

(from birth). He had moderate hand and arm impairment (right arm) and played the game with

his impaired arm 7 times independently with different configurations as seen in Figure 3.9.

Feedback and Changes

The patient enjoyed and gave positive feedback for the game and could play the game with

incremental difficulty. During the discussions with the neurologist, in order to help patients

with limited grasp capability to play the game more easily, the idea to design and add a modular

grasping aid on top of the robot was suggested.
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Figure 3.10 – Sample trials where the patients were assisted by their therapists. Direct, natural
tangible interaction and the Cellulo robots’ kidnap robustness (robots immediately recover
their position when picked up and placed somewhere else within the game map) allow the
therapist to intervene easily.
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Figure 3.11 – A three years-old child playing the game by holding both robots (on the top with
his healthy arm, on the bottom with his affected arm).

3.2.7 Iteration 6 - 5 Stroke Patients, 3 Children with Hemiplegia and 3 Therapists
in Istanbul

5 stroke patients with varying degrees of impairment played the game to test the usability and

playability in a rehabilitation center located in Istanbul. 1 female patient and 1 male patient

were able to play the game without any help with changing difficulty levels for 30 minutes

each. Remaining 3 male patients played the game with the assistance of their therapists as

seen in Figure 3.10.

Additionally, a 3 years-old child with hemiplegia due to BP injury tried the system. As a natural

instinct, he insisted to move the Pacman robot with his unaffected arm. For this reason, the

therapists suggested him to move two robots with both arms to increase coordination and

promote him to move the affected arm as well, see Figure 3.11. Therefore, in some trials, he

manipulated both the Pacman and the Ghost and did not truly play the game by its rules.

Instead, the visual and haptic reactions of the robots and the overall system were enough for

him to be entertained as if playing with a toy, and the ultimate goal of the activity was achieved,

which is to have him to exercise his affected arm. This anecdotal evidence points to the need

for designing bimanual games for such young children with much simpler rules or with no

rules and simple free play.

In the trials where he manipulated only the Pacman, even though he understood the rule of

avoiding the Ghost, instead, he preferred to catch the Ghosts. The light and sound feedback

given by the Pacman when getting caught by the robot was observed to be very entertaining

to the child, even though we specifically designed the red color and the Pacman loss sound
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Figure 3.12 – Grasping stretchers with straps assisting the patients with severe grasping diffi-
culties to hold the robot.

Figure 3.13 – Modular grasp and grip aids: Cylindrical, disk and spherical geometries were
implemented for less severely affected patients and to provide extra exercise in training specific
grips.

as negative feedback. Furthermore, he could not understand the concept of walls, possibly

since there is no physical barrier. These interesting behaviors should be taken into account in

further design of games for very young children.

2 children (5 and 12 years old) with hemiplegia due to Cerebral Palsy also tried the system and

successfully played the game independently and enjoyed the game.

3 therapists in total tested the game and the possible grasping aid designs were also discussed

with them. Furthermore, upon their suggestion, trials were made with two more children with

BP injury.

Feedback and Changes

The patients enjoyed the game and therapists gave positive feedback about tangibility and

kidnap robustness of the game. Interventions by the therapist where he/she moved the

chasing Ghost(s) to somewhere else were frequently used (see Figure 3.10) to tangibly adjust

the dynamic of the game, on the spot. This feature allows the therapist to stop the game by

kidnapping one ghost robot.

In comparison with the wearable robotic interventions, the therapist found the system more
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suitable for themselves in case of intervening the patients motion by holding the hand or arm

of the user. They reported that this is an advantage to complement the robotic training with

conventional interventions since it allows therapists to assist the patients while playing or to

correct the performed motion.

In light of these tests, modular grasping aids that can be attached on top of the robot were

designed: These grasping aid designs include a stretcher and strap to help release the constant

grip of more severely affected patients, and simple knobs or rods in a number of geometric

shapes in order to help patients with less severe impairment. A key idea here is to design these

modular aids in a simple manner with affordable materials and reuse them as attachments

without changing the robot design. Doing this will allow to adapt to a specific condition given

a patient grasping difficulties, or to provide additional exercise like cylindrical grasp, spherical

grasp or disk grip. These grasping aid attachments can be seen in Figure 3.12 and 3.13.

3.2.8 Iteration 7 - Occupational Therapy with Grasping Aids in Geneva

Two occupational therapy sessions with conventional therapy methods were observed in

Geneva. During the therapies, the game was independently played by 1 male patient and

1 female patient with stroke, who tested some of the attachments. Two grasping aids were

observed to help the female patient to hold the robot during the game, and one knob is found

useful for the male patient, who was able to hold the robot without any other help.

3.2.9 Iteration 8 - Stroke and Hemiplegia from Age 3 to 77 in Lausanne

This iteration featured more contribution from therapists who wanted to discover the attitudes

of smaller age groups towards the game. Two 3 years-old children with hemiplegia played the

game with the small map and even though they had attention deficit, one played the game for

25 minutes the other played for 35 minutes, which was an exceedingly promising result for the

therapists. Naturally, a possible novelty effect should be taken into account and further tests

should be done.

Another child (age 11) with stroke played the game independently for 45 minutes. After he

mentioned his problem of opening bottles, the therapist suggested to use the game with

different attachments in rotation enabled mode as a way of training for opening bottles in

daily life.

Finally, our system was used with elderly stroke patients. 4 adults with stroke (60 to 77 years

old) tested the game and successfully played the game (3 of them played independently)

within the physiotherapy room of the hospital.
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Feedback and Changes

During these instances, one therapist mentioned that they do not prefer to use commercial

off-the-shelf video game consoles with children for the reason that they tend to move their

torso instead of moving the arms in full range (which is a compensatory motion that is not

desired in that therapy) since they are standing up. This anecdotal feedback hints at the

usefulness of tabletop systems.

Another therapist further explicitly stated the reasons of not frequently using other off-the-

shelf technologies (e.g Kinect, robotic arms) as the long time it takes to prepare the system

and the difficulty to intervene to the interaction during the game or task. The fact that we set

up our game in a regular therapy room in a few minutes on a small table and did not need for

the patient to move to another room was a highly desirable factor by the physiotherapists.

Additionally, during the game play, one therapist appreciated that he/she could intervene to

the game and hold the patient’s hand whenever he/she wanted to correct the motion, and

stated that this "joint tangibility" provides a better way of conveying the therapy.

In each iteration so far, including this one, we observed that the paths with dead ends in the

game mazes increase the difficulty of the game by reducing the connectedness of the map.

Therefore, for future studies, we designed two new maps without dead ends, with 620 mm ×

420 mm, and 920 mm × 420 mm size. We also observed that there is a need for simply more

map options with various sizes for the patients with different ranges of motion. For this reason,

we designed a third, medium map with 890 mm x 420 mm size (also with no dead ends). All of

these maps feature the new unified and simplified apple visuals, see Figure 4.2 and the next

Chapter for the design of these new maps.

3.3 Results and Discussion

In the design phase, we focused on possible game mechanics (active agents, haptics, and

challenges) that can be implemented with a variety of games using the haptic-enabled tangible

robots of the Cellulo platform. Then, we quickly converged on the Pacman instance of the

game in order to solidify the use of these game mechanics in a real implementation. The

resulting game configurations were then selected mainly by the therapists or the patient,

according to the abilities of the patient. In this section, we determine preliminary metrics to

evaluate the performance of the patients and link them to these game elements in order to

probe their effectiveness.

3.3.1 Data Collection

Although we did not conduct a controlled study to test the effect of our system, in order to

have an initial insight on the relationship between designed game elements and performance

of the patient, we logged the motion and game data of the patients.
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11 patients played 54 games independently during the aforementioned iterative phases. We

only analyzed the data of these patients who were able to play the game independently to

link the effect of proposed game elements to solely the patients’ performances. Therefore,

we excluded the data of patients who played with the assistance of the therapists in these

analyses. Our main objective here is to test whether the proposed game elements to modify

the challenge level of the game are observable through the motor performance of the patients.

3.3.2 Performance Metrics

The following performance and accuracy metrics (selected by the neurologists and therapists)

were used:

1. Distance: Quantity of the motion (in mm), calculated from the x, y position of Pacman

robot.

2. Time: Total time spent between the start and end of the game, which means successfully

collecting all the fruits.

3. Mean velocity: The mean of the speed of the Pacman robot calculated from the position.

4. Mean deviance: The mean of the amount of deviance of the Pacman robot from the

middle of the path, measured in mm.

From these metrics, distance and time relate to the total quantity of the motion, whereas mean

velocity and mean deviance relate to the quality of the motion.

3.3.3 Effect of Game Elements on the Motion

We conducted ANOVA tests for each separate performance metric, without assuming equal

variances across conditions, with the number of Ghost robots (1 or 2) as the independent

variable and the different performance and accuracy measures as the dependent variable, and

observed the following:

1. The distance travelled by the patient against two active agents (Ghost robots) is signif-

icantly higher than against one active agent (Ghost robot), F[1, 21.76] = 6.18, p = .02,

Figure 3.14A.

2. The total time taken to finish the game against two Ghost robots is significantly higher

than that against one Ghost robot, F[1, 15.72] = 5.91, p = .02, Figure 3.14B.

3. The deviance against one Ghost robot is significantly less than that against two Ghost

robots, F[1, 16.68] = 5.45, p = .03, Figure 3.15.
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Figure 3.14 – (A) Distance travelled by Pacman and (B) Time taken to finish a game for the
different number of Ghost robots. The blue bars represent the 95% confidence intervals and
n represents the number of games played. Total motion and the total time to finish a game
increase significantly when the number of Ghosts increases from 1 to 2.
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Figure 3.15 – Mean deviance error from the expected path for the games with different number
of Ghost robots. The blue bars represent the 95% confidence intervals and n represents the
number of games played.
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Figure 3.16 – Mean deviance from the path for the assistive haptic stimulation on and off,
(A) For all the patients and (B) For only the stroke patients. The blue bars represent the 95%
confidence intervals. Deviance significantly decreases with assistive haptics for only the stroke
patient group and not for all patients.

Next, we conducted similar one way ANOVA tests using the presence (or absence) of the

assistive haptic stimulation as a feedback mechanism when the patient crashes into a wall

as an independent variable, and we observed that the deviance with assistive haptics not

significantly different than the deviance without assistive haptics for all patients, F[1, 46.57]

= 3.26, p = .07, on the left in Figure 3.16. However, this difference is significant for the stroke

patients, F[1, 30.31] = 4.72, p = .03, on the right in Figure 3.16.

Further, we observed a significantly positive correlation, r(50) = 0.35 , p = .01, between total

distance travelled by Pacman and speed of the Ghost robot(s), and another significantly

positive correlation, r(50) = 0.63 , p < .0001, between the velocity of the patient and speed of

the Ghost robot(s).

Another one way ANOVA test with the wall crash penalty on (or off) as an independent variable

showed that the deviance from the path was significantly less when the wall crash penalty was

on as compared to the cases when the wall crash penalty was off, F[1, 17.55] = 4.17, p = .05,

see Figure 3.17.

Haptic disturbance was added to two trials and it was not enough to do a statistical test. But

when we compare the deviance values of trials with and without haptic disturbance, the

density is more skewed towards less deviation when the haptics is on, as seen in Figure 3.18.

This may imply that when we introduce the disturbance, accuracy of the motion increases.

In light of these preliminary results, it can be said that, in a given therapy session:

• If the focus is to have more motion repetitions in therapy, one can increase the number

78



3.3. Results and Discussion

5
.5

  
  
  
6
.0

  
  
  
6
.5

  
  
 7

.0
  
  
  
7
.5

  
  
  
8
.0

  
  
  
8
.5

  
  
 9

.0

Crash Penalty Off Crash Penalty On

M
ea

n
 D

ev
ia

n
ce

 F
ro

m
 t

h
e 

P
at

h
 (

m
m

)

n=44 n=10

Figure 3.17 – Mean deviance from the path for the wall crash penalty condition on and off.
The blue bars represent the 95% confidence intervals. Deviance significantly decreases when
the wall crash penalty is on.
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Figure 3.18 – The example effect of haptic disturbance on the deviance from the middle of
the path. Haptic disturbance tends to improve the accuracy of the motion, perhaps through
increased attention to the task, although we do not have statistical proof of this.
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Chapter 3. Upper Limb Rehabilitation Game Design for Physical Therapy

of agents or increase the chasing speed of the agents, which result in more motion.

• If the focus is accurate functionality of the upper limb such as precise motion along a

path, one can use games that have haptic assistive feedback, games with fewer active

agents or games with the wall crash penalty rule.

• If the focus is faster motion of the limb, one can use games with agents with higher

chasing speed.

However, these results and tendencies cannot yet be accepted as robust scientific evidence and

the effectiveness of each game element should be tested in more controlled experiments with

consideration of the possible order effect and the effect of other game elements. During this

iterative design process, all the game configurations were adapted to each patients according

to the therapists’ preferences and there was not a controlled order or a systematic way in

introducing new game elements.

3.4 Conclusion

In this Chapter, we described our iterative design process for a novel upper extremity rehabili-

tation game with haptic-enabled tangible robots involving diverse stakeholder groups from 3

to 77 years old within different therapy environments.

We developed a robot-mediated rehabilitation game and iteratively brought it to a usable

state where we ran preliminary tests with some of our real target end users going through

upper limb rehabilitation, namely stroke patients and children with hemiplegia in different

therapy environments in different locations. Our game features tunable elements that are

easily accessible to therapists, which we have shown to have desirable effects in adjusting the

game to the impairment level of the patients. This reusable Pacman activity forms the basis

for many of our future studies where we use similar or identical game elements in order to

expand the scope of our research.

We tested our design rationale and results showed that with our game elements, such as

assistive haptic stimulation, zone entry penalty (wall crash in this case), modifiable number of

active agents and the speed of these active agents, we are able to affect the accuracy of the

patient’s motion, the time spent on the game and the total amount of the patient’s motion.

We believe that, given such tabletop activities with the tangible Cellulo platform, these game

elements are generic enough that they can be integrated easily into any similar serious game.

When done so, these game designs would feature easy to adjust difficulty settings for different

users who have different levels of impairment and/or different therapy focus.

Although the final design is endorsed by the neurologists and physiotherapists, long term

rehabilitation studies must be conducted in order to show the impact of the platform and

shed light on the learning effect through time. Furthermore, the versatility of the game can
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potentially further be shown by focusing on the rehabilitation of different health problems than

addressed here, such as hemispatial neglect, attention deficit and poor visual discrimination.

Recent studies found out that motivational properties of the game depends on the personal

preference for competition or cooperation of the patient [70, 182, 183]. Therefore, another

interesting research path is to explore collaborative multi-player and competitive multi-player

modes in the game. Integration of such multi-player modes into the system brings the need of

performance-based adaptive control strategies in order to adapt to various levels of impair-

ment of players within the same game. If this is done, it can further be imagined that patients

and their healthy family members or friends could play together, which we believe would

be a strong motivator for the patients to use our system. In order to see the effectiveness of

the system for individual therapy and its effect on individual motor performance, initially

we decided to implement the system with single-player mode and postponed the multi-user

variants of the game for future studies (please see Chapter 6 for these multi-user designs).

Our preliminary results show that, some of the game elements make the game more challeng-

ing such as number of ghosts and speed of the ghosts. Although the acceptance of the systems

by the patients and therapists was high and we were able to adjust the game difficulty for most

of the patients, some patients found even the easiest version of the game too challenging.

Apart from investigating the effect of game elements on the performance of the patient, follow-

up studies will focus on investigating the effect of overall gamification on patients’ motor

performances and their training modality preferences. This is the research context in Chapter

4.
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4 Effect of Gamification on Motor Per-

formance of Chronic Stroke Patients

4.1 Introduction

In this Chapter, we present our research on the effect of gamification on motor performance

and training preferences of stroke patients. In the previous chapter, we observed that some

stroke patients might not prefer the gamified modality due to the challenging nature of the

game and the rules of the game such as the need for divided attention towards different game

elements and the need for a strategy. Secondly, we also observed that certain game elements

might affect certain motor performance outputs during the training.

In light of these observations, we now want to investigate the effect of gamification on the

motor performance and training preferences of chronic stroke patients by designing two

versions of our previously developed Pacman activity: (1) A gamified version where the goal

is to collect as many fruits as possible with your hand-held robot and game elements are

implemented, such as autonomous agents chasing the player, visual and audio feedback

after collecting fruits, fruit loss penalty upon certain actions of the player etc. and (2) A non-

gamified version where the goal is to collect as much as points on the map without any other

game element.

10 chronic stroke patients received two consecutive days of training for each modality with

a crossover study design. Results show that gamification leads to more controlled motor

performance during the training with smoother, more accurate and slower motion compared

to non-gamified training. Among 10 chronic stroke patients, six preferred gamified training,

two preferred non-gamified training and two preferred both modalities with similar reasoning.

Enjoyment and perceived usefulness were high for both training modalities.

This work corresponds to ongoing research that is not yet published and is a collaborative

research conducted with support of Friedhelm Hummel, Maximilian Wessel, Jennifer Olsen,

Wafa Johal, Andeol Cadic, Giulia Dominijanni and Barbara Bruno. Within this work, the author

of this thesis developed the activities and tests, contributed to the design of research objectives,

experimental design, conducting the experiments, and the data analysis.
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Chapter 4. Effect of Gamification on Motor Performance of Chronic Stroke Patients

4.1.1 Background

Stroke is one of the leading causes of disability in globally [184]. Roughly, two-thirds of peo-

ple having stroke, survive, however, stroke exerts a negative effect on their lives by affecting

several functions to perform usual activities [184]. Therefore, stroke creates global burden for

public health with serious economic and social consequences [185]. The public health burden

of stroke is estimated to increase in future decades because of demographic transitions of

populations [185, 186]. Thus, it is essential to design and develop post-stroke motor rehabilita-

tion interventions which help stroke survivors become more independent and improve their

quality of life.

Among the interventions targeting physical therapy, task-specific training forms a core ele-

ment of evidence-based upper limb rehabilitation plans [187]. It relies on the some of the key

factors of training we mentioned in the first Chapter, namely repetitive and consistent practice

with meaningfully and challenging tasks, which are shown to engage neuronal plasticity and

can result in improved functions [21]. Task-specific training can be incorporated or com-

bined with other emerging behavioral interventions such as constraint-induced movement

therapy, mirror therapy or motor imagery/mental practice [188]. More recently, advanced

technological approaches – neurotechnologies – have been developed and are currently under

investigation, some of these are non-invasive brain stimulation, neuromuscular electrical

stimulation or robot-supported interventions (for review please see e.g. [189, 190, 191]). These

novel technology-based interventions are promising, yet fully conclusive evidence for their

efficacy and safety is missing [192, 187, 193, 194]. Recently, strategies such as combined appli-

cation, personalization, and intensified training were proposed aiming to further facilitate the

design of efficient novel rehabilitation approaches and their clinical implementation [191].

Gamification, which is defined as the use of game design elements in non-game contexts, is

also recently integrated into therapy as a strategy to increase engagement. [65]. Common

game design elements are specific tasks (e.g., collect a target), rules (e.g., do not crash the

walls), or points systems (e.g., number of collected targets) [67]. It has been proposed that

when designing gamified applications for rehabilitation, two game design principles are of

particular importance – meaningful play and challenge [66]. Meaningful play corresponds to

the presence of an apparent relationship between user’s own actions and the system outcome

[68]. Challenge refers to the optimal adaptation of the task demands to the user’s ability

accounting for the trade-off of being potentially too easy and hereby risking loss of interest

and boredom and of being too difficult, which may lead to frustration and termination of the

activity [66]. Both design principles are incorporated in the intervention tested here.

Preliminary research projects have tested the use of gamification strategies for rehabilitation

applications (e.g. see the review of Ferreira and colleagues [67]); however, evidence from

controlled clinical studies is largely lacking.
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4.2. Methodology

4.1.2 Our contribution

In this Chapter, we want to address this lack of evidence by systematically testing potential

effects of gamified robot-assisted upper-limb motor training in a controlled study. We hypoth-

esize that a gamified application strategy leads to an enhanced control of the robotic device

during the training sessions compared to a non-gamified control condition with the same

robotic device and results in enhanced motor performance. The respective experimental work

and analyses were guided by following research questions:

RQ1 Performance: Is a gamified training application leading to enhanced motor perfor-

mance during training when compared to a non-gamified application?

RQ2 Learning: Is a gamified training application leading to enhanced motor skill learning

when compared to a non-gamified application?

RQ3 Skill transfer: Does the training strategy - gamified versus non-gamified - have an

impact on skill transfer to simple robot manipulation?

RQ4 Clinical correspondence: Is the magnitude of the gamification effect associated with

patient characteristics determined by standard clinical scales?

RQ5 Preferences: Do patients prefer gamified training modality over non-gamified training?

In answering these research questions, we strove to provide empirical evidence allowing us to

further test the Cellulo robotic system in future randomized clinical trials.

4.2 Methodology

4.2.1 Experimental design

The experiment was performed in four sessions in a laboratory at Clinique Romande de

Réadaptation in Sion. Each participant had two sessions of each training modality within

two consecutive days of experiments and had two weeks of rest in between two training

modalities, namely gamified and non-gamified. The order of training modality is randomly

assigned within the participants playing with the same map sizes, which is assigned according

to the range of motions of the patient’s affected arm. We designed 3 different maps requiring

different ranges of motion: Yellow small map (620 mm x 420 mm), blue medium map (890 mm

x 420 mm) and orange large map (980 mm x 420 mm). The maps used in the gamified training

include apple figures as targets, ghost visuals on the initial positions of the ghost robots and

Pacman visual on the initial starting position of the patient’s robot while the maps used in

the non-gamified training include red dots as targets and no visual for the ghosts. Please see

Figure 4.2 for the gamified map designs and Figure 4.1 for the overall experimental timeline

with map comparisons.
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Figure 4.1 – Experimental timeline with crossover design.

During the experiment, participants sat comfortably in front of a table with their affected hand

positioned on the table to perform the training tasks. Each participant started the experiment

the first day with pre-screening tests and the pre-tests consisting of circular and linear line

following activities with simple robot manipulation. We started with two familiarization games

to introduce the training to the participants. The platform and the rules were shared with

participants for each game modality at the beginning of each training modality as follows:

Gamified training: “The goal of this game is to pick up as many apples as possible. To do

so you have to move the robot in front of you with your hand. Each round lasts for 3

minutes. You will hear a song at the end of the 3 minutes, telling you that the game is

over. There will be ghost robots chasing you and all the robots will always go back to

their initial place on their own, at the beginning of each new game. The order in which

you pick up the apples does not matter. When an apple is picked up, you will hear a

sound and see a light appearing on your robot. You can know how many of the 6 apples

you have gathered by looking at the number of lights on your robot. Once you pick the

6 apples up, you will hear a sound and you will be able to pick up the six apples once

again. However, you should be careful not to crash into the walls. When crashing your

robot will give haptic feedback like vibration and will automatically try to go back to

the nearest path. You cannot pick up an apple just after crashing into a wall. There will

be extra robots which are ghosts that try to catch you. In all games there is at least one

ghost but sometimes there will be two ghosts. You have to avoid them while collecting

the apples. If a ghost catches you, you will lose your collected apples among the six

apples you are currently collecting but it is not the end of the game. After catching you,

they will go back to their starting points. You can continue to gather apples until the end

of the three minutes. Please perform the task as quickly and as accurately as possible.
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Figure 4.2 – Gamified training maps with different ranges of motion. (A) Yellow small map (620
mm × 420 mm), (B) Blue medium map (890 mm × 420 mm) and (C) Orange large map (920
mm × 420 mm).

When I tell you so, in some of the games you will have to rotate your ghost by 45° to pick

up an apple. In some games, there will be penalties. Crashing into a wall will then make

you lose your last collected apple. You then have to gather once again the last apple you

picked up.”

Non-gamified training: “The goal of this activity is to pick up as many red dots as possible.

To do so you have to move the robot in front of you with your hand. Each round lasts for

3 minutes. You have to collect as many red dots as possible in each round. Be careful to

not crash into the walls. Please perform the task as quickly and as accurately as possible.

In some games, when I tell you, you will have to turn the robot by 45° to collect a red

dot.”

Then, we started from the easiest game configuration and progressively increased the difficulty

by introducing a new game element one at a time as can be seen in Table 4.1. The game

difficulty was increased if the patient’s impairment allowed them to play the new configuration.

On the second day, the same games were repeated except the familiarization games. After the

two days of the training session with the games, at the end of the second day, the line following

activities were repeated as a post-test for the training.
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Game Day 1 Day 2

Familiarization
Familiarization
1
2
3
4
5
6
7
8

#Ghosts Speed Rules

1 20 -
1 40 T
1 40 -
1 60 -
1 60 H
1 60 P
2 60 -
2 80 -
1 60 T
1 40 -

#Ghosts Speed Rules

1 40 -
1 60 -
1 60 H
1 60 P
2 60 -
2 80 -
1 60 T
1 40 -

Table 4.1 – Game configurations per day. Each configuration consists of the number of ghosts
(1 or 2), speed of the ghost(s) in mm/s (20, 40, 60 or 80), and the applied rules (H: Haptic rule,
P: Penalty rule, T: Turn rule, -: No rule). Newly introduced or changed game element in blue.
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Figure 4.3 – Pre/Post-test map, including circular lines and linear lines. In order to easily cover
the maximum range of motion of the patient’s arm, the entire map is chosen to be 800 mm
x 2000 mm. For the linear test, the patient moves their robot from the starting point in the
bottom center along each line, coming back to the starting point each time. For the circular
test, the patient moves their robot along each half circular path, coming back to the starting
point each time. Both tests are performed within the patient’s comfortable range of motion.

4.2.2 Pre/Post-Tests as Transfer Activity

Like other forms of real-world learning, one of the most important desired learning goals of a

motor training task is transfer to other contexts and tasks [195, 196]. In order to investigate the

transfer of the learning to a simple device manipulation, we designed simple line following

activities as pre- and post-tests, that are essentially simple robot manipulation activities on

well defined linear and circular trajectories, see Figure 4.3. These activities are similar to daily
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4.2. Methodology

Id Lesion location Time since stroke Gender Age FMA score
(max. 66)

1

Middle cerebral artery
infarct left
(temporoparietal
and insula)

6y, 11m M 66 64

2
Internal capsular infarct
right and frontal
infarct left

4y, 7m M 72 66

3

Middle cerebral artery
infarct right
(frontal operculum and
cortical frontal)

6y, 11m F 71 62

4 Internal capsular and
lenticular infarct right 3y, 0m M 73 43

5 Lateral pontine
infarct left 17y, 5m F 58 59

6 Middle cerebral
artery infarct left 5y, 2m M 62 61

7 Middle cerebral
artery infarct right 7y, 11m F 46 23

8 Middle cerebral
artery infarct right 19y, 0m F 68 23

9 Internal capsular
infarct left 4y, 5m M 64 40

10 Lenticular infarct right 19y, 10m F 72 20

Mean
(range) n/a 9y, 6.2m

(3y, 0m - 19y, 10m) 5F 65.2
(46-72) 51

Table 4.2 – Patient characteristics and lesion topography.

activities on tabletops, such as reaching towards some objects or cleaning the surface of a

table.

The linear pre/post-test activity includes linear trajectories with a starting point at the bottom

middle of the map and ending points away from this starting point in a star fashion. For

this task, the patient reaches from the starting point up to a level within his/her range of

motion, following each line and comes back to the starting point every time, where every line

is separated by 15 degrees. On the other hand, the circular pre/post-test activity includes half

circular trajectories with a starting and ending points indicated by the numbers on the bottom

edge of the map. The patient moves the robot along each half circle starting from their affected

side and comes back to the start point. Each patient performs the circular tests with the half

circles that are comfortably within their range of motions. Both tests are performed on the

same map in order.
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4.2.3 Participants

We recruited N = 10 chronic stroke patients for the study (N = 5 female, mean age (range): 65

(46−72) years). Our inclusion criteria were: (a) Older than 18 years, (b) First ever stroke (clini-

cally), (c) Ictal event older than 6 months, (d) Motor deficit, (e) Normal values of Mini-Mental

State Examination (more than 26/30). Our exclusion criteria were: (a) Unable to consent,

(b) Multiple clinical apparent strokes, (c) Cerebellar stroke, (d) Other neuropsychiatric dis-

eases, (e) History of seizures, (f) High degree of spasticity (modified Ashworth Scale greater

than 2), (g) Musculoskeletal dysfunction that compromised finger movement, (h) Pregnancy,

(i) Professional musicians or intense professional usage of a computer keyboard, (j) Intake of

narcotic drugs, (k) Request of not being informed in case of incidental findings, (l) Unable to

move the robot on the map.

The patient are assessed with the clinical scale, Fugl-Meyer Assessment for Upper Extrem-

ity Fugl-Meyer Assessment for Upper Extremity (FMA-UE). For an overview on the patient

characteristics and their FMA-UE Scores , please see Table 4.2. The study was carried out in

accordance with the Declaration of Helsinki. Written informed consent was obtained from all

participants. Approval was obtained from the cantonal ethics committee Vaud, Switzerland

(project number 2017-00765).

4.2.4 Data Analysis

Although upper limb kinematic assessments are used in stroke research frequently, there is a

lack of standardization for the use of assessment tasks, and the used kinematic metrics [197].

This presents a challenge when interpreting and comparing results. Quantitative measures of

human movement quality are crucial for expressing the outcomes and clinically important

changes in participants’ functional capabilities. However, the most frequently used mediums

for the upper extremity functional assessment are clinical scales, which previously have been

standardized and validated but have a high subjective component depending on the observer

who scores the test. Furthermore, they are not enough to assess motor performance especially

during movements, and their use in combination with other more objective measures is

necessary [197].

A recent review on kinematic assessments of upper limb sensorimotor function presented

a total of 225 studies (N = 6197), using 151 different kinematic metrics which are allocated

to different 2D and 3D tasks [197]. Due to this large pool of kinematic metrics used in the

literature, deciding on which kinematic metric to use during performance analysis was one

of the main challenges of this Chapter. Among the previously published tasks used in stroke

research, 2D Shape Drawing Tasks were the most similar ones to our proposed tangible

Pacman game. In [197], 817 patients were included in the studies reporting 2D shape drawing

tasks where 32 different kinematic metrics were reported. The five most commonly assessed

motor characteristics were smoothness (N = 18), accuracy (N = 12), precision (N = 12), speed

(N = 11), and efficiency (N = 5). while the five most commonly used metrics were mean
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velocity (N = 8), trajectory error (N = 6), axes ratio (N = 5), normalized mean velocity (N = 4),

and normalized jerk (N = 4).

Similarly, another review paper classified the metrics into nine groups according to the move-

ment characteristic that each metric tries to quantify [198]. These nine movement characteris-

tics with some example kinematic metrics are:

1. Neuromuscular capability (i.e functional range of motion), e.g. joint range of motion

2. Movement speed, e.g. movement time, max. and mean velocity

3. Movement efficacy, e.g. active movement index

4. Movement efficiency, e.g. hand path ratio

5. Movement accuracy, e.g. movement deviation, target error

6. Movement smoothness, e.g. jerk, number of velocity peaks

7. Movement coordination, e.g. inter-joint correlation of shoulder and elbow

8. Movement control strategy, e.g. time to velocity peak, used for reaching movements

9. Torque production, e.g. elbow maximum angular velocity

In light of the reviews, the capabilities of our tangible robotic platform and the nature of our

activity design, we focused on three aspects of the motion, namely accuracy, smoothness and

speed. We used the following three kinematic metrics related to three motor characteristics:

• Movement Accuracy through Mean Deviance measures the movement quality in terms

of deviation of a patient’s movement from a theoretical or desired trajectory in Euclidean

distance. It is considered as a measure of the error in accuracy. For the Pacman game,

the optimal trajectory is estimated as the middle line of each path to account for the

rectangular structure of the maze-like game. For the pre/post-tests, optimal trajectories

are the provided straight lines and circular lines as in Figure 4.3 within the range of

motion of the patient.

• Movement Smoothness through Mean Jerk represents the rate of change of the ac-

celeration profile during a movement and computed from the third time derivative

of position during the hand movement. It represents a measure of non-smoothness

characteristic in the direction of the motion.

• Movement Speed through Mean Speed is the norm of the velocity of the user motion

attained during the complete movement (e.g. complete game) and computed from the

speed of the hand measured through the Pacman robot as the patient’s end-effector.
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Figure 4.4 – Example scenes of a patient training with gamified training modality on the left
and non-gamified training modality on the right.

The reviews on kinematic assessment of therapy motions provide many singular metrics but

are scarce in providing a compound metric for upper limb function. In order to provide an

overall performance outcome which is taking into account the each aspect, we propose a

compound performance metric built from these three individual metrics, which we define as:

Per f or mance = Speed_Mean/(Devi ance_Mean∗ Jer k_Mean). These three metrics have

unequal scales and units, this is why in designing our compound metric, we opted to multiply

by the metrics affecting performance positively (i.e speed) and divide by the metrics affecting

performance negatively (i.e deviance and jerk). This metric is designed to yield an overall

assessment of performance, but may hide the individual dimensions underlying performance.

This is why we also focus on each of the individual metrics throughout our analysis to see the

effect of our system on different characteristics of the movement.

To investigate the motor performance difference between training modalities, we focused

on the overall performance of the two days of the training. Overall performance for research

question RQ1 is analyzed by considering all of the game performances of all patients in both

days with each training modality. Please see Figure 4.4 to see example scenes of a patient

training with both modalities.

For research question RQ2, learning is measured by comparing the overall performance of all

repeated game performances of all patients in the first day and the second day.

To address RQ3 we measure by the performance metric calculated by circular and linear

pre/post-tests. In order to be in line with the metrics used in the main robotic activity, we used

mean speed, mean jerk and distance error through DTW distance in the pre/post-tests. The

switched to DTW distance due to an implementation problem in the pre/post test application

for deviance metric. DTW distance was the most fitting methodology to do post computations

of an accuracy metric. We computed the distance error through the distance error between

the actual performed path and the expected path of the patient within his/her range of motion

in each line. See Figure 4.5 for an example of actual paths (orange lines) with expected paths

(blue lines) of a stroke patient performing both tests.
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4.2. Methodology

Figure 4.5 – Example expected paths (orange colored lines) of one patient performing pre/post-
tests and actual paths generated by the patient (blue colored lines) for circular and linear
tests. Pre and Post stand for Pre-Test and Post-Test respectively while NG and G stand for
Non-Gamified and Gamified training respectively.
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In order to investigate skill transfer in both transfer activities (the circular and linear pre/post-

tests), we computed the performance delta by subtracting the pre-test performance from the

post-test performance. Therefore, positive delta means increase in the metric from pre-test to

post-test and similarly, negative delta means decrease in the metric from pre-test to post-test.

For research question RQ4, to investigate the effect of gamification on motor performance of

each group of stroke patients with different levels of impairment, we separated the patients

into two groups according to their FMA-UE scores. We labeled patients with FMA-UE score >

43 as having "Moderate" impairment and, patients with FMA-UE score <= 43 as having "Mild"

impairment (median split).

In order to test the effects we used Hierarchical Linear Model (HLM)s (also known as linear

mixed-effects models [199]), which were implemented in R. To implement the HLMs, we used

the linear mixed-effects models (lmer) function. Since our data was not normally distributed,

we used the Kenward-Roger method for corrections, which is suggested in the literature

for using the linear mixed model to analyze non-normal data distributions [200]. For the

significant results, effect sizes are computed with r metric proposed in [201] and it reports the

following intervals for r: .1 to .3: small effect; .3 to .5: intermediate effect; .5 and higher: large

effect. For all figures in the following Sections, error bars represent the standard error.

4.3 Results

4.3.1 RQ1 - Effect of Gamification on Motor Performance
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Figure 4.6 – Effect of gamified vs. non-gamified training on performance, normalized accord-
ing to z-score. Overall, the performance is significantly better in gamified training.

To investigate the differences between gamified and non-gamified training performances
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with the compound metric, we ran a hierarchical model to account for the repeated measures

design. At level one, we took into account the gamification as training type. At level two, we

accounted for the individual participants. To control differences in the game configurations,

we included the game as a covariate in the model. We found a significant main effect of gami-

fication t (271) = 13.5, p < .001,r = 0.63, with participants overall having a higher performance

on the gamified training with large effect size (M = 0.41, SD = 1.02 for gamified training,

M =−0.41, SD = 0.78 for non-gamified training), see Figure 4.6.

Individual Performance Metrics
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Figure 4.7 – Effect of gamification on each individual performance metric. Each metric is
significantly higher in the non-gamified case. Deviance is in mm, jerk is in mm/s3, speed is in
mm/s.

In order to check the individual effect on each performance metric we ran a hierarchical

model for each of them to account for the repeated measures design. At level one, we took into

account the gamification as training type and at level two, we accounted for the individual

participants and similarly we included the game as a covariate in the model. We found a

significant main effect of gamification on deviance, speed and jerk with participants overall

having higher deviance, higher jerk and higher speed on non-gamified training compared to

95



Chapter 4. Effect of Gamification on Motor Performance of Chronic Stroke Patients

the gamified training (see Figure 4.7):

• Deviance: M = 6.36 mm, SD = 0.82 mm for gamified training vs. M = 6.56 mm, SD =

1.39 mm for non-gamified training, t (272) = 2.05, p < .05,r = 0.12, with small effect size.

• Jerk: M = 7546.61 mm/s3, SD = 14300.55 mm/s3 for gamified training vs. M = 27852.33

mm/s3, SD = 27306.74 mm/s3 for non-gamified training, t (271) = 9.4, p < .001,r = 0.49,

with large effect size.

• Speed: M = 111.78 mm/s, SD = 43.69 mm/s for gamified training vs. M = 211.26 mm/s,

SD = 117.81 mm/s for non-gamified training, t (272) = 17.8, p < .001,r = 0.73 with large

effect size.

4.3.2 RQ2 - Effect of Gamification on Motor Performance Improvement
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Figure 4.8 – Effect of day and training type on performance, normalized according to z-score.
Overall, the performance is significantly better in gamified training, but there is no significant
difference across days.

To analyze if there was online learning from day 1 to day 2 within the participants, we con-

ducted a hierarchical linear model to take into account the repeated games for each participant.

At level one, we included day and gamification as training modality to test their effects on

the standardized performance. We found a significant main effect of gamification on the

standardized performance, t(270) = 8.50, p < .001,r = 0.46 similar to our previous results in

RQ1. However, there was no significant learning from day 1 to day 2, t(276) = 0.49, p = 0.63,

and no interaction effect between gamification and day, t (268) = 1.52, p = 0.13. See Figure 4.8.
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Figure 4.9 – Effect of day on each individual performance metric, normalized according to
z-score. Deviance is significantly lower on the second day, whereas speed and jerk have no
significant difference.
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Individual Performance Metrics

In order to probe the individual effect of each performance metric, we ran a hierarchical

model for each of them and accounted for the repeated measures design. At level one, we

took into account the gamification as training type and day, at level two, we accounted for the

individual participants and similarly we included the game as a covariate in the model. We

found a significant effect of day on deviance, t (271) = 3.26, p < 0.01,r = 0.19, with participants

having lower deviance error in second days of training sessions (M = 0.15, SD = 1.09 for the

first day, M =−0.16, SD = 0.88 for the second day of the training sessions). We did not find

any effect of day on jerk or speed, t(277) = 0.91, p = 0.36, t(263) = 1.2, p = 0.22, respectively.

We also did not find any interaction effect between day and gamification for jerk and speed,

t (269) = 0.1, p = 0.92, t (270) = 0.7, p = 0.48, respectively. Please see Figure 4.9.

4.3.3 RQ3 - Effect of Gamification on Skill Transfer
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Figure 4.10 – Pre- to Post-test performances deltas, normalized according to z-score. (A)
Performance in the circular test, (B) Performance in the linear test. There is no significant
effect of training modality on the performance deltas.

In order to investigate if there was skill transfer for the participants in both line following

activities, we computed the performance delta as the difference of post-test performance

to pre-test performance. Therefore, positive values indicate an increase in the values from

pre-test to post-test, while negative values indicate a decrease in the values from pre-test to

post-test. We ran a hierarchical linear model to take into account the repeated tests within

the participant. At the first level, we took into account the gamification as training type and

the delta performance. At level two, we accounted for the individual participants. For each

line following test, we did a separate analysis. We did not find a significant main effect of

gamification on the performance deltas of the circular line test, and similarly, we did not find

a significant main effect of gamification on the performance deltas of the linear line test when

we used the compound metric, t (159) = 0.50, p = 0.61, and t (245) = 1.08, p = 0.28 respectively,
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see Figure 4.10.

In our follow up analysis, we ran hierarchical models to take into account the repeated tests

within the participant and at the first level of each model, we took into account the gamifi-

cation as training type and the difference of post-test and pre-test results of the individual

performance metrics. At level two, we accounted for the individual participants. Below, results

for each metric are given.
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Figure 4.11 – Pre- to Post-test distance error deltas, normalized according to z-score. (A) Error
in the circular test, (B) Error in the linear test. There is no significant effect of gamification on
the error deltas.

We did not find a significant effect of gamification on the distance error delta for circular

or linear tests, t(157) = 0.46, p = 0.64, and t(245) = 1.90, p = 0.06 respectively, see Figure

4.11. However, we observed that in the circular test, both training modalities have a negative

delta which indicates a decrease in distance error after both training modalities. Upon this

observation, in order to test the effect of the training modalities on the improvement in

the circular transfer activity, we ran a hierarchical model to take into account the repeated

tests within the participant. At the first level, we took into account the time (pre and post)

and the distance error. At level two, we accounted for the individual participants and found

a significant difference between the pre-test to post-test deviance error values, t(325) =

2.66, p < 0.01,r = 0.15, where the post test with lower deviance error (M =−0.13, SD = 0.86) is

compared to the deviance error of the pre-test (M = 0.13, SD = 1.11).

Jerk

For the circular test, we found a significant main effect of gamification on jerk deltas from

pre-test to post-test, t(157) = 3.32, p < 0.01,r = 0.26, where the jerk increases from pre-test
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Figure 4.12 – Pre- to Post-test jerk deltas, normalized according to z-score. (A) Jerk in the
circular test, (B) Jerk in the linear test. Jerk decreases significantly with gamified training
whereas it increases significantly with non-gamified training in both circular and linear test
cases.

to post-test after non-gamified training while it decreases from pretest to post test after

gamified training, see Figure 4.12A. For the linear test, we also found a significant main effect

of gamification on delta jerk from pretest to post-test, t (245) = 2.78, p < 0.01,r = 0.17, where

the jerk increases from pre-test to post-test after non-gamified training while it decreases from

pre-test to post-test after gamified training, see Figure 4.12B.
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Figure 4.13 – Pre- to Post-test speed deltas, normalized according to z-score. (A) Speed in the
circular test, (B) Speed in the linear test. Speed decreases significantly with gamified training
whereas it increases significantly with non-gamified training in both circular and linear test
cases.
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For the circular test, we found a significant main effect of gamification on the difference in

speed from pre-test to post-test, t(157) = 2.44, p < 0.05,r = 0.19, where the speed increases

from pre-test to post-test after non-gamified training (M = 0.02, SD = 1.12) while it decreases

from pre-test to post-test after gamified training (M =−0.26, SD = 1.06), see Figure 4.13A. For

the linear test, we also found a significant main effect of gamification on the difference in

speed from pre-test to post-test, t(245) = 3.07, p < 0.01,r = 0.19, where the speed increases

from pre-test to post-test after non-gamified training (M = 0.11, SD = 1.22) while the speed

decreases from pre-test to post-test after gamified training (M =−0.20, SD = 1.05), see Figure

4.13B.

4.3.4 RQ4 - Association of Gamification Effect with Patient Characteristics
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Figure 4.14 – Effect of stroke level on performance, normalized according to z-score. Over-
all, the performance of patients with mild impairment is significantly better than patients
with moderate impairment, which shows that our performance metric agrees with the clin-
ical FMA-UE scale. Furthermore, performance difference between gamified training and
non-gamified training is more with mildly impaired patients when compared to moderately
impaired patients, i.e gamification affects performance more with mildly affected patients.

In order to investigate the effect of gamification on motor performance of each group of stroke

patients with different levels of impairment we ran a hierarchical model and accounted for the

repeated measures design. At the first level, we took into account the gamification as training

type and stroke level. At level two, we accounted for the individual participants. We found a

significant effect of stroke level, t (8) = 4.01, p < 0.01,r = 0.81, where the stroke patients with

mild level of impairment have higher performance (M = 0.51, SD = 0.92) compared to the

stroke patients with moderate level of impairment (M =−0.63, SD = 0.69). We also found a
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significant interaction effect t (270) = 3.94, p < 0.001,r = 0.23, where the amount of difference

between the performances of gamified training and non-gamified training is higher in the

stroke patients with mild level of impairment (M = 1.03, SD = 0.73, for gamified training

performance, M =−0.01, SD = 0.78, for non-gamified training performance) compared to the

the stroke patients with moderate level of impairment (M =−0.35, SD = 0.79, for gamified

training performance, M = −0.91, SD = 0.42, for non-gamified training performance), see

Figure 4.14.

4.3.5 RQ5 - Preferences of Stroke Patients

Upon finishing all of the training sessions, patients were asked if they prefer the current

training modality or the one they had the previous time. Among 10 participants, 6 preferred

the gamified training over non-gamified, 2 preferred non-gamified over the gamified training

and 2 preferred to have switches between both modalities with the following explanations

(translated from French):

• EIS001 - Gamified: “The training with the two robots was better since it needs a strategy

and more cognitive load. I liked it because I still have curiosity about games.”

• EIS002 - Gamified: “The modality with more robots is better because it is more compli-

cated and challenging.”

• EIS003 - Non-Gamified: “I prefer simple training with one robot version because I had

to concentrate more and the one with the autonomous robots needs more attention.”

• EIS004 - Both: “I prefer the one with the ghosts but it is more tiring. It needs more

reflection and motivation to run away from the ghost, needs more cognitive reasoning.

But, I prefer the no ghost version when I am tired"

• EIS005 - Gamified: “I prefer the version with the ghost because it is more active and

more attentive. The training is really interactive and needs visual attention and planning

which is different than therapy and you are more involved. You tend to forget about

your problem. The other one is too repetitive. I was doing the same pattern during the

simple version but not knowing if I collected apples or not is not informative.”

• EIS006 - Gamified: “I was more focused on the walls and crashes and liked the ghosts

one more, because it needs more attention. I slept more after the game and I had more

fatigue, but I had more concentration. I felt more focused than I ever felt for a long

time.”

• EIS007 - Non-Gamified: “I prefer the simpler one because the one with the ghosts is too

difficult. I found it useful for the arm and coordination. ”

• EIS008 - Both: “When I started stroke exercises it was very complicated for me to do them

at home, exercises with gross motions were difficult and I had trouble remembering
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them. Therefore I couldn’t do much at home. It would be nice to have such a system

at home. Currently there are more creative solutions. After training I felt it increased

my mobilization and I was able to open my fingers more. Spasticity decreased. Since

the shoulder is used, I think I was more relaxed compared to physiotherapy sessions.

The therapist says that I could do daily activities with shoulder like cleaning the table

with a towel. But it is not interesting and so I’m not doing that so much. I want to have

it at home for the exercise and have Cellulo at home too. At home I prefer the simpler

version. The one with the ghosts requires more attention, I could imagine to do simpler

version myself and and after getting better on this version, I would like to move to the

ghost version.”

• EIS009 - Gamified: “I prefer the gamified version. It is more challenging, if I could choose

to do it at home I would prefer the one with the ghosts. I was waiting in the corners and

waiting for the ghost to see what the ghost will do. Another reason which it is fun is to

trick the ghost.”

• EIS0010 - Gamified: “I loved doing this [training with the ghost(s)], it is very exciting. If I

could bring this to home I would be addicted. Advantage is that it is more challenging

for the mind. I like when my brain is being challenged. If the system was at home I

would be super involved. While doing the task I am getting tense because of enthusiasm

and concentration.”

In order to measure enjoyment and perceived usefulness at the end of the each training

modality, we asked six 7-Likert-Scale questions to the participants as can be seen in Table 4.3.

The questions are constructed by using interest/enjoyment and value/usefulness sub-scales of

the Intrinsic Motivation Inventory (IMI)1 which is a multidimensional measurement device

intended to assess participants’ subjective experience related to a target activity in laboratory

experiments. Questionnaire results on calculated scores can be seen in Figure 4.4. For both

modalities, the user enjoyment and the perceived usefulness were high. We run a Mann-

Whitney U Test for each sub-scales and did not found a statistically significant difference

between modalities effect on enjoyment, U = 56.5, p = 0.6462, and on perceived usefulness

U = 42.5, p = 0.5919.

4.4 Discussion

4.4.1 RQ1 - Effect of Gamification on Motor Performance

Our main finding is that gamification leads to a better overall motor performance during the

training phase, when compared to a non-gamified control condition. In terms of individual

metrics, the stroke survivors perform the movements more accurately (lower deviance from

the optimal path) and more smoothly (lower jerk), but slower (lower speed) in the gamified

1https://selfdeterminationtheory.org/intrinsic-motivation-inventory/, accessed July 2021.

103



Chapter 4. Effect of Gamification on Motor Performance of Chronic Stroke Patients

Id Category Question

Q1 Enjoyment "I enjoyed doing this activity very much."

Q2 Enjoyment "I would describe this activity as very interesting."

Q3 Enjoyment "I thought this activity was quite enjoyable."

Q4
Perceived
Usefulness

"I am willing to do this activity again because I think it is somewhat
useful."

Q5
Perceived
Usefulness

"I think that doing this activity is useful for my rehabilitation."

Q6
Perceived
Usefulness

"It is possible that this activity could be useful to improve my rehabili-
tation process."

Table 4.3 – 7-Likert-Scale survey questions given to participants. The questions were con-
structed using the interest/enjoyment and value/usefulness sub-scales of the Intrinsic Motiva-
tion Inventory (IMI). French translation of the questionnaire was given to the participants.

Modality
Enjoyment Perceived Usefulness

Q1 Q2 Q3 Mean Q4 Q5 Q6 Mean

Gamified 6.2 6.0 6.2 6.1 5.6 5.9 6.3 5.9
Non-Gamified 5.8 6.0 6.0 5.9 6.2 6.1 6.2 6.2

Table 4.4 – Questionnaire results on a 7-Likert scale, with 1 being "Not at all true" and 7 being
"Very true". Means are reported for each individual question, and for the overall category
which is the mean of the answers to the 3 questions involved in the category.

condition. In other words, gamification pushes the participants to perform the task in a more

controlled way.

One of the reasons for this outcome may simply be the presence of an autonomous opponent

in the gamified training. The presence and motions of the opponent may limit the speed of the

subject by not allowing them to move as fast as they want, as some regions of the game space

and some paths that could be taken by the subject would be strategically under the “authority”

of the opponent. This would result in a more controlled motion that requires slowing down

and thinking or moving slowly while the agent(s) are moving out of the regions of the targets.

The second possible reason might be that due to the divided attention towards the chasing

agent(s), the participants might decrease their speed for the sake of not making errors while

checking the current location of the agent(s).

Another reason may be the game rules introduced in the gamified training modality. Although

we informed patients to not to crash into the walls in both training modalities, introducing

the crash penalty rule (subject loses a point when crashing into a wall) and haptic assistive
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feedback (subject’s robot will give him/her informative haptic feedback/vibration when he/she

crashes into a wall) may affect participants’ behaviour towards moving more accurately.

Previous studies show that, in order to benefit more from robotic rehabilitation, patients must

be actively engaged and attempting to move. Adaptive and patient-responsive systems that

progressively tailor the robotic training based on the measures of the patients’ movement

to continually adjust the challenge has been shown to provide better outcomes for robotic

therapy [202, 203, 39]. These findings agree with the evidence that active engagement induces

neural plasticity in motor learning [204, 39]. This emphasizes the importance of monitoring

patient intent and promoting active patient participation in robotic therapy systems.

In our gamified training modality, we gradually added new game elements and rules to each

new game played during the session, and introduced various challenge levels through faster

ghost speed or more number of ghosts. In addition to this variation, we provided instant

feedback through our proposed game rules activated upon certain actions of the patients, and

included an autonomous agent constantly tracking the patient’s position during the game.

An important goal of these design elements was to increase the active engagement and the

awareness of the actions performed by the patients. However, further research should be

done to investigate the effect of each game element and agents’ role on the patient’s quality of

engagement and attention to the game.

One of the key contributions of our system is to provide robots that are simultaneous physical

opponents of the patient within the same workspace. With robotic systems, there exist social

agent designs that play the role of coach or motivator that provides feedback on individual

performances and achievements during and after gameplay, or guide patients by giving in-

structions on how to play the gamified applications. as well as as an opponent or collaborator

whom patients can invite the robot to play together and they can challenge each other in

the gameplay [205, 206, 207, 44, 208, 52]. Similar to robotic agents, a virtual agent embedded

in rehabilitation training provides similar functions. In virtual games, it is common to find

virtual autonomous agents serving as guides or playmates to play collaboratively or competi-

tively with the player, but they are virtually adopted in the application and not as a physical

instrument attached to the application [209, 208, 210].

However, to the best of our knowledge, a physical robot opponent design sharing the same

physical workspace as the player, with the goal of providing a physical challenge within a

serious game (such as ours) is lacking. Further research should be conducted to investigate the

various effects of having physical autonomous opponents or collaborators within the serious

game domain.

4.4.2 RQ2 - Effect of Gamification on Motor Performance Improvement

There was no significant learning difference between training types from day 1 to day 2. The

individual performance metrics show an overall improvement in accuracy from day 1 to day 2
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but no improvement in speed and jerk. This might be due to the large effect of gamification on

the performance metrics. In other words, the training modality differences in speed and jerk

was having large effect sizes and this might have hindered us from detecting slight differences

in daily progress. With the same reasoning, the training difference in deviance was having

small effect size and we were able to observe the daily progress.

Another reason of not seeing a strong improvement might be the limited duration of the

training session. Previous research investigating the effects of robot assisted therapy on motor

and functional recovery of the upper limb in patients with stroke shows that improvement

mostly occurs after intensive and longer training sessions, between 10 to 36 sessions [211].

Indeed, in order to investigate the effect of our system on motor learning, a long term study is

needed.

Recently, several systematic reviews and meta-analyses have been carried out in order to

assess the effects of robotic rehabilitation on stroke patients [211, 212, 193, 63] and although

there are significant improvements in motor function, the effects tend to be small [193]. Some

of the previous findings also suggest that it is the addition of robotic therapy to conventional

treatment that is particularly effective in motor recovery of the patients with stroke [63, 212,

213]. In order to have a significant effect on the motor performance of the stroke patients

and in order to optimize the treatment effectiveness, our system might also require combined

approaches with conventional treatment.

4.4.3 RQ3 - Effect of Gamification on Skill Transfer

To determine whether the acquired skills during the gamified and non-gamified training

have any impact on daily life, we used two simple manipulation activities with Cellulo which

resemble daily activities such as using a computer mouse or wiping a table. Although we

did not find a significant main effect of gamification on the performance improvement, we

found some significant differences between two modalities when we look at the individual

performance metrics which are in line with our findings in RQ1.

We found that speed and jerk increase from pre-test to post-test after non-gamified training

while the speed and jerk decreases from pre-test to post-test after gamified training, which

supports our previous finding that gamification results in more controlled motor performance

which is smoother and slower.

Apart from the effect of gamification, we found out that overall robotic training (including

gamified and non-gamified) results in an improvement in the accuracy of the transfer activity,

which is in agreement with our findings of RQ2, where there is an overall improvement in

accuracy from day 1 to day 2 but no improvement in speed and jerk.

These coherent results might be the result of successful transfer to simple motor activities,

indicating the translational potential of the Cellulo robotic system into an upper limb motor

training tool for stroke patients. However, it can also be the result of simply learning how to
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manipulate the Cellulo robot after the training. In light of the limitations of our study such

as the limited number of participants and not having a control group, the results should be

reviewed critically since the current effectiveness of available robot-assisted motor training

systems on transfer activities are also still limited [193].

4.4.4 RQ4 - Association of Gamification Effect with Patient Characteristics

Our results show that the impairment level of stroke patients has an effect on the motor

performance, where the stroke patients with mild level of impairment have higher perfor-

mance compared to the stroke patients with moderate level of impairment. This shows that

our compound performance metric is also reflecting the impairment level. We also found a

significant interaction effect where the amount of difference between the performances of

gamified training and non-gamified training is higher in the stroke patients with mild level of

impairment compared to the the stroke patients with moderate level of impairment. It shows

that gamification enhances the performance of the less impaired patients more. In other

words, it might indicate that less impaired stroke patients benefit more from the gamification.

Previous studies show that the effects of the robotic therapy depend on the stroke stage, e.g

robotic training was more effective in reducing motor impairment than conventional therapy

in patients with chronic stroke, but not in patients with acute stroke [211, 212], while robot-

assisted arm training may improve activities of daily living in the acute phase after stroke

but not in the chronic phase [214, 63]. Although there is still a need of further research to

investigate the effect of robot-enhanced training on motor improvement and daily activities

for different stages of the stroke, our results also suggest that the effect might change for

the different impairment levels within the chronic stage, and the further research should be

conducted for more personalized interventions.

4.4.5 RQ5 - Preferences of Stroke Patients

The implementation of gamification in therapy is motivated by characteristics such as attrac-

tiveness, motivation, and engagement while keeping the intended therapeutic effect of the

interventions. However, there exist different levels of gamification which use several game ele-

ments and characteristics, which are important variables to consider in the design of gamified

therapeutic activities in determining the level of gamification.

For example, even our proposed non-gamified training modality might have a slight level of

gamification, since it has one instruction which is actually a game rule: "Please collect as many

as points possible with your robot in 3 minutes". However, in the gamified modality, we clearly

introduce more enhanced gamification through the features such as the autonomous ghost

tracking of the patient, visual and audio feedback for patients actions, penalty rules, haptic

informative feedback and the competitive element of losing apples when caught. Although

these elements might bring attractiveness, motivation, and engagement, they might also be
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frustrating for the patients who prefer simple activities.

Our results of RQ5 show that 6 patients prefer the gamified modality over non-gamified, 2 pre-

fer the non-gamified modality over gamified and 2 prefer switching between both modalities

according to their fatigue level and their level of proficiency in using the platform. This brings

out the question of "Do we need gamification for every patient?" or "Do we need the same level

of gamification for every patient?" and the answer is "No" because with the same reasoning

some people might prefer simple solutions compared to the challenging ones. Furthermore,

this preference might not always be measurable by the amount of fatigue or frustration. For

instance EIS006 reported high fatigue after the gamified version but he/she enjoyed it because

he/she was also feeling highly focused.

Gamification is preferred because some people like challenges, some like the feedback mecha-

nism provided through the game, some like failing and making fun of that failure and finding

a new strategy to trick the autonomous robots, some feel more involved through the need

of attention in the game and forget their problems, some like to avoid repetitiveness, some

are just enjoying to observe the robot behaviour and some simply enjoy the human-robot

interaction itself. Simpler, non-gamified version is preferred because some people don’t like

paying too much attention during the training, some want an easier training modality while

they are tired, some have less proficiency in controlling the robot and some simply prefer

less challenging solutions. As stated in flow theory, good balance is required between the

perceived challenges of the task and one’s perceived skills, and for some patients proposed

gamification might not balance these two, therefore might not create a flow state [215].

These results highlight the importance of personalization, adaptation, as well as the impor-

tance of having a range of configurations for robot-enhanced training interventions. Although

our study includes only 10 patients and several game elements that are adapted to each patient

for their own training sessions according to their abilities, there is still a need for less-gamified

options with no ghost robots, less demanding options with limited game rules for patients

who prefer the non-gamified version and more advanced ghost behaviours and challenge

levels for the patients who prefer the gamified version.

The results of the questionnaire highlight that for both modalities the enjoyment and the

perceived usefulness was high and there was not a significant difference between modalities

effects. The reason behind these results may be that both training modalities are done with

a novel robotic platform, and further investigation should be done with longer term studies

after the novelty effect disappears.
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Figure 4.15 – Example scenes of the patients training with the grasping aids.

4.4.6 How we Failed and Adapted

Grasping the robot

Although the robotic system may seem to work perfectly for the patients who were able to

attend the study, we had to exclude a stroke patient from the study although he was very

willing to participate. The reason of this was the difficulty of robot manipulation on the map

for the patient who had very high spasticity in the hand. At the end of the previous Chapter,

we presented the handles and aids for grasping the robot, one of which we used successfully

during this study to help patients to keep their hand on top of the robot, as can be seen in

Figure 4.15. However, one patient was not able to hold the robot even with the help of the

grasping aid, due to high tension on the hand (see Figure 4.16) although he was able to move

his arm within the range of motion of the game.

Figure 4.16 – Example scene of the patient who could not participate in the study due to high
spasticity on the hand.

In order to solve this problem, there is a need to design more flexible handles or a redesign

of the upper portions of the robot. Another possible solution that uses the current robot

design might be a specific game mode where the player’s robot moves autonomously to the
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target areas that the patient reaches with his/her hand while only touching on top of the robot

instead of grasping and manipulating it. The robot can detect the touch through the capacitive

sensors and start moving accordingly. However, with this solution, we would only be able to

record the response time of the user’s arm motion but would not be able to measure detailed

motor performance metrics such as speed, deviance and jerk.

Although the grasping aids were successful in helping patients to manipulate the robot, they

blocked the visual feedback from the robot (LEDs) which show the number of targets collected

for each round and give a red colored alert when the user crashes into a wall. This information

can be conveyed through e.g the LEDs of the ghost robots for further studies.

Range of Motion and Map Design

Figure 4.17 – On-site changes on the maps for the patients with smaller ranges of motion
than our proposed maps. On the left, half of the map is covered and total number of targets
decreased to 3. On the right, 1/4 of the map is covered and total number of targets decreased
to 4.

Although we designed 3 different maps for various range of motions, we kept the vertical size

as 420 mm for all maps. During the experiment, some patients were seen to have smaller

range of motion than even our smallest map, and we decided to do an on-site adaptation by

covering some parts of the map with white paper and by changing the total number of targets

in our application (see Figure 4.17). Having modular activity software design was very helpful

for this quick adaptation, and this experience taught us that there is a need for an adaptive

map design with even more fine tuned ranges of motion for each patient.

4.4.7 Limitations and Future Work

Despite promising results of the gamified robot-enhanced training, a relatively large perfor-

mance variability between patients was observed, which might be the result of the small

number of participants in our study. The overall training effect also shows the potential benefit

of our system, which may however have been affected by the novelty effect, a well-known phe-

nomenon for several human robot interaction studies (e.g. [216]). The performance increases

could therefore also be attributed to the novel environments and interactions that promote
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plasticity and learning [217]. Future work should focus on more controlled studies with larger

groups of patients with different levels of impairment and longer time spans.

Our system has the capability to track the motor performances of the patients, however, as a

future work an additional interface is needed to give feedback on the performance of exercises

as a therapy feedback. This feedback should quantify and report the quality of exercise

performance to inform the therapist, to motivate patients and to ensure correct practice. A

proof of concept adaptation for this purpose is presented in Chapter 6.

In this study, we excluded the haptic disturbances that we designed in the previous design

stage due to the limited exercise time that one stroke patient has within one single session.

Effect of various haptic disturbances on motor performance as well as on kinesthetic sense of

stroke patients should be investigated in a more controlled study with appropriate techniques

to measure kinesthesia, together with vision and touch which are associated with the sense of

body ownership [218].

Although the ranges of motion in our activity were adapted for each participant, the system

is limited to printed maps. Future work will focus on designing more fine-tuned maps with

various ranges of motion which is presented in Chapter 6.

4.5 Conclusion

Tangible robot mediated gamified upper limb training activity is tested with chronic stroke

patients and is compared with a simpler non-gamified training modality to investigate the

effect of gamification on motor performance. The main outcomes are:

• Gamification results in a more controlled motor performance with smoother, more

accurate and slower motions. Overall, it results in higher motor performance.

• There is no difference between the effects of training modalities on the overall perfor-

mance improvement of the training. However, overall training enhances the accuracy of

the motion from day 1 to day 2.

• There is no difference between the effects of training modalities on the overall perfor-

mance improvement in transfer activities. However, some significant differences exist

between two modalities when individual performance metrics are considered:

– Overall training enhances the accuracy of the motion from day 1 to day 2 in the

circular transfer activity which is inline with the results of the effect of overall

training on the accuracy of motion in the main activity.

– Speed and jerk increase from pre-test to post-test after non-gamified training while

both measures decrease from pre-test to post-test after gamified training, which

supports our previous finding that gamified training results in more controlled

motor performance which is smoother and slower.
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• The impairment level of stroke patients has an effect on the motor performance, where

the stroke patients with mild level of impairment have higher performance compared to

the stroke patients with moderate level of impairment. This shows that our compound

performance metric is reflecting the impairment level.

• Gamification enhances the performance of the less impaired patients more and it might

indicate that less impaired stroke patients benefit more from the gamified training.

• Some participants preferred the gamified modality, some preferred the non-gamified

modality and some preferred both depending on the conditions, with the same rea-

soning that gamified training is more challenging, needs more attention and focus.

Enjoyment and perceived usefulness were high for both modalities.

• Despite the low number of participants (10 chronic stroke patients), many adaptations

were used: We adapted the training maps for various range of motions, adapted game

configurations and rules for patients’ abilities; and adapted the robot attachments for

aiding grasping.

These results highlight the importance of personalization, adaptation, as well as having a range

of configurations for robot-enhanced training interventions. We believe that this statement is

valid as well for any gamified intervention.
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5.1 Introduction

The increasing lifespan and the resulting change of our expectations in later life stages are

dependent on a good health state. This emphasizes the importance of developing strategies

to further healthy aging. One important aspect of good health in later life stages is sustained

skilled motor function. In our studies presented in the previous Chapters, therapists empha-

sized the potential of our system to translate into an efficient, easy-to-use and intuitive robotic

motor training tool for advocating upper limb function to promote exercising for patients

going through therapy, as well as to promote healthy aging.

In this Chapter, we extend the target user scope of our previously designed robot-enhanced

upper limb training game by including healthy aging into our research objectives. Here,

we tested the effectiveness of robotic upper limb motor training in a game-like scenario

assessing motor learning and its transfer potential. 36 healthy participants (n = 18 elderly

participants, n = 18 young controls) trained with our proposed tangible Pacman game with

Cellulo robots on two consecutive days. Gradually, the task difficulty was adjusted between

games by modifying or adding different game elements. Transfer was also assessed by scoring

simple robot manipulation on two different trajectories. Elderly participants were able to

improve their performance over time. Most of the applied game elements had similar effects

on both age groups and some age-related differences were also observed such as a different

effect of the wall crash penalty rule in the elderly group. Importantly, the game-based learning

transferred to simple robot manipulation, which resembles activities of daily life.

This work corresponds to the following publication:

Arzu Guneysu Ozgur, Maximilian Jonas Wessel, Jennifer Olsen, Wafa Johal, Ayberk Ozgur,

Friedhelm Hummel, and Pierre Dillenbourg. “Gamified motor training with tangible

robots in older adults: A feasibility study and comparison with the young”. Frontiers in

Aging Neuroscience, 12:59, 2020 [219].
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Within this work, the author of this thesis developed the adapted activities and tests, and con-

tributed to the design of research objectives, experimental design, conducting the experiments,

and the data analysis.

5.1.1 Background

The life expectancy in our society is constantly rising. According to the current world health

organizations’statistics the global life expectancy at birth has increased from 67 years in 2000

to 73 years in 2020 [22]. For many individuals, this opens new opportunities, such as starting

a new career, continue education, or pursue a neglected passion at later stages in life [220].

To be able to benefit from these opportunities, an important prerequisite is healthy aging,

corresponding to good physical and especially mental health.

One important aspect of healthy aging is to be able to acquire and maintain skilled motor

abilities at a later life stage to be able to adjust to the challenges and requirements of the

changing daily life, such as the constant adjustment to novel communication devices. These

skills enable us to interact with our environment and allow functional independence for many

activities of daily living. One key factor for functional independence in elderly is skilled upper

limb functions and the acquisition of novel motor skills [23]. This feature typically exhibits

age-related performance declines, which can be characterized by slowing of movement [221],

increased variability [222], and coordination difficulties especially at increased complexity,

e.g., for multi-joint movements [223] (for review, please see [24]). Moreover, elderly people

often change their strategy to achieve their goals, favoring movement accuracy over speed

[224].

Motor training protocols can partially ameliorate the described deficits common in the el-

derly population [225] via the recruitment of motor learning mechanisms and promotion of

neuroplasticity [25]. A current constraint is that motor learning abilities are often reduced

in the elderly population (for review please see [226]). This restricted ability can be evident

by reduced learning rates and magnitude especially in early learning stages (fast learning)

[227, 228, 229], impaired in-between session learning (offline learning) [230], or slower re-

learning after a longer interval without training (savings) [231].

In our present motor training approach, we use haptic-enabled tangible Cellulo robots both

as game agents and game objects to be moved and interact with, and we aim to provide an

intuitive, easy to use and easy to set up system for upper limb motor training. Recent studies

showed that utilizing tangible objects, that the elderly are familiar with, and providing a simple

tangible interface with simplified elements may facilitate learning of using these technologies

among elderly [104, 105, 106, 107, 169]. Furthermore, making the learning of using these

devices easier might be very crucial since the lack of familiarity and steep learning curve

of using training devices may reduce the training efficiency among elderly users [100, 101].

Direct contact via touch interfaces is proposed to provide lower cognitive loads and a more

suitable and intuitive alternative, especially for aging users [107].
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Our proposed tangible robotic platform also provides the opportunity to integrate gamifica-

tion aspects within the motor training sessions, as we have shown in the previous Chapters.

These gamification aspects have been conceptualized as the use of design elements charac-

teristic for games in non-game contexts [232]. By this means, the participants are exposed to

typical elements of game playing, such as rule-based goal-oriented behavior, problem-solving,

feedback, or competition [233].

5.1.2 Previous Research

Due to the above-mentioned reasons, in recent years, the development of Active Assisted

Living (AAL) systems has been receiving considerable attention from the scientific community,

and the current state of the art in development of gamified or assistive systems for elderly

care includes the use of self-management systems, portable devices, physical robots, consoles,

wearable technologies and embedded sensors [58, 57, 234]. Within the gamification context,

feedback, progression, rewards and social interaction enhancement are highlighted as the

most relevant and frequently used game design elements integrated to digital technologies.

The use of gamification techniques to support elderly people has proven to be beneficial to

improve the well being of the elderly person, including the physical, cognitive, social, and

emotional states [58].

Most of the assistive robotic systems for elderly are based on social robots providing physical,

cognitive, and social support, as well as coaching activities, such as exercise training as a

partner, a coach or a companion [48, 49, 52, 234]. Collaborative and inclusive methodologies

are commonly applied in socially assistive robotic systems by involving the target users to

increase the acceptance and effectiveness of the impact provided by the robots [49, 52]. Among

them, social robots designed to promote physical exercise mostly execute a series of physio-

therapeutic exercises and the user imitates these exercises within a social interaction scenario

[51, 52, 53]. Such robotic solutions had a positive influence on users and was used successfully

in one-to-one situations by offering alternative ways for entertainment and rehabilitation

sessions of elderly. However, set-up time is still found to be time-intensive [53].

There also exist technologies based on touch panels or consoles which provide preventive

care through a rehabilitation game with touch, visual and audio feedback to guide users

through a series of gamified video exercises which track and measure movements, provide

real-time feedback, and record performance over time [58, 49, 87, 88]. However, similar to the

console-based therapy technologies, these systems need a special area in a room for setting

up in home-environments and care centers which is found difficult due to environmental

constraints in elderly care studies [99]. These reported discussions are in line with the feedback

that we have received from therapy centers, which is reported in the previous Chapters.

Gamified applications on tablets or smartphones can track the activities of the elderly and

allow them to keep track of their progress by offering rewards and motivate them to increase

their physical activity [58]. However, they focus only on whole body activities such as walking,
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running and jumping since they lack the monitoring of activities such as upper limb functions.

These tablet based game systems can be enhanced by the integration of wearable bracelets to

track such activities. Such wearable devices for monitoring vital signs or physical activity have

been shown to be effective, however, since they have to be worn, they are found too invasive

and their acceptance by older people is low [56, 57]. They must be miniaturized for being

acceptable as wearable devices or have to be used for disease monitoring with a conscious

involvement [57, 58, 49].

Less intrusive embedded sensors can be introduced in intelligent dresses and, together with

antennas placed in the environment, they can be part of elderly people’s care center or

house [57]. These elements may be presence or temperature sensors, and also actuators for

medication control to monitor the physical and psychological well being of elderly people at

their residence areas [58, 235]. Although such systems decrease the invasiveness level, there

might be ethical concerns and privacy issues.

A recent study reveals that there is a generally positive attitude towards digital health tech-

nologies since elderly participants believe digital interventions could positively contribute to

improving their overall well being, especially if designed in a user-centered manner. Partici-

pants also emphasized the safety concerns and ethical issues related to privacy among their

key considerations [236].

5.1.3 Our Contribution

In this Chapter, we evaluate the combination of motor training using haptic-enabled tangible

robots in addition to the application of gamification strategies in the context of healthy aging.

In our iterative design phase explained in detail in a previous Chapter, our system was also

tested in home environments with elderly users where we observed the potential use of it at

home to require only a simple tabletop surface and a tablet without any need for a special

room, which is a key contribution to technology-enhanced healthy aging.

We hypothesize that with this combined approach (robotized motor training combined with

gamification strategies), age-related constraints in motor skill learning can be partially amelio-

rated via the enhancement of participants engagement and concurrent training of cognitive

processing. For instance, this cognitive training could involve executive (planning, decision-

making, flexibility), attentional (processing speed, divided attention) or memory (implicit

learning) domains [237].

To pursue our aim, we first assessed the feasibility of our tangible robot-mediated motor train-

ing game with a group of healthy elderly participants and characterized the learning process

in a two consecutive day experiment. We then compared it to young adults to investigate the

age related effects, identified game elements with different impacts in the elderly group, and

investigated transfer to simple input device manipulation. In detail, we examined the impact

of age group on overall learning, daily learning, overnight learning, transfer learning as well as
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Age Group # Participants Mean Age ± SD Mean MMSE ± SD Gender Ratio

Elderly 17 66.65±5.79 29.18±0.81 4 female/13 male
Young 16 23.38±4.76 29.31±0.79 4 female/12 male

Table 5.1 – Participant characteristics in the healthy aging study. MMSE stands for the Mini-
Mental State Examination.

the effect of game elements and configurations on the performance. These different analyses

were done to answer the following research questions:

RQ1 Overall Learning: Do participants have a better game performance on the second day

compared to the first day, and is this performance impacted by age group?

RQ2 Online Learning: Do participants improve their game performance within a day, and is

this performance impacted by age group?

RQ3 Offline (Overnight) Learning: Is there evidence of overnight learning operationalized

as the participants performing better on the first game of the second day compared

to the last game of the first day after having slept in between, and is this performance

impacted by age group?

RQ4 Impact of Game Elements:

RQ4A How does each game element specifically impact the performances of different

age groups?

RQ4B How do the configurations of game elements impact the performances of different

age groups?

RQ5 Transfer Learning:

RQ5A Did the game intervention impact participant performance on transfer activities

between pre- and post-intervention, and is this performance impacted by age

group?

RQ5B Is there evidence of overnight learning on transfer activities operationalized as

the participants performing better on the first activity of the second day com-

pared to the last activity of the first day after having slept in between, and is this

performance impacted by age group?

5.2 Methodology

5.2.1 Participants

36 healthy individuals were included in this study. Among the 18 elderly and 18 young partici-

pants, 1 elderly participant dropped out of the experiment and did not complete the whole set
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Figure 5.1 – Elderly participant playing the tangible Pacman game by controlling a Cellulo
robot with his right hand. The aim of the game, as in the previous studies, is to collect the
apples while not crashing into the walls of the maze (green bars) and not getting caught by the
chasing robots.

of trials due to time limitations and 2 young participants’ data were similarly excluded. The in-

clusion criteria were as follows: (a) Right-handedness, (b) Normal values of Mini-Mental State

Examination (MMSE) (greater than 26/30) [238], (c) 18 years old to 35 years old for the young

group, (d) Older than 60 years for the elderly group. Exclusion criteria were: (a) Neuropsy-

chiatric diseases, (b) History of seizures, (c) Musculoskeletal dysfunction that compromises

finger movement, (d) Pregnancy, (e) Professional musicians or intense professional usage of a

computer keyboard, (f) Intake of narcotic drugs, (g) Request of not being informed in case of

incidental findings.

For two days of consecutive study and to compensate for travel expenses, each elderly par-

ticipant was compensated with a 50 Swiss Francs-valued gift card of a shopping center while

young participants were paid the same amount in cash. The study protocol was approved

by the Cantonal Ethics Committee Vaud, Switzerland (project number 2017-00765). All par-

ticipants gave written informed consent in accordance with the Declaration of Helsinki. For

further participant characteristics, information of age, gender ratio, and MMSE assessment

score, see Table 5.1.

5.2.2 Game Design

In order to test the potential of our proposed robot-mediated tangible Pacman game for upper

arm motor training of healthy elderly users, we adapted the training session by changing

some game configurations and game rules to adapt the difficulty of the game according to the

abilities of the healthy participants.
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Figure 5.2 – Three maps with different maze designs and sizes. The game was played on these
maps with X-Y-Y-Z order which are composed of different combinations of (A) yellow map
(620 mm x 420 mm), (B) orange map (980 mm x 420 mm) and (C) green map (980 mm x 420
mm). Map order is changed for different participants to minimize the order effect. An example
map order is as follows: Map B is played on the first half of day 1, Map A played on the second
half of day 1 and first half of day 2, and Map C is played on the second half of day 2.

Most of the previously suggested game elements are used for tuning speed, accuracy, ranges

of motion, and challenge level of the game, as well as with some additional changes as follows:

• Previously proposed orange map with 960 mm × 420 mm size and yellow map with 620

mm × 420 mm size are used for different ranges of motion. Apart from these, another

map (green) with 960 mm × 420 mm size is designed with a less complex maze and less

connectivity compared to the orange map, please see Figure 5.2 for these 3 different

maps with different maze designs.

• Number of Ghost robot(s) is kept as one or two and as in our previous studies, the active

agents chase the user’s robot during the game in order to catch it; all previously collected

apples are lost and the ghosts return to their initial positions if this happens.

• Maximum speed of the chasing robot(s) is set to 100 mm/s.

• Turn rule is used for more enhanced hand and wrist functional training.

• Cross border penalty rule is used for more accurate motion and increase the challenge.

• Haptic assistive feedback rule is used for more accurate motion.
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• Game end rule was time-based (3 minutes for each game) in our previous studies for

the stroke patients to ensure the total time of the training is the same for all patients,

since they might have a large variety in speed to collect all 6 apples. Instead, for healthy

participants, we used our initially designed game end rule which is collecting all 6 apples

as quickly and precisely as possible.

An example scene of a healthy adult playing with these rules can be seen in Figure 5.1.

5.2.3 Pre/Post-Tests

Same as in the previous Chapters, this specific study contains a motor training regime whose

transfer to other contexts and tasks is crucial [195, 196]. In order to investigate the transfer of

the learning to simple device manipulation, we designed two different line following activities

to be used in pre- and post-tests. Both activities are simple robot manipulation tasks on a

defined trajectory, which are intended to be similar to daily life activities, like holding a towel

and cleaning a table-top surface. Since here, our participants are healthy adults and they have

functional ranges of motion, instead of using the complex pre/post-test designed to cover

every possible angle and range of motion of the stroke patients in the previous Chapter, we

decided to simplify the design of new pre- and post-tests as described above.

The straight pre/post-test activity includes a trajectory with a start and an end point and sharp

rectangular turns in between, similar to our Pacman game maze. On the other hand, the curvy

pre/post-test activity includes a curved trajectory including smoother direction changes with

a start and an end point which is closer to the aforementioned daily life motions. Approximate

distances that are travelled are 3100 mm and 3900 mm for the curvy trajectory and the straight

trajectory respectively. However, the range of motion limits of both maps are the same, which

are around 900 mm in the horizontal axis and around 380 mm in the vertical axis. Both activity

maps can be seen in Figure 5.3.

During the activity, the user’s robot automatically goes to the start point at which point he/she

holds the robot to manipulate it on the path through the trajectory from start to finish.

5.2.4 Experimental Timeline

The experiment was performed in two sessions in our laboratory at EPFL Lausanne Campus

or two sessions in EPFL Campus Biotech in Geneva. During the experiment, participants were

sitting comfortably in front of a table with their dominant hand positioned on the table to play

the game. The game rules are instructed to participants as follows:

“There are 6 apples on the map, in order to collect the apples, you should move

your robot along the paths and arrive on top of the apple. Your robot will come in

front of you by itself before game starts. In order to finish the game, you should
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Finish

Start

A             Curvy Line Pre/Post-Test Activity

Start

Finish

B             Straight Line Pre/Post-Test Activity

Figure 5.3 – Pre/Post-tests that serve as a measure to score transfer of game learning effects
to simple robot manipulation. (A) is curvy trajectory line with smooth turns, closer to daily
tabletop activities and (B) is straight trajectory line with sharp turns, closer to the Pacman
maze. The participants were instructed to complete the path from “start” to “finish” by
following the respective line. Although the curvy trajectory is shorter, the range of motion for
both tests are similar with 900 mm in the horizontal axis and 380 mm in the vertical axis.

collect all the apples with your robot in any order you want. There will be one or

two ghost robots chasing you. You should collect the apples without being caught

by the ghost(s) and without crashing into the walls. If you are caught by a ghost,

all of your collected apples are eaten by the ghost and you have to collect them

again to finish the game. Sometimes you can lose one apple if you crash into a

wall and we will tell you when you have this rule.”

Each participant played 53 games across three different maps (see the maps in Figure 5.2)

within two consecutive days of experiments with changing game configurations and increasing

difficulty per map. Each day was split into two sub-sessions. In two days, each participant had

4 sub-sessions in total. The overall experimental timeline can be seen in Figure 5.4. The set of

repeating game configurations throughout the four sub-sessions were conceptualized and
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Day 2

Figure 5.4 – Experimental timeline of the healthy aging study.

labeled as Game Chunks. Game chunks can be seen in Table 5.2 as the game configurations

with blue color.

Each participant started the experiment each day with pre-tests consisting of the two line

following activities. Then, we started from the easiest game configuration and progressively

increased the difficulty by introducing a new game element one at a time as can be seen

in Table 5.2. We started with 20 mm/s ghost speed for the very first game of each day for

each participant, which we then set to 40 mm/s, 60 mm/s, and 60 mm/s for the next three

games. Next, the assistive haptic feedback was enabled and two more games with 60 mm/s

ghost speed were played. Following that, the cross border penalty rule was enabled and two

more games were played with 60 mm/s and 100 mm/s ghost speed. Next, the turn rule was

introduced and two more games were played with 60 mm/s and 100 mm/s ghost speed. Finally,

a second ghost was introduced and three more games were played with 60 mm/s and 100

mm/s ghost speed and then 100 mm/s ghost speed with turn rule, which marks the end of the

games (total of 13) played with the first map.

For the second map, all above configurations except the first two (with 20 mm/s and 40 mm/s

ghost speed and no extra rules) were repeated. After this repetition, two extra games were

played with harder configurations, which include the cross-border penalty rule, turn rule,

100 mm/s ghost speed and two ghosts (again, a total of 13 games). For the first day only, a

27th game was played with an easy configuration for the purposes of measuring if there is

any overnight learning effect, which marks the end of the first day. In the second day, the

aforementioned games were repeated, except the 27th game. For each day, after the training

session with the games, the line following activities were repeated as a post-test for the day to

measure the daily learning.

The map order had an X-Y-Y-Z design, where each participant played with two of the three

maps on the first day (see maps in Figure 5.2). By starting from the last map of the first day,

the participant continued with a third map on the second day. Order of the maps are changed
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Day 1, Map A Day 1, Map B Day 2, Map B Day 2, Map C

#Gh. Sp. Ru.

1 20 -
1 40 -
1 60 -
1 60 -
1 60 H
1 60 H
1 60 P
1 100 P
1 60 T
1 100 T
2 60 -
2 100 -
2 100 T

#Gh. Sp. Ru.

1 60 -
1 60 -
1 60 H
1 60 H
1 60 P
1 100 P
1 60 T
1 100 T
2 60 -
2 100 -
2 100 T
2 100 T, P
2 100 T, P, H

* 1 60 -

#Gh. Sp. Ru.

1 20 -
1 40 -
1 60 -
1 60 -
1 60 H
1 60 H
1 60 P
1 100 P
1 60 T
1 100 T
2 60 -
2 100 -
2 100 T

#Gh. Sp. Ru.

1 60 -
1 60 -
1 60 H
1 60 H
1 60 P
1 100 P
1 60 T
1 100 T
2 60 -
2 100 -
2 100 T
2 100 T, P
2 100 T, P, H

Table 5.2 – Game configurations per day per map. Each configuration consists of the number
of ghosts (denoted with #Gh., 1 or 2), speed of the ghost(s) in mm/s (denoted with Sp., 20, 40,
60 or 100), and the applied rules (denoted with Ru., H: Haptic rule, P: Penalty rule, T: Turn rule,
-: No rule). The 11 blue colored games per day represent the repeated game configurations
that are defined as Game Chunks. The 27th game of the first day (marked with *) is played to
measure if there is any overnight learning effect.

for each person to minimize the order effect of the maps.

5.2.5 Data Analysis

During the game, the position (x,y) and the orientation (θ) of each robot were logged with up

to 93 Hz rate and sub-mm accuracy, including the robot controlled by the participant, as is

offered by the Cellulo platform technology (see Section 1.4). All events and interactions within

the game (e.g. apple collection, kidnapping of the robot from the map, and wall crashes) were

also logged with their timestamps. Performance related metrics of a participant’s motion

during the game is calculated using continuous pose data of their robot, which is held by their

playing hand.

One of the most pervasive effects of aging is that it makes people slow, consequently, older

adults commonly respond much more slowly than young adults in many tasks. There are

two explanations for the phenomenon in the literature: (1) The global slowing hypothesis

which is the age related slowing due to neural deficiencies and/or structural limitations (age-

related increases in neural noise or age-related decrements in brain connectivity) [239, 240];

(2) During the aging process, changes occur in the motor strategies and older adults becomes

cautious to make mistakes, and they do not adopt fast Speed-Accuracy Tradeoff (SAT). In other
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words, with aging, responding accurately becomes more important than to responding quickly.

Therefore, due to the opposing demands of accuracy and speed, in order to avoid mistakes and

reach near-perfect performance, older adults’ performance becomes relatively slow [241, 240].

Accordingly, speed (or response time) and accuracy (or error) have been widely used in healthy

aging research [242, 243, 244, 245].

For this reason, as our primary outcome, we defined a performance index encompassing a

metric of speed as well as accuracy to account for their trade-off, which is often observed in

behavioral [246] and motor skill learning tasks [247, 248]. It was defined as: Per f or mance =

1/(Devi ance_Mean ∗T i me_Tot al ). The T i me_Tot al metric was our surrogate for speed

and is defined by the total time to complete a game or a pre/post-test. Our accuracy metric

(Devi ance_Mean) was defined by the mean Euclidean distance between the performed and

optimal movement trajectory. For the Pacman game, this optimal trajectory was estimated

as the middle line of each path to account for the rectangular structure of the game maze, as

in the previous studies. For the pre/post-tests, optimal trajectories are the given straight and

curvy lines as in Figure 5.3.

To investigate the motor learning through time, we focused on overall learning in two days,

online learning within each day, overnight learning between two days, and transfer motor

learning to a simpler activity (i.e the pre/post-tests).

Overall performance for research question RQ1 is analyzed by considering the difference

between all game performances of all users in day 1 and all game performances of all users in

day 2.

For research question RQ2, online learning for each day is measured by testing the difference

between all repeated game performances of all users in the first and the second game chunks

of the corresponding day. In order to measure combined online learning of both days, we

defined a term chunk order: Since there are two chunks in both days, chunk order of the first

chunks of each day is defined as 0 and chunk order of the second chunks of each day is defined

as 1.

Offline learning for research question RQ3 is calculated as the difference of the very last

performance on day 1 and the very first performance on day 2. However, this comparison has

a limitation in our study design. We selected 60 mm/s condition as the last game of the first

day to not impose an overly easy and non-challenging game configuration (e.g 20 mm/s) to

the user in order to test the overnight effect. This corresponds to the third game of the second

day and not the first game of the second day.

In order to answer research question RQ4A, we investigated the effect of game elements,

including map type, speed of the ghost, the number of ghost, turn rule, haptic rule and penalty

rule on the game performance including these elements.

We also investigated the effect of combinations of the game elements for research question
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RQ4B by checking the performance differences between game configurations across time.

Since each chunk is composed of the same set of games having the same configurations, we

used chunks as a measurement of time to explore the performance differences across time.

Transfer learning for research question RQ5 is measured by the performance metric calculated

by pre/post-tests. For research question RQ5A, overall learning in the transfer activity is

measured by testing the difference in performance changes between the very first pre-test

before the overall robotic training and the very last post-test after the overall robotic training.

For research question RQ5B, overnight learning in the transfer activity is measured by testing

the difference in performance changes between the post-test of day 1 and the pre-test of day 2.

In the analysis of the curvy pre/post-test, one elderly participant’s data was excluded because

of the missing data of curvy pre-test of day 1.

All of the HLMs (also known as linear mixed-effects models [199]) were implemented in R

using the nlme package1. To implement the HLMs used for the analysis, we used the linear

mixed-effects models (lme) function. The lme function makes the assumption that the residual

error and the random effects in the model are normally distributed. For the significant results,

effect sizes are computed with r metric proposed in [201] and it reports the following intervals

for r: .1 to .3: small effect; .3 to .5: intermediate effect; .5 and higher: large effect.

To conduct follow-up analyses to the HLMs for specific comparisons, we conducted t-tests

for binary comparisons and ANOVAs for multiple comparisons. For all post hoc analysis, we

applied a Bonferroni correction. For the effect size for the ANOVA, we computed η2 where .01

is considered a small effect size, .06 a medium effect size, and .14 a large effect size. For all

figures in the following Sections, error bars represent the standard error.

5.2.6 Optimal Game Trajectory

In tasks in which the primary outcome is based on time, e.g. in race driving, the optimal

strategy for going around corners is to follow a curved trajectory. Specifically, a race driver

would choose an optimal trajectory by optimizing between the shortest track and the one

which would allow the highest speed, normally the one with the lowest curvature [249]. Unlike

the race scenario, our Pacman game equally relies on speed and accuracy. Potentially fast

curved trajectories at the corners increase the risk of hitting the wall, especially in a design in

which the agent – the Cellulo robot – is already occupying a large majority of the path, for a

realistic depiction of the special constraints please see Figure 5.5.

In the design of our maps, the path is just wide enough for the robot, which visually does not

provide room for the participant to cut the corner. For this reason, we have estimated the

optimal trajectory as the middle line of each path. However, due to the nature of the human

arm motion, our method to estimate the optimal trajectory - middle line of each path - might

1https://rdrr.io/cran/nlme/, accessed July 2021.
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Figure 5.5 – The Cellulo robot is already occupying a large majority of the path even in the
turning points. For this reason, we have estimated the optimal trajectory as the middle line of
each path.

slightly deviate from the theoretical optimal trajectory, which might be to some extent curved

in the corners.

In order to see whether the mean deviance around the corners is different than the overall

deviance throughout the game, we did an analysis for justifying the current analytical approach.

First we took the data around the corners in the map (turnovers in the map maze) and

calculated mean deviance of only corner data. Corner data corresponded to 33% of the overall

data. Then we compared the corner deviance with the overall deviance by checking the group

interaction with the corners. We found no significant difference between corner deviance and

overall deviance and no interaction between corner and the age. These results indicate that

there was not an optimal path (different than our proposed optimal path) that participants

were taking around the corners.

5.3 Results

5.3.1 RQ1 - Overall Learning

To investigate the differences between day 1 and day 2 game performances and how the

age of the participant may impact the performance, we ran a hierarchical model to account

for the repeated measures design. At the first level, we took into account the time when

a participant was interacting with the Pacman game. At level two, we accounted for the

individual participants. To control differences in the game configurations, we included the
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Figure 5.6 – Overall learning: Averaged normalized game performance per day per group. All
participants have overall better performance in the second day and young have overall better
performance than the elderly in both days. Young improve more compared to the elderly
across days, but both groups do improve.

game features as covariates in the model.

We found a significant main effect of time, t (1705) = 2.93, p < .01,r = 0.07, with participants

overall having a higher performance on the second day (M = 0.27,SD = 0.15 for day 1, M =

0.30,SD = 0.14 for day 2). We also found a main effect of age group, t(31) = 2.18, p < .05,r =

0.36, with young group having a higher performance in both days compared to the elderly

(M = 0.32,SD = 0.15 for young, M = 0.26,SD = 0.14 for elderly). Additionally, there was a

significant interaction between time and age group, t(1705) = 2.56, p < .05,r = 0.06, with

the performance change being stronger in the young age group (Please see Figure 5.6). To

investigate if the learning of both groups were significant, we repeated the tests separately for

each group and found significant effect of time in the elderly group, t (874) = 2.97, p < .01,r =

0.1, and also in young group, t (822) = 6.45, p < .001,r = 0.23.

In summary, both age groups improved in game performance over time, with the young group

demonstrating higher performance levels and a larger slope of improvement.

5.3.2 RQ2 - Online Learning

To analyze if there was online learning within the participants, we conducted a HLM to take

into account the repeated games for each participant. At the first level, we included day, chunk

order, and age group to test their effects on the normalized performance. To allow for an equal

comparison both within a day and between days, we analyzed only the game chunks that were
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Figure 5.7 – Online learning: Normalized game performance plotted per group per chunk
(repeating games in each subsession). Effect of age group is not significant. Day 2 has better
overall performance than day 1. Day 1 has significant positive online learning, day 2 has
non-significant online learning, and the online learning gain in day 1 is significantly more
positive than day 2.

consistent across days.

We did not find a significant difference for the main effect of order and age group, t (1413) =

1.83, p = .07 and t(31) = 1.71, p = .09 respectively. We did find a significant main effect of

day, t(1413) = 3.02, p < .01,r = 0.08, with day 2 having better performance than day 1 (M =

0.28,SD = 0.15 for day 1, M = 0.31,SD = 0.14 for day 2), which is consistent with our overall

learning results that assessed all games played in a day rather than only games in repeated

chunks.

In terms of the interaction effects, we found a significant interaction between chunk order

and day, t(1413) =−2.39, p < .05,r = 0.06, with the online learning occurring in day 1 being

significantly more positive than the learning that occurred in day 2. There was no significant

interaction between age group and chunk order or day, t (1413) = 0.39, p = .69 and t (1413) =

1.42, p = .15 respectively. For the third order effect, we did not find a significant difference,

t (1413) = 0.05, p = .96.

To investigate if the learning within each day is significant, we ran two paired t-tests comparing

chunk performances within each of the days separately. We found significant learning gains in

day 1, t (362) = 2.98, p < .01,r = 0.15, with a mean difference of test times being 0.028, but we

did not find a significant decrease in learning in day 2, t(362) = 1.84, p = .07, with the mean

difference of test times being −0.017 (See Figure 5.7). Overall, across both age groups stronger

128



5.3. Results

Day

0.20

0.25

0.30

0.35

0.40

Age Group

N
o
rm

a
li
z
e
d
 P

e
rf

o
rm

a
n
c
e
 

Figure 5.8 – Offline learning: Averaged normalized game performance in offline probe games
per group (1 Ghost 60 mm/s, last game of day 1 and third game of day 2). No significant main
effect for day or age group is detected, no offline enhancement was present in either age group.

online effects were present on day 1.

5.3.3 RQ3 - Offline Learning

To address if there was offline learning and if age group had an impact on offline learning, we

conducted a hierarchical model to account for the repeated measures design with two game

data being recorded for a single participant. Specifically, we compared the performance on the

last game of day 1 and the third game of day 2 as they had the same configurations. We did not

find a significant main effect for day or age group, t (31) = 0.16, p = .87 and t (31) = 1.60, p = .12

respectively. Additionally, we did not find a significant interaction between day and age group,

t (31) = 0.18, p = .86, see Figure 5.8. This indicates that no offline enhancement was present in

either age group.

5.3.4 RQ4 - Impact of the Game Elements

RQ4A - Effect of Each Game Element on Game Performance

Several elements can be adapted within a game setting that might change the user’s perfor-

mance. We investigated the effect of game elements, including map type, speed of the ghost,

the number of ghost, turn rule, haptic rule, and penalty rule, on the performance and their

interactions with the age groups. To investigate these effects, we ran a hierarchical model to

account for the repeated measures design. At the first level, we considered the game configu-

rations. At level two, we accounted for the individual participants as each participant played

multiple games. We found a significant main effect of the number of ghost (M = 0.31,SD = 0.14
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Game Element Main Effect Age Group Interaction

2 Ghosts t (1698) =−7.78, p < .0001,r = 0.19 t (1698) = 0.04, p = .97
Speed 40 t (1698) = 2.69, p < .01,r = 0.07 t (1698) = 0.32, p = .75
Speed 60 t (1698) = 6.07, p < .0001,r = 0.15 t (1698) = 0.49, p = .63
Speed 100 t (1698) = 6.07, p < .0001,r = 0.15 t (1698) = 0.29, p = .77
Turn t (1698) =−6.08, p < .0001,r = 0.15 t (1698) =−0.57, p = .57
Haptic Wall t (1698) = 1.04, p = .29 t (1698) = 0.12, p = .9
Cross Border Penalty t (1698) =−1.89, p = .06 t (1698) = 2.36, p < .05,r = 0.06
Orange Map t (1698) =−4.15, p < .0001,r = 0.1 t (1698) =−0.35, p = .73
Yellow Map t (1698) =−0.58, p = .56 t (1698) = 1.26, p = .21

Table 5.3 – Impact of individual game elements. Blue font indicates p < .05.

A B

C D

1 2

Figure 5.9 – Impact of individual game elements on normalized performance: Effect of (A)
number of ghosts, (B) turn rule, (C) speed in mm/s, (D) cross border penalty rule. Only the
cross border penalty rule affects the age groups differently: Elderly have reduced performance
while young have no significant difference.

for one ghost, M = 0.23,SD = 0.13 for two ghosts) , ghost speed (M = 0.19,SD = 0.13 for 20

mm/s, M = 0.28,SD = 0.13 for 40 mm/s, M = 0.31,SD = 0.14 for 60 mm/s, M = 0.26,SD = 0.14
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for 100 mm/s), turn rule (M = 0.31,SD = 0.15 for turn rule is off, M = 0.24,SD = 0.12 for turn

rule is on) and orange map (M = 0.26,SD = 0.12 for orange map, M = 0.29,SD = 0.14 for green

map, M = 0.31,SD = 0.17 for yellow map), see Table 5.3, Figure 5.9A, Figure 5.9B and Figure

5.9C.

For differences in age group, we only found an interaction in cross border penalty rule, see

Table 5.3 and Figure 5.9D. In order to investigate this age-related differences, we did a separate

analysis for each age group for the effect of cross border penalty. We did not find a significant

difference but found a trend for the main effect of cross border penalty in the elderly group,

t(874) = −1.95, p = .05, while we did not find a significant effect of cross border penalty in

young group, t (822) = 1.42, p = .15.

In summary, most game elements have a significant main effect but show similar perfor-

mance differences in both groups. However, the cross border penalty rule was the only game

element with a differential effect on age group. When enabled, it results with a trend of dis-

turbed performance in the elderly while not affecting the performance of the young group

significantly.

RQ4B - Effect of Game Configurations on Learning

To investigate the learning that occurred within each game configuration, and not just the

impact of the individual elements on performance, we compared the performance on different

game configurations across time. Since each chunk consisted of the same set of games, we

used chunks as a measurement of time. Additionally, because each game configuration has a

different hardness level, we normalized the performance of game play for each configuration

type by its baseline performance (i.e. the performance in chunk 1). This normalization allowed

us to compare learning between configuration types without the influence of hardness.

We ran an HLM to analyze the differences between chunk and age group while accounting for

the repeat of chunk within users. We found that chunk 2, 3, and 4 all had greater performance

than the baseline, chunk 1, t(1413) = 4.08, p < .05,r = 0.11, t(1413) = 5.75, p < .05,r = 0.15,

and t(1413) = 3.83, p < .05,r = 0.10 respectively (M = 0.27,SD = 0.14 for baseline chunk 1,

M = 0.30,SD = 0.15 for chunk 2, M = 0.32,SD = 0.14 for chunk 3, M = 0.31,SD = 0.14 for

chunk 4). There was no main effect of age group, t (31) = 0.00, p = 0.99. Additionally, there was

no significant interaction between age groups and chunks, t (1413) =−0.98, p = .33 for chunk

2, t (1413) =−0.86, p = .39 for chunk 3, and t (1413) =−0.21, p = .84 for chunk 4.

To investigate how the learning may have changed between any two chunks, we ran an ANOVA

to account for the specific differences. To better delineate the learning that may occur within

each age group, we ran the analysis for the young and elderly users separately. For each age

group, we used a repeated measures ANOVA to account for the repeated chunks for each user.

For any significant results, a post-hoc analysis was used to assess the contrasts.

For the young users, we found a significant main effect of configuration, F (8,653) = 2.01, p <
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1 Ghost 60 Speed
1 Ghost 60 Speed Haptic On
1 Ghost 60 Speed Penalty On
1 Ghost 100 Speed Penalty On
1 Ghost 60 Speed Turn On
1 Ghost 100 Speed Turn On
2 Ghosts 60 Speed
2 Ghosts 100 Speed
2 Ghost 100 Speed Turn On
Mean Performance

Young GroupOld Group

Figure 5.10 – Relative performances: Average game performance normalized to Chunk 1 of
each group. Both age groups’ performances increase significantly until the first session of day
2 and stay similar until the last session. Effect of age group is slight, and is related to the cross
border penalty rule, which has an effect only with the elderly.

.05,η2
= .22, and a significant main effect of chunk, F (3,653) = 13.18, p < .05,η2

= .58. We did

not find a significant interaction between configuration and chunk, F (24,653) = 0.60, p = .94.

In a post-hoc comparison, the only significant difference between configurations was between

configuration with ‘1 Ghost, 100 mm/s Speed, Turn Rule On’ and configuration with ‘2 Ghosts,

100 mm/s Speed, Turn Rule On’, which is the hardest configuration in the chunk, t(653) =

3.70, p < .01,r = 0.14.

In the post-hoc analysis of chunks, we found a significant difference between chunk

1 and chunk 2, 3, and 4 (as was the case in the overall analysis), t(653) = −3.38, p <

.01,r = 0.13, t(653) = −5.99, p < .001,r = 0.23, and t(653) = −4.64, p < .001,r = 0.18 re-

spectively. Additionally, there was a significant difference between chunk 2 and chunk 3,

t (653) =−2.61, p < .05,r = 0.10.

Similar to the young users, for the elderly users, we found a significant main effect of configu-

ration, F (10,688) = 2.83, p < .05,η2
= .41, and a significant main effect of chunk, F (3,688) =

8.14, p < .05,η2
= .35. We did not find a significant interaction between configuration and

chunk, F (30,688) = 0.58, p = .97. In a post-hoc comparison, we found two significant differ-

ences between game configurations, both including configuration with ‘2 Ghosts 100 Speed

Turn On’. The significant game differences included configuration with ‘1 Ghost 100 Speed

Penalty On’, t(688) = 3.44, p < .05,r = 0.13, and configuration with ‘1 Ghost 100 Speed Turn

On’, t (688) = 3.67, p < .05,r = 0.14.

In the post-hoc analysis of chunks, we found a significant difference between chunk 1 and

chunk 2, 3, and 4, as was the case in the overall analysis, t(688) = −3.39, p < .01,r = 0.13,

t (688) =−4.77, p < .001,r = 0.18, and t (688) =−3.18, p < .01,r = 0.12 respectively.

In summary, the results confirm that both age groups demonstrated learning over time in all

applied game configurations. Performance significantly increased until the first session of day
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2 for both groups, and the performance level stayed similar until the last session on day 2, see

Figure 5.10. Similar to the previous results, age difference was very slight which is related to

cross border penalty rule effect on elderly.

5.3.5 RQ5 - Transfer Learning

RQ5A - Overall Learning in Transfer Activity

To address RQ5A (if there was transfer learning for the participants in both line following

activities), we ran two hierarchical linear models to take into account the repeated tests

within the participant. For each line we did a separate analysis since the performance value

for each line following activity is different due to the design differences. We did not find

a significant main effect of age group for curvy and straight lines, t(31) = 1.25, p = .23 and

t (31) = 1.18, p = .25 respectively.

We did find a significant main effect of day in curvy test which is overall learning from pre-

test of day 1 to post-test of day 2, t(30) = 2.24, p < .05,r = 0.38, with last post-test having

higher performance than the very first pre-test (M = 0.19,SD = 0.11 for curvy pre-test of day 1,

M = 0.27,SD = 0.10 for curvy post-test of day 2). Similarly, a significant main effect of day was

found in the straight test, which is overall learning from pre-test of day 1 to post-test of day 2,

t (31) = 3.92, p < .001,r = 0.58, with the last post-test having higher performance than the very

first pre-test (M = 0.08,SD = 0.05 for straight pre-test of day 1, M = 0.16,SD = 0.07 for straight

post-test of day 2).

RQ5B - Overnight Learning in Transfer Activity

To address RQ5B, we investigated overnight learning in transfer activity by comparing the

post-test of day 1 and pre-test of day 2. As with the overall transfer learning, we ran two HLMs,

one for each line type. We did not find a significant offline learning in curvy and straight tests,

t (31) = 0.2, p = .85 and t (31) = 1.42, p = .17 respectively, see Figure 5.11.

These results indicate that game-based learning transferred to simple robot manipulation

measured with the applied straight line test (which is similar to the Pacman maze) but also

with the curvy line (which is closer to daily activity motions). The performance levels and

learning were similar in both age groups.

5.4 Discussion

The present study was designed to determine whether healthy elderly participants are able

to utilize and acquire novel motor skills within the tangible Pacman game. Furthermore, we

investigated which impact age exerts on different features of learning. One main finding

was that elderly participants are able to improve within the usage of and thus learn the
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Age Group

Old
Young

Day1 Day1Day2 Day2
Overnight Overnight

Figure 5.11 – Transfer Learning: Average performance in pre- and post-tests. C: Curvy trajec-
tory, S: Straight trajectory. There is no significant overnight learning, while there is significant
learning for both trajectories from start of day 1 to end of day 2. Overall transfer learning is
similar in both age groups.

tangible Pacman game over time. This was evident by an overall significantly improved game

performance. Importantly, game-based learning was transferred to simple, non-trained robot

manipulations, which emphasizes the Cellulo interface as a potential tool to conduct motor

training regimes to promote healthy aging or support motor rehabilitation in pathological

conditions related to aging. Age-related differences were apparent during the learning process

such as a reduced overall game performance and an effect of cross border penalty rules.

5.4.1 RQ1 - Overall Learning

Elderly participants presented lower performance levels and smaller overall performance

gains, when training with the Cellulo Pacman task. This resembles a frequently described

pattern of the elderly population throughout a variety of motor tasks, e.g. reduced performance

gains in fine motor skill learning [250, 229]. The extent of these age-related differences has

been shown to be dependent on several factors, such as task structure, complexity, difficulty,

and the familiarity level [250]. A possible underlying mechanism could be a reduction in

neuroplastic capacities of the elderly population, based for instance on age-related deficits in

long-term potentiation [251, 252].

5.4.2 RQ2 - Online Learning

Subsequently, we assessed different temporal components of the learning process. Both

groups showed similar characteristics in online learning. Interestingly, online learning on

day 1 (chunk 2 vs. chunk 1) was significantly higher than online learning on day 2 (chunk 4
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versus chunk 3) indicating that there was manifest online learning within the first day for both

groups.

On the contrary, there was no manifest learning, but also no forgetting on the second day.

Several factors could explain this pattern; such as fatigue, loss of novelty effect, or ceiling. A

supporting argument for the fatigue hypothesis could be that during the first chunk of day

2 the participants start at a higher performance level compared to the first chunk of day 1.

Hereby, they may have recruited more endurance resources early during the daily session and

may have reached their physical exhaustion phase faster on day 2 [253]. It is shown that motor

learning procedures lead to better results, when the practice is done over several days or even

weeks [254]. Therefore, rather than having a large amount of exercise, distributing practice

trials over several days may result in better improvement [255, 256, 257]. In our trial sessions,

resting time between trials and between chunks were short and daily sessions were intense.

In order to provide a better training regime, breaks between games could be increased and

sessions could consist of fewer games.

Secondly, the loss of gain in online performance at the end of day 2 could be attributed to a

novelty effect, which postulates that novel environments and interactions promote plasticity

and learning [217]. This may have been saturated by the end of day 2. Novelty effects are a

reported phenomenon for human robot interactions (e.g. [216]).

Lastly, this discrepancy in the amount of online learning between days could be explained by

ceiling effects. In general, one would expect faster ceiling in motor tasks with low difficulty

compared with tasks with high difficulty [258]. Our data partially resembles this expected

pattern, as the easier game configurations tend to show an early decrease in slope, when

compared to the harder game configurations such as games having 2 ghosts (represented by

the lines having colors closer to pink), please see also Figure 5.10.

5.4.3 RQ3 - Offline Learning

Sleep has been shown to benefit many processes of learning and memory, and may also have

an important role in the homeostatic regulation of neural mechanisms [259, 260]. After the

initial online learning, sleep can enhance the performance level of procedural motor skills

[260]. Mechanistically, the amount of stage 2 NREM sleep [260] and the local increase of slow

wave activity in parietal regions has been associated with the amount of offline learning [261].

These and complementary findings led to the postulation of the sleep-based enhancement

hypothesis. This sleep-based enhancement (offline learning) has been shown to be impaired

in the elderly population, e.g. [230].

We did not observe offline learning for either the young or elderly group in present game-based

task. However, there was also no loss of skill (forgetting) after the overnight interval. Our

findings are in line with current findings that suggests that the classically described sleep-

dependent offline gains are dependent on task demands, task condition, and phase in lifespan
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[262]. Moreover, in addition to sleep-dependent effects a set of confounding variables, namely

daytime of testing, confounds introduced by data averaging, or performance-to-break ratio

has been discussed [263]. We speculate that the task-nature and the rather low complexity

[264] of the offline probe prevented the evolution of positive offline learning effects in the

young cohort. The absence of offline losses, previously described in elderly [230], might be

explained by the study design, since we employed two easy “warm-up” game configurations

on day 2 first before scheduling our offline learning probe (game configuration 1 ghost 60

mm/s). Since we focused on performance related to motor learning measured by accuracy

and total time, the present result might not reflect other aspects of the game that might be

improved overnight.

5.4.4 RQ4 - Impact of the Game Elements

RQ4A - Effect of Each Game Element on Game Performance

The effects of game elements, such as the number of ghosts, ghost speed and turn rule on the

performance, were similar in both groups. Only slight age-related differences were apparent

for the application of the cross border penalty rule, which had a larger impact in the elderly

population.

The effect of the cross-border penalty rule on elderly participants’ different performance

metrics was analyzed to understand the reason behind this group difference. We observed an

increase in mean accuracy, a decrease in mean velocity and, therefore, an increase in total time

to complete the game. The cross-border penalty rule increases the importance of accuracy

during the game. Therefore, it might result in a decrease in the speed. One of the reasons for

this age-related difference might be that older adults are reluctant to make mistakes, they put

more importance to responding accurately than to responding quickly [241, 265, 266, 240] as

we discussed in our Data Analysis section as SAT paradigm. As a consequence, in order to

circumvent mistakes and to reach a better performance, older adults adjust a balance between

the opposing demands of accuracy and speed resulting in a relatively slow performance

[267, 241, 265, 266, 240].

Adding an extra ghost, turn rule, and increasing the speed to 100 mm/s in the game decreases

the performance of the users. The possible explanation to that decrease could be the increase

in the hardness or the challenge of the game. Speed of enemies, frequency of enemies, power of

player (e.g., skills, speed, tools), and duration of game-play experience are the most common

game elements to define or adjust difficulty of a game [268, 269]. Similarly, in our tangible

Pacman game, these elements correspond to speed of the ghost, the number of ghosts, speed

of the user (which slows down in turn rule to collect the apple by rotating the robot) and total

time to collect 6 apples. When the ghost speed increases to 100 mm/s, a second ghost is added

to the game, or a turn rule is added to the game, the probability of being caught by the ghost

increases, and the user should run away from the ghost faster, which might result in them not

collecting apples in a time-efficient order. The user also should be more attentive towards the
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ghosts in these cases since the probability of being caught increases. This might also decrease

the attention towards walls and the overall accuracy of the motion may decrease. On the

other hand, increasing the speed from 20 mm/s to 40 mm/s and 60 mm/s pushes the user

to perform better. The reason behind this result might be that increasing the speed from 20

mm/s to 60 mm/s increases the user’s speed without making game challenging enough for the

user to perform worse.

The relationship between ghost speed and performance might also be well explained by

Challenge Point Framework proposed by [258]. Increases in functional task difficulty (e.g.

increasing ghost speed) is expected to result in decreased performance; however, depending

on the skill level of the performer, the optimal challenge point changes. The decrease in the

performances of the participants after 60 mm/s ghost speed might show that the optimal

challenge point in Pacman game for healthy users starts with ghosts having 60 mm/s speed.

Indeed, there is a need for a more controlled study for investigating the optimal challenge

point.

Map design also affects the performance of the user. Even though the yellow map was smaller

in range of motion, the overall performance on yellow map and green map were similar. This

result might imply that the yellow map provides as much challenge as the green map. This

challenge can be explained with the limited space for running away from the ghosts. On the

other hand, even though the sizes of the green and orange maps are the same, performance of

the users on the orange map was less than the green one. This can be due to the internal maze

and connection design. These results highlight that the map size is not proportional to the

hardness of the game and a more detailed challenge analysis should be conducted in future

studies with maps with various sizes and internal designs.

RQ4B - Effect of Game Configurations on Learning

Following the effect of each game element, we also assessed the learning behavior in more

detail by separating learning curves for each individual repeating game configuration to

investigate the effect of configurations on learning between game chunks.

The effect of different configurations on learning between chunks were found to be similar in

both groups; in both we did not see any group level differences. It is of note, that we accounted

for easiest and hardest games in the overall learning, but not in the online learning, since the

online analysis was based on chunks. This creates the existing group effect in overall learning.

There was an increase in performance from the very first chunk to the last chunk. Similar

to the previously discussed online learning results, in the relative performance change per

configuration, we also found a significant performance increase within day 1 while there is no

significant learning or forgetting within day 2 as can be seen in Figure 5.10.

When we compare each configuration to the other configurations, in both groups the hardest

game with turn, 2 ghosts with maximum speed had the higher increase in learning while
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the game with turn, 1 ghost and maximum speed had the lowest improvement compared to

their own baseline level. In both groups, there was a significant difference between these two

configurations. The reason behind this result might be that when the turn rule is applied while

the ghost is fast, compensating the total time or speed of the game could be harder because of

the nature of the turn rule. However, the same condition with two ghosts, can be improved by

providing strategies against two ghosts over time.

The only difference between groups was that the elderly group had a significant difference

between the hardest condition and the penalty rule in the fast ghost condition. These results

are coherent with the results of the effect of game elements on the performances where we

observe no group differences for several game elements except the wall crash penalty rule.

The reasons for this age-related difference might be that older adults are more reluctant to

make mistakes and the learning process of a game where the user has to be accurate under

the high speed forced by the ghost is prolonged. Similar to our previously discussed results

the reason might be the unwillingness of older adults to have fast SAT[241, 240].

5.4.5 RQ5 - Transfer Learning

To determine whether the acquired skills during the game have any impact on daily life, we

tested the transfer of these improvements to non-trained simple tasks similar to daily life

activities. Both groups improved in the robot manipulation task on both straight and curved

trajectories and thus showed a clear transfer of the acquired motor skill. Contrary to the game

performance difference between groups, the performance level and the improvement rate

in transfer learning were similar for both groups. This might be due to the simplicity of the

transfer activity which does not require a high cognitive effort rather than simple physical

manipulation of the robot.

This successful transfer to simple robot manipulation is an important first hint indicating the

translational potential of our proposed tangible robot-mediated upper limb training system

into an evidence-based motor training tool to promote healthy aging. Simple tangible robot

manipulation resembles activities of daily living, such as using a computer mouse, wiping

a table, or in general transferring objects in the horizontal plane. Ultimately, translation of

improvements in a robot-assisted motor therapy to measures of upper limb capacity, e.g.

Action Research Arm Test (ARAT) or Wolf Motor Function Test (WMFT), and measures of

basic activities of daily living will be the crucial benchmark for successful translation towards

real life situations. In this regard, the current effectiveness of available robot-assisted motor

training systems addressing the upper limb is still limited [193].

5.4.6 Limitations and Future Work

One of the limitations of this study is that the potential of the system is shown through only

one game. Other games can be designed including reaching and catching motions without
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having a focus on path following and cognitive games can be designed by focusing on attention

and memory. Using the same robot within the transfer activity is also a limitation of the study.

Additional assessment tool for transfer activities would have been ideal and should be used in

future studies.

Another limitation of the study is related to the experimental design, which is ordering games

from easy to hard. This effect is tried to be minimized via chunk design, but still in order to

provide a smooth learning process of the game, we had to start from easier games and increase

the difficulty. Apart from this, gender distribution was also not equal which did not allow to

determine the potential effects of gender. This gender bias might also have an affect on the

results. In young and elderly groups the distribution of education and professions were not

balanced and we did not ask if they were active or motivated “game players”. These might

have an effect on the performance of the task.

In this study, the performance metric is calculated by movement deviation and movement

time. However, the amount of motion performed by the user and its correlation with different

muscle groups’ activities is also important for an adaptive exercise system. This point should

be addressed in future studies focusing on motor training aspects by accounting the motion

trajectories and range of motion.

Apart from the physical aspects, like motor learning, the game also includes several cognitive

aspects such as remembering which apples had been collected, remembering the last apple

eaten, being aware of the positions of the chasing ghosts, and creating a strategy to trick

them or run away from them. These cognitive aspects should be addressed by extracting the

information related to strategy of the user through the game data.

In order to provide an adaptive personalized exercise of activities of home usage, the system

should provide in- and between game adaptations. Through our proposed game configu-

rations, providing adaptivity between games by measuring user’s previous performance is

possible, and a future aim is to design and implement changing ghost behaviors, as an adap-

tive in-game mechanism. In addition, more studies are needed to assess the long-term impact

of Cellulo robotic training on improvement in motor functions, and effect of gamification

compared to a task based training with the same platform with elderly users.

The importance of using game mechanics as a means of enhancing social interaction between

elderly people is highlighted in previous research on healthy aging [58, 270]. The presentation

of playful activities and the integration of game modes offering the possibility of fostering

social interaction between senior citizens living in nursing homes or with family and friends is

needed. Providing social play through our platform is also another future direction to increase

the enjoyment and motivation to do gamified exercise activities for healthy aging.

Furthermore, our gamified approach provides the advantage that different behavioral do-

mains such as motor functions (e.g. dexterity) and cognitive functions (e.g. decision-making,

planning) could be trained conjointly in an entertaining way with a system potentially suit-
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able for home-based use. This approach may provide a benefit for several neurocognitive

disorders typically associated with aging, including Alzheimer’s and Parkinson’s disease, which

frequently affect both behavioral domains [271, 272, 273].

5.5 Conclusion

In this Chapter, we have shown that elderly people display learning success when training with

our proposed gamified motor task with the haptic-enabled tangible robotic platform. The

learning gains displayed by the elderly users are similar to those displayed by young users. Age-

related differences exist only in some of the accuracy related conditions and showed similar

results supporting the literature showing that older adults are more reluctant to make mistakes

and that they put more importance to responding accurately than to responding quickly. This

highlights that, given a game targeting motor function training for healthy aging, it is crucial

to provide a wide range of configuration options offering several game elements and rules

focusing on the speed as well as the accuracy of the motion. Importantly, the game-based

learning gains translate to the performance of the transfer activities in the form of simple

robot manipulations, which resembles activities of daily life.

By this, the proposed gamified upper limb training activity with haptic-enabled tangible robots

showed promising results to be used as a motor training intervention for healthy aging. It

complements available motor training paradigms and may be also suitable for home-based,

gamified, motivating use.
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6 Adaptations and Extensions for Thera-

peutic Games with Tangible Robots

6.1 Introduction

Among the characteristics sought by gamified training solutions, adaptation deserves special

attention: It is a crucial factor for keeping the user engaged with the activity [274], while also

being a prerequisite to ensure that the activity is effective and tailored to the user’s capabilities,

rehabilitation goals, interests and characteristics.

Furthermore, several symptoms of depression, anxiety, psychological distress and social

isolation are prevalent in persons with physical difficulties such as in children with Cerebral

Palsy (CP) [275] and stroke patients [276], and the development of further interventions aimed

at promoting psychosocial well-being of patients is crucial [277]. Therefore, social aspects

of a rehabilitation intervention must be considered when designing a platform for therapy

and especially for home-based rehabilitation. Importantly within this context, the current

COVID-19 crisis has imposed new social distancing rules that greatly affect and challenge

the norms of social interaction. For this reason, remote interaction and intervention has

become more prevalent than ever, and we believe that we can propose circumventions to

social distancing by extending our tangible robot-enhanced games with online multiplayer

interaction capabilities.

In this Chapter, we present our research effort for further developments and initial evaluations

towards a more personalized and social training system with several adaptations/extensions:

We propose (1) Designing a dynamic workspace with rearrangeable tiles for adapting the

game space to the patients capabilities, interests and therapeutic goals, (2) Investigating

compensatory motions during the training and detecting them by extending our system

with off-the-shelf wearable sensor for improving exercise quality, and (3) Enhancing social

interaction in therapy and exercise through designing co-located and online multiplayer

versions of our previously proposed games with various inter-player interaction modalities.
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6.2 Designing Dynamic Tangible Workspaces

This work corresponds to the following publication:

Arzu Guneysu Ozgur, Barbara Bruno, Victor Taburet, Ayberk Özgür, and Pierre Dillenbourg.

“Design of Dynamic Tangible Workspaces for Games: Application on Robot-Assisted

Upper Limb Rehabilitation”. In 29th IEEE International Conference on Robot and Human

Interactive Communication (RO-MAN), pages 172–178, 2020 [278].

Within this work, the author of this thesis contributed to the design of the specific workspaces

within the therapy context, contributed to the design and conduction of the experiments and

data analysis.

6.2.1 Background

Adaptability of gamified training solutions is crucial and one of the clear factors open to

adaptation is the workspace of the training, i.e where the solution activity takes place and

the volume occupied by it. Specifically considering upper-limb training systems, existing

solutions can be divided into stationary systems, which typically envision the user to interact

with a system acting within a fixed workspace [279, 280], and wearable/portable systems, for

which the workspace is defined relative to the user [281, 112, 282]. An interesting “third way”

is the one we proposed with our tangible Cellulo games and activities so far in the previous

Chapters, which combine the typical setup of stationary solutions (commonly adopted in

therapy and therefore familiar to the users) with the ease-of-use of portable systems.

The tangible robot mediated gamified activities presented so far in the previous Chapters take

place on the maps (see Figure 2.3, Figure 3.2, Figure 3.8 and Figure 4.2) that must be placed on

a flat surface, which forms the fixed workspace belonging to the activity. The map is covered

as usual with the microdot pattern that provides sub-mm localization accuracy, whereas the

printed visual elements provide context to the activity, such as active zones triggering specific

robot behaviors. All such printed elements are fixed within a given map, and the entire map

must be swapped with another map printed previously in order to change the workspace.

In the previous Chapters, we have proposed a number of adaptable features and contexts,

yet, the workspace remains static or need change of printed maps. For the tangible Pacman

game, since the size of the map is a-priori defined, reaching all of its points (and especially

its borders) requires an arm mobility that not all users might possess. Additionally, points of

interest (denoted in the map with red fruits) are located in static positions. As experienced

during our studies with acute and chronic stroke survivors, these two limitations might reduce

the effectiveness of the game towards rehabilitation by preventing a number of users from

using it and by possibly inducing boredom due to the repetitiveness in the point of interest

locations.
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Figure 6.1 – User playing the tangible Pacman game on the dynamic tangible workspace. Tiles
can be rearranged in order to quickly switch to another predefined map, or recreate a new
map from scratch.

6.2.2 Our Contribution

In this work, we tackle both limitations discussed above, by proposing a dynamic, customizable

workspace made of hexagonal tiles as seen in Figure 6.1. The user or therapist can place the

tiles in any configuration, which allows for:

• Taking into account the mobility capabilities of the user, e.g. requiring an asymmetric

map.

• Increasing the engagement of the game, by letting the user place the special tiles in

many different ways.

• Making the game evolve together with the rehabilitation objectives, e.g. starting with

a smaller one and gradually moving towards larger ones, or inducing the user to train

specific movements as well as bilateral activities using both arms.

Although the solution proposed is grounded in the setting of the tangible Pacman rehabilita-

tion game, we see two clear avenues for generalization, explained below.

First, within the context of upper-limb rehabilitation, our solution can be ported to any system

equipped with a similar localization scheme working on a similar workspace. By allowing

the workspace to be tiled and the resulting tiles to be moved around, it could help make the

system more engaging and interactive for users.

As an example, it could be integrated in stationary systems based on 2D manipulators, which

typically rely on a blank workspace and a screen to provide interactiveness and gamification

[283]. As a result, we believe that the proposed solution could benefit the robotic rehabilitation
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field well beyond the single platform we consider, helping making rehabilitation solutions

more engaging for the users and, possibly more portable.

Second, within the context of robot-enhanced games, the simple use of a dynamic workspace

creates another dimension for game design where the building of the workspace is the key

creative element. Such a dimension could be employed as e.g a first game phase (which is the

creation of the workspace) in addition to the original playing of the game, which becomes the

second phase.

These configurations could be especially appealing in multiplayer games where players are

first cognitively challenged to design a difficult workspace for the opponent, and then to find

the best strategy to play on their given workspace.

6.2.3 Design of the Dynamic Tiled Workspace

Theoretical Tessellation Framework

The Cellulo robots rely on a dotted pattern printed over the entire workspace map for local-

ization [117] (see Section 1.4 for more details on the operation of this system). Therefore, the

design of a dynamically rearrangeable workspace for Cellulo robots requires a tessellation of

the flat game space with basic geometric tangible elements. Tessellation in two dimensional

flat surface, also called planar tiling, is a topic in geometry that studies how shapes, known

as tiles, can be arranged to fill a plane without any gaps, according to a given set of rules.

Common rules are that there must be no gaps between tiles, and that no corner of one tile can

lie along the edge of another [284]. Furthermore, a regular tessellation with identical regular

polygons is desirable when building the workspace, as less complex shapes are well known to

decrease cognitive load [285]. Such a tesellation would have both identical regular tiles and

identical regular vertices, having the same angle between adjacent edges for every tile [286].

There are only three shapes that can form such regular tessellations: equilateral triangles,

squares, and regular hexagons. Any one of these three shapes can be infinitely replicated to fill

a plane with no gaps [287].

The Cellulo localization performance correlates with the integrity of the dot pattern: in the best

case it allows for continuous sub-millimetric accuracy [117]. In other words, fewer connections

allow for better localization of the robot on tiles. Therefore, the tessellation of the workspace

directly implies discontinuities due to the dynamic rearrangement of the tiles. Among the

three shapes mentioned above, the hexagon was selected as the tile shape to minimize these

discontinuities in space. This issue is most pronounced on the corners, where hexagon tiles

provide the least disturbance to the pattern. Please see Figure 6.2 for the visualization of the

corner.

The hexagonal tiles, henceforth referred to as “hextiles”, contain the localization pattern

belonging to the initial source space on top of any desired graphical element (see Figure 6.5).
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Robot Camera Image
from Hexagon Corner

Hexagon
Corner

3 tiles 
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Figure 6.2 – Robot camera view on a corner with hexagonal tiles. The localization system of the
robot requires at least one 8x8 matrix of adjacent dots, corresponding to a unique (x, y) point,
to be visible in the image. The matrix is only valid if all of the points composing it belong to
the same continuous space (e.g., the same tile). Each hexagonal tile corner connects with
3 tiles only, which maximizes the continuous visible areas compared to triangle and square
corners that have 4 and 6 tiles contacting in each corner respectively.

As they are arbitrarily rearranged to yield a desired workspace, they generate a new target

space. It is desirable to have also in this new space a continuous cartesian coordinate system

to allow for regular robot motion algorithms and continuous pose data processing. For this,

each tile must cover a unique source coordinate area that does not overlap with any other

tile. Knowing the exact rearrangement from the source space to the target space, the unique

non-overlapping source coordinates obtained from the robot can be directly translated to the

continuous target coordinates.

Practical Implementation

The practical implementation is summarized in Figure 6.3. The first step involves creating

the visuals and the discretely partitioned source space with unique tiles. To maximize the

manufacturability of these tiles using easy to access materials, the unique partitioning of the

source space was centered around A4 sheets to be printed easily. 4 tiles fits into each A4 paper

sheet and each tile is coded discretely within a discretely partitioned source space including

4 dimensions u,v,i,j. Each u and v combination is unique for each paper and i and j binary

coordinates indicates the positioning in that a4 paper as [u,v,0,0] [u,v,0,1] [u,v,1,0] and [u,v,1,1]

from top to down and left to right as can be seen in Figure 6.3 (1).

After this discrete assignment, x,y Cartesian coordinates are created through dotted localiza-

tion patterns by depending on [u,v,i,j] coordinates to create a bidirectional mapping between

these two spaces (see Figure 6.3 (2)). These dotted sheets are generated as PDFs by a script

that takes the desired [u, v] coordinates set to uniquely identify that sheet as input, and then

printed on self-adhesive A4 sheets. The hexagonal areas on the sheets are then cut and glued

onto appropriately sized tangible hextiles (e.g. 3D-printed) (Please see Figure 6.3 (3)).

A convenient, fast and robust attachment of tiles to each other is necessary to maximize
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(1) Represent each tile 
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Each [u,v] pair
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each A4 paper

[i, j] pairs denote positions of 4 tiles 
in A4 (left/right, top/bottom)
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[30,4;i,j]

[30,5;i,j] [31,5;i,j]
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(4) Represent neigborhood 
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Axial Hex Space [q,r]

q
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[0,0] [1,0]
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one-to-one
[q,r] to [u,v,i,j]
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x
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Cartesian Source Space (x, y)

(3) Print dotted A4 design on sticky
sheets, apply on 3D printed hextiles,
build a game map

New Cartesian Target Space (x, y)
via Rearrangement of Printed Tiles

(6453,3572) mm

(6456,1485) mm

Each tile has a unique dot pattern
coverage for robot to detect (x,y)

Source (x,y) =

(2) Create dotted pattern
for each unique A4 paper 
 

Source (x,y) = 

[30,5,1,1] [30,4,0,1]

[30,5,1,0]

[31,5,1,1]

[31,13,1,1]

Figure 6.3 – Representation of tiles in source and target spaces. The cartesian source space
is partitioned into A4 sheets with coordinates [u, v] where each sheet fits 4 tiles with coor-
dinates [i , j ] = [0,0]; [0,1]; [1,0]; [1,1]. This gives each tile a unique set of source coordinates
[u, v, i , j ] and a well defined way to print their graphical elements together with the Cellulo
localization pattern corresponding to the millimetric cartesian source space (x, y)source, 4
tiles at a time. Tiles are arbitrarily arranged by the user in the target space containing its
own millimetric cartesian space and its own discrete axial coordinates [q,r ], according to the
desired source-to-target mapping (i.e [u, v, i , j ] to [q,r ]). The robot, moving on the tiles in the
target space, scans the dots and obtains the raw millimetric coordinates (x, y)source. Since each
such coordinate belongs to a unique tile by design, the scanned coordinates are converted to
the target cartesian coordinates (x, y)target using the [u, v, i , j ] to [q,r ] mapping. This results in
a seamless cartesian target space where the mapping is done transparently so that the robots
can move across tiles continuously and report their target coordinates in millimeters.

146



6.2. Designing Dynamic Tangible Workspaces

A B

Figure 6.4 – (A) Tile attachment design. Each tile edge contains two magnets close to the
exterior, whose pole axes are aligned orthogonal to the edge. On an edge, upper and lower
magnets have their north and south poles (or vice versa, for the entire collection of tiles)
respectively facing the outside. Each tile thus contains 12 magnets, with 6-way radial sym-
metry which allows adjacent tiles to attract and remain attached until pulled apart. (B) Real
implementation with neodymium block magnets glued into slots in 3D-printed tiles, bottom
face up. Also seen are its [u, v, i , j ] coordinates, for quick identification of many tiles by users.
This setup allows the user to combine tiles comfortably and quickly, as the tiles self-correct
their alignment magnetically.

usability when building a workspace and using it with real robots. To this end we propose

symmetric magnetic attachment points on tile edges. Magnetism was preferred over mechani-

cal attachment structures to keep the tile geometry simple and to allow for removal of fully

surrounded tiles from their place without compromising the regular hexagonal shape of the

top face, which single-part mechanical structures would not easily allow.

An issue of the dynamic work space that appeared during the design phase was the strength of

the magnets that keep the tiles together. Small magnets are not always strong enough to keep

the structure of the game environment stable. Tiles can detach from each other because of the

force applied by the player during the game when moving robots. To overcome this problem,

the magnet strength (correlated with its size) was adjusted to balance the attachment strength

between easy removal and stability during use. The overall scheme is shown in Figure 6.4.

This design allows a stronger structure to the game environment. This way, the improved

stability of the workspace minimizes the disruptions during the gameplay due to unwanted

displacements of tiles.

Before an activity, the user physically builds a desired target workspace with hextiles, whose

neighborhood configuration is unknown to the application controlling the robots. This map-

ping must therefore be decoded and loaded into the application at runtime. Here, autonomous
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robot exploration cannot be used to map the workspace as the workspace shape is unknown

at runtime; an autonomous robot risks falling off of the edge of the workspace before reaching

the hypothetical next tile.

To this end, we propose an “autobuilding” phase where the user manually scans the target

workspace with a Cellulo robot before the activity. Specifically, after laying down the tiles and

creating the workspace, the user sets the controller application in autobuild mode, manually

places a robot on any tile and moves it continuously from one tile to the next on the created

workspace. Among the 6 possible relative placements of each new tile with respect to the

previously visited one, the one that minimizes the distance between the last received robot

pose on the previous tile and the first received robot pose on the current tile is selected. The

mapping is built progressively until all tiles are scanned and this neighborhood is represented

in axial hex space with [q,r] coordinates (please see Figure 6.3 step (4)).

This method is robust as long as the robot is not moved unreasonably fast in order to allow for

obtaining pose samples that are close to the edges joining the scanned tiles. Apart from this,

other scanning methods may be used to build the mapping, such as a second larger pattern

overlaid onto the tiles that is decoded directly by the application through a camera, in one

step. Finally, the mapping may be entered manually by the user into the application, or stored

in a digital file and loaded if desired.

6.2.4 Tangible Pacman Game with Dynamic Maps

Game Design

The dynamic workspace designed for the new version of the tangible Pacman game is com-

posed of 10 different types of hextiles, shown in Figure 6.5. These are:

Path Hextiles The most basic tile in the game. It is empty and both the user’s robot and the

chasing ghost robots can traverse it freely.

Pacman Hextile Indicates where users have to position their Cellulo robot at the beginning of

each game, it acts as a path tile during the game (which is why it features the same light

blue background of path tiles).

Ghost Hextile Indicates where users have to position the chasing ghost robot at the beginning

of each game, it also acts as a standard path tile during the game.

Fruit Hextiles Each fruit tile has a fruit figure which denote targets that the user’s robot has to

reach during the game. 6 different such tiles exist with different colors. The rationale

for having multiple types of targets (denoted by different colors) is again to increase

the adaptability and variability of the game. Specifically, they allow for defining a wide

range of various game rules such as selective targeting by collecting only the fruits of a

specific color (a feature which might allow for introducing a cognitive training aspect
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Figure 6.5 – The various hextiles of the dynamic Pacman workspace.

in the game, that could be of interest for rehabilitation contexts where physical and

cognitive impairments are correlated, such as stroke rehabilitation), or collecting two

fruits of the same color simultaneously, by using both hands to control two robots (a

variant that specifically targets bilateral activity and coordination).

Forbidden Hextiles Play the role of the walls in the original tangible Pacman game. Neither

ghosts nor the user’s robot are allowed to move into such tiles. If the user enters a

forbidden tile, they will be penalized by losing a point/fruit and haptic assistive feedback

will be activated on their robot to push it out of the tile.

Game Rules

Similar to the static workspace version of the game, the Pacman is manually moved by the user

on the workspace and the one or more distinct Ghosts chase the user to steal their fruits. Ghost

speed can be controlled to adjust the difficulty of the game, and ghost behavior algorithm is

again based on the shortest path to the Pacman.

Ghost chases the Pacman along the path tiles and when it is closer than a pre-defined threshold

to the Pacman, it “steals” a pre-defined number of fruits from those collected by the user, who
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therefore will have to collect again. Both the threshold and the number of fruits stolen are

adjustable in the controller application, to allow for difficulty adaptation.

Haptic informative feedback can be enabled to push the Pacman outside of a forbidden tile

towards the previously visited tile and a customizable number of fruits are lost upon entering

these forbidden zones.

Besides the above general rules, specific variants concerning the number of Pacmans (and

ghosts) in the game and the way the user collects fruits can be defined in specific game modes.

So far we have implemented two game modes:

1. Single Pacman Mode. This single-player, single-hand mode, containing only one Pacman

and one or more ghosts, is the simplest version of the game. The user collects fruits by

reaching their tile with the Pacman and wins as soon as all fruits in the workspace have

been collected. Each collected fruit appears as a bright LED on the top of the Pacman

robot, coloured with the color of the collected fruit. Upon winning, all LEDs turn green.

2. Bilateral Exercise Mode. During our design iterations in Chapter 3, we discovered the

need for a bilateral activity for patients need training with both hands to increase the

coordination as well as for very young children refusing to use his/her affected hand

in single Pacman mode. This mode envisions two Pacmans to be controlled by the

both hands of the user and, again, one or more ghosts chasing them. In this mode, the

user collects fruits only if the two Pacman robots are located on target tiles of the same

color, at the same time. This makes the collection harder, as the user is now expected to

coordinate the movements of the two arms. Ghosts follow the closest Pacman.

6.2.5 Functional Evaluation

The rationale for having a dynamic workspace that can be shaped in various ways is that it

increases the adaptability of the rehabilitation game, especially in terms of range of motion,

exercise type, physical and cognitive difficulty, besides reducing repetitiveness. In the follow-

ing sections, the aforementioned adaptation elements are assessed through example game

workspaces designed and tested by healthy young users using real hextiles.

Adaptive Range of Motions and Exercise Type

In the context of rehabilitation, tuning the shape of the workspace allows for tuning the type

of movements that will be performed by the patient, specifically adapting to the capabilities

and progression of the patient. In our case, modifying the game space directly influences the

range of motions that the patient will work with and the intensity of movements necessary

to finish the game. This adaptivity is simply provided by the positioning of the target tiles, at

different reaching distances both vertically and horizontally. For example:
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Figure 6.6 – Two workspace designs with different horizontal lengths to provide different
ranges of motion for shoulder horizontal adduction (bringing the arm towards the middle of
the body around the chest level, denoted with green lines in the top figures) and abduction
(the opposite movement, denoted with cyan lines in the bottom figures).

Figure 6.7 – A workspace designed to specifically train elbow extension (e.g. the straightening
of the arm at the elbow, the extension angle denoted with cyan lines).
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Figure 6.8 – Workspace designs (using exactly the same set of tiles) providing different ranges
of motions for shoulder and elbow. Asymmetric workspaces as in the left figure with more
tiles and targets closer to the affected arm, can be used with people having a reduced range of
motion.

Figure 6.9 – Workspace designs with different cognitive difficulty. Fewer targets and fewer or
no forbidden tiles provide a cognitively easier version of the game.

• Increasing the horizontal size of the workspace and placing the target tiles at the hor-

izontal extremes increases the shoulder horizontal adduction and abduction angles

required to reach the left and right extremes. An example comparison is shown in Figure

6.6.

• Increasing the vertical size of the workspace and placing the target tiles at the furthest

points allows for more elbow extension. Conversely, positioning the target hextiles closer

to the torso of the user allows for more elbow flexion (see Figure 6.7 and Figure 6.8).

• Asymmetric workspaces, with more tiles and targets closer to the affected arm, can be

used with people having a reduced range of motion such as stroke patients (see Figure

6.8). Asymmetric workspaces designed in the Bilateral Exercise Game Mode, can also

suit the motion ranges and rehabilitation goals of the two arms.
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Adaptive Difficulty

While adaptation in terms of physical difficulty is inherently addressed by the adaptation to

multiple ranges and types of motions, discussed above, the number and the frequency of

unique tiles in the game can provide cognitive adaptation. This might be needed for patients

who find the game too difficult or complex. We postulate that the following design choices

might enable adaptive cognitive difficulty:

• The number of target fruit tiles with the same colors

• Having multiple targets having changing colors

• The number of target fruits with different colors

• The presence of forbidden tiles and the corresponding avoidance rule in the game

• The number of forbidden tiles in the game

• Whether the game requires the use of one or both hands, that trains coordination

• The speed of the ghost robot, that trains divided attention, requiring to concurrently

keep track of the location of the targets and the ghost, and plan a path towards the

chosen target which avoids the ghost

Two example workspace designs with similar physical difficulty and different cognitive diffi-

culty, determined by the items listed above, are shown in Figure 6.9. Having less targets, less

unique number of tiles and less rules makes the game easier. Introducing extra forbidden tile

rule requires more divided attention between targets, the ghost and the forbidden tile, and

requires harder path planning towards the target by avoiding ghost and forbidden tiles.

Decreasing Repetitiveness

The possibility to freely change the workspace of the game prevents the game from getting

repetitive after some rounds. With each new game space, the user needs to adapt to its

organisation and new physical and cognitive challenges.

6.2.6 Usability Evaluation

To validate the user interactions with the developed dynamic tangible Pacman game, we

conducted a preliminary usability study with four healthy young users. During the study, the

participants were asked to play the Single Pacman Game Mode, each time freely designing

the game map using all or a subset of the provided deck of hextiles, or keeping the previous

workspace.
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In each run, the data related to the motions and game events were logged: the map’s exact

hextile configuration, the target collections over time and the total number of collected targets,

ghost catch events, as well as other conventional data such as robot kidnap events and the

pose and velocity of each robot over time. The following motion related metrics were extracted

from the logs:

• Number of tile crossings: The total count of movements from one tile to another which

represents the total motion of the user during the game.

• Number of unique tiles visited: The total count of the unique tiles visited during the

game to represent the total coverage of the workspace by the player’s motion.

• Distance to the farthest tile reached: After calculating the shortest discrete hex distance

values between the starting tile of the player and his/her each unique tile visited, longest

of these is chosen as the farthest tile reached. This represents the maximum reaching

distance of the player.

The data corresponding to the 12 game spaces designed by the participants are shown in Table

6.1.

As the Table shows, the number of unique tiles visited, the number of movements between

tiles as well as the farthest tile reached considerably vary across the runs as well as across

the map types. As expected, increasing the total number of hextiles used in a workspace

increases the number of the farthest tile reached. However, more importantly, the number

of the farthest tile reached ranges from 8 to 12 within four different workspace designs, even

though they use the same number of hextiles (29 hextiles). This shows that the combination

and vertical/horizontal positioning of the hextiles can vary the range of reaching motion.

The total number of movements performed by the users ranges from 9 to 98, with the highest

numbers occurring in the runs in which the users were caught by a ghost. Since they had to go

back and recollect the lost targets, their total motion was increased.

Lastly, as expected, the total number of targets affects both the total motion and the total

number of unique tiles visited.

These results are preliminary; a more comprehensive analysis of the relationship between

design elements and the output metrics should be performed in a controlled study, with a

much larger participant population size as well as with target user groups. However, these

data show how the range of reaching motions, as well as the total number of motions, can

vary depending on the workspace configuration. This supports the argument made in Section

6.2.5.
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Game
User
Id

Map
Id

Map
Size

#
Hextiles

#
Targets

# Unique
Hextiles
Visited

# Hextile
Crossings

Farthest
Hextile
Reached

Caught
by
Ghost?

1 1 A 7×12 36 12 24 35 14 No
2 1 A 7×12 36 12 29 55 14 Yes
3 1 B 5×10 29 12 24 98 12 Yes
4 1 B 5×10 29 12 22 30 12 No
5 1 C 4×11 30 12 29 66 13 No
6 1 D 8×9 29 12 23 38 10 No
7 1 E 10×7 29 12 22 40 9 No
8 1 F 8×9 22 9 17 21 9 No
9 2 G 8×6 29 6 14 17 8 No
10 2 H 4×4 12 4 8 9 5 No
11 2 I 7×5 19 6 16 22 7 No
12 2 J 7×5 18 6 14 14 7 No
13 2 K 7×6 27 6 17 23 6 No
14 2 K 7×6 27 6 23 59 7 Yes
15 2 F 8×9 22 9 16 18 9 No
16 2 B 5×10 29 12 25 91 12 Yes
17 2 B 5×10 29 12 22 29 12 No
18 2 C 4×11 30 12 20 26 13 No
19 3 L 5×10 30 12 23 26 11 No
20 4 K 7×6 27 6 18 24 6 No
21 4 K 7×6 27 6 20 40 6 Yes
22 4 K 7×6 27 6 18 29 6 No
23 4 F 8×9 22 9 16 21 9 No
24 4 B 5×10 29 12 25 55 12 Yes
25 4 C 4×11 30 12 20 26 13 No

Median
(Range)

29
(12-36)

12
(4-12)

20
(8-29)

29
(9-98)

9
(5-19)

Table 6.1 – Data retrieved from the dynamic Pacman workspace usability study, showing
the results using the Single Pacman Game Mode with different workspaces designed by the
participants themselves, as well as with previously designed workspaces by other participants.
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6.2.7 Discussion

In this adaptation effort, we proposed the use of tile-based, dynamic and customizable

workspaces to increase the adaptability of upper-limb gamified rehabilitation systems, both

from a physical and cognitive perspective. While our work is grounded in the specific robotic

platform of the tangible Pacman game, leading to the design of the new dynamic tangible

Pacman game, we hypothesize that the procedure we outline and its advantages can be ported

to (i) Any stationary upper-limb rehabilitation system, where a camera can be moved over the

workspace to compute the mapping between the fixed source space and the chosen target

space, (ii) Any game designed for the Cellulo robotic platform, or even for other robots and

devices exploiting the same localization principle.

Indeed, the many opportunities for workspace design can be used to create a new generation

of interactive, tangible games in which the initial setup of the game elements is an engaging

and challenging game in itself. The reported experimental evaluation hints at the feasibility of

the solution we propose and its compliance with the motivating objectives of this work: to

allow for adaptation in the range of motions, motion exercise type and cognitive difficulty.

Additionally, the variety of game spaces that can be tried by the users can turn each game round

into a unique experience, a factor that we believe could positively affect their engagement

with and commitment to the rehabilitation exercise and is of crucial importance towards the

effectiveness of home rehabilitation solutions.
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6.3 Detecting and Correcting Compensatory Motions

This work corresponds to the master’s semester project of Nicolas Gandar, co-supervised by

the author of this thesis together with Ph.D. candidate Hala Khodr and Barbara Bruno, and the

following publication:

Arzu Guneysu Ozgur, Hala Khodr, Barbara Bruno, Nicolas Gandar, Maximilian Wessel,

Friedhelm Hummel and Pierre Dillenbourg, “Detecting Compensatory Motions and

Providing Informative Feedback During a Tangible Robot Assisted Game for Post-Stroke

Rehabilitation”. In 30th IEEE International Conference on Robot and Human Interactive

Communication (RO-MAN), accepted, 2021.

Within this work, the author of this thesis conceived the research directions for compensatory

motion detection and correction, contributed to the design of the system, the design and

conduction of the experiments, and data analysis.

6.3.1 Background

Gamified rehabilitation tackles the problem of keeping patients engaged in, and motivated to

do, physical rehabilitation in order to improve its efficacy. However, with respect to standard

rehabilitation, patients are freer to move about and may compensate their motion difficulties

with parasite movements, which would greatly reduce the efficacy of the rehabilitation.

Figure 6.10 – A person playing the tangible Pacman game, with superimposed pose estimation
outcome.

Intuitively, the modifications to the rehabilitation exercises brought about by gamification

often allow for more freedom in the patient’s movements, and hence increased chances of

wrong motions to be performed. As an example, to bring the robot to the opposite side of
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the map, the person shown in Figure 6.10 can extend his right arm to its full length, which

is the desired movement, or tilt his torso forward and have a smaller extension of the arm.

In the latter case, the tilting of the torso is an undesired alternative movement allowing for

achieving the same goal, defined in the literature as compensatory motion [288, 289], that

greatly diminishes the effectiveness of the activity for rehabilitation.

The presence of compensatory motions is a well-known hindrance in the physical rehabil-

itation of patients: when asked to reach for a point in space to grab/push/hold something,

compared to healthy individuals, patients with mobility impairments tend to accommodate

the same goal via a different motion profile, taking advantage of unaffected body parts to over-

come the limitations caused by the affected limb (e.g in stroke patients [290] and in children

with CP [291]). However, excessively relying on compensation prevents progress and might

contribute to settling into undesirable limb movement synergies or inefficiencies in limb use

while, conversely, reducing compensatory movements such as using a trunk restraint results

in improved arm function [292]. Based on these considerations, it has been proposed that

neurorehabilitative interventions, which target functional recovery and are not primarily de-

signed to teach compensatory strategies, may lead to a more sustainable long-term reduction

of impairment [293].

As a consequence, detecting compensatory motions during gamified rehabilitation activities

and providing immediate feedback to the patient for the correction of such motions are

crucial features that need to be developed to maximise the efficacy of gamified rehabilitation

solutions.

In the literature, the approaches used to detect compensatory motions fall under either

camera-based or wearable sensor-based categories. Camera-based solutions include both

marker-based or markerless [294] human motion tracking, while solutions relying on wearable

sensors typically make use of accelerometers [295], IMUs [296] or even a kinesthetic sensing

garment employing an electrically conductive elastomer [297]. In [298], the automatic detec-

tion of compensation motions of patients is based on pressure distribution and a machine

learning algorithm is used to discriminate among no compensation, trunk lean-forward, trunk

rotation, and shoulder elevation.

6.3.2 Our Contribution

The work presented in here contributes to both of the goals outlined above, namely detecting

compensatory motions and providing immediate feedback to the patient for their correction.

We used the data of previously collected video recordings of healthy adults and chronic stroke

patients playing a number of variants of our tangible Pacman game to identify and characterize

the presence and type of compensatory motions occurring during the game.

The results of this analysis have been used to design and preliminarily validate a new version of

the tangible Pacman game which integrates the Cellulo robots and body-worn IMUs through
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ROS1. The new solution can detect compensatory motions in real-time and provide immediate

visual cues for pose correction to the player through the Pacman robots LEDs. It is worth

noticing that the proposed analyses and solution, although based on the tangible Pacman

game and the features of the Cellulo robots, can be easily generalized to any robot-based

upper-limb rehabilitation activity.

6.3.3 Detecting Compensatory Motions

Participants

10 elderly (older than 60 years) healthy individuals and 10 chronic stroke patients were in-

cluded in this study. As mentioned in Chapter 4, before the experiment, stroke participants

went through a pre-screening session and Fugl-Meyer Assessment Upper Extremity (FMA-UE)

is used to measure their sensorimotor function impairment levels as can be seen in Table

4.2. The study protocol was approved by the Cantonal Ethics Committee Vaud, Switzerland

(project number 2017-00765). All subjects gave written informed consent in accordance with

the Declaration of Helsinki.

Data Collection

Each subject played multiple runs of the game in sequence, with different configurations of

map type, number of ghosts and speed of the ghosts, while being video recorded with a frontal

camera in 30 Frames per Second (FPS). The collected videos were manually annotated with

the beginning and end of all game runs and broken down into smaller chunks, each capturing

a single run, tagged with metadata about the run configuration. From the dataset of game run

videos, we extracted frames at a frame rate of 2 FPS (empirically found to be adequate given

the typical speed of motion of players).

Finally, to ensure balance in the number of frames between healthy adults and chronic stroke

patients, we used data of equal number of participants from both groups, and we selected

approximately equal number of frames (600-700) of full game-plays for each player, spanning

various game configurations and difficulty levels, for a total of 6166 frames of chronic stroke

patients and 6689 frames of healthy elderly are used for the data analysis.

Computing Postural Angles from Video

Trunk displacement (such as trunk frontal tilt, trunk lateral tilt and trunk rotation) and shoul-

der tilt are the most observable compensatory motions that are occurring during upper-limb

exercises [299]. In this analysis, we focused only on shoulder tilt and trunk lateral tilt compen-

satory motions which are the ones that can be reliably detectable from a 2D frontal camera.

1https://www.ros.org/, accessed July 2021.

159



Chapter 6. Adaptations and Extensions for Therapeutic Games with Tangible Robots

A

B

Figure 6.11 – (A) Shoulder tilt (-30.2 degrees) compensatory motion of a stroke patient. (B)
Trunk lateral tilt (-13.6 degrees) compensatory motion of a stroke patient. Blue lines denote
the references used to compute the shoulder tilt and trunk lateral tilt, red lines denote the
player’s shoulder-to-shoulder segment and torso.

Shoulder tilt is defined as the angle between the shoulder-to-shoulder segment and an hor-

izontal line, while trunk lateral tilt is defined as the angle between the patient’s torso and a

vertical line. In our analysis, to allow for meaningful comparisons between right-handed and

left-handed players, we consider the absolute value of computed angles. As such, for all angles

and players, smaller values denote a better posture.

To compute the shoulder tilt and trunk lateral tilt of players involved in our study, from

each of the selected frames we extracted the upper-body player’s pose using the pytorch

implementation of openpose2 [300], see Figure 6.10 for example results of an overimposed

pose outcome. From the pose, we extracted the shoulder-to-shoulder segment and torso

segment (computed as the median line between the neck-to-left hip segment and the neck-

to-right hip segment), see Figure 6.11 for examples of these segments and the corresponding

angles in those specific instances.

2https://github.com/CMU-Perceptual-Computing-Lab/openpose, accessed July 2021.
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Figure 6.12 – (A) Shoulder tilt absolute angle values of all healthy adults and stroke patients.
(B) Trunk lateral tilt absolute angle values of all healthy adults and stroke patients. Chronic
stroke patients tend to have larger shoulder tilt and larger lateral trunk tilt than healthy adults.
In both cases, the difference is found to be statistically significant.

Compensatory Motions of Healthy Elderly Participants and Chronic Stroke Patients

In the analysis, we first compared the shoulder and lateral trunk compensations of chronic

stroke patients and healthy adults. A Mann–Whitney U Test indicated that there is a significant

main effect of having stroke, U = 14980255.0, p < 0.001, with chronic stroke patients having

a significantly higher shoulder tilt (MDN = 8.64, M = 10.61,SD = 8.48) compared to healthy

adults (MDN = 5.75, M = 6.59,SD = 4.91). Similarly, another Mann–Whitney U Test indicated

that chronic stroke patients have a significantly higher trunk lateral tilt compared to healthy

elderly, U = 18178879.0, p < 0.001, (MDN = 8.13, M = 9.58,SD = 7.17 for stroke, MDN =

6,86, M = 8.07,SD = 5.62 for healthy). See Figure 6.12 for these measures and Figure 6.13 for

the person-specific measures.

A number of considerations arise. Firstly, the inherent symmetry of the game encourages

people to stand straight and hover around low trunk lateral tilt. As such, finding significant

161



Chapter 6. Adaptations and Extensions for Therapeutic Games with Tangible Robots

EIS1 EIS10 EIS2 EIS3 EIS4 EIS5 EIS6 EIS7 EIS8 EIS9 HA0 HA01HA06HA07HA08HA16HA17 HAX HAY HAZ

5

10

15

20

25

30

35

40

An
gl

e 
(D

eg
re

e)
Shoulder tilt absolute values per patient

Stroke Patients
Healthy Elderly

A

EIS1 EIS10 EIS2 EIS3 EIS4 EIS5 EIS6 EIS7 EIS8 EIS9 HA0 HA01HA06HA07HA08HA16HA17 HAX HAY HAZ
0

5

10

15

20

25

30

35

An
gl

e 
(D

eg
re

e)

Trunk lateral tilt absolute values per patient
Stroke Patients
Healthy Elderly

B

Figure 6.13 – (A) Shoulder tilt of each participant. (B) Trunk lateral tilt of each participant. Red
bars refer to chronic stroke patients, while green bars refer to the healthy participants.

differences in trunk lateral tilt between healthy adults and chronic stroke patients can be seen

as a sign of the importance of taking care of such motions during rehabilitation. Moreover, as

can be seen in Figure 6.12, the mean value of each compensation in both groups is less than 10

degrees; we believe this might be also partially due to the controlled experimental environment.

In a home-based scenario, these values might increase and a feedback mechanism may all the

more be needed to warn the player.

Secondly, different people are differently impacted by the stroke. Hence, the data of chronic

stroke patients show a larger variance with respect to healthy adults, with lightly affected

patients showing similar mobility of healthy adults, and heavily affected patients struggling to

extend their arm or even grasp the Cellulo robot.

With this discrepancy in mind, we divided chronic stroke patients into two groups according to
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Figure 6.14 – (A) Shoulder tilt with respect to stroke level. (B) Trunk lateral tilt with respect
to stroke level. Heavily affected chronic stroke patients compensate more than less affected
patients with shoulder tilt. However, heavily affected chronic stroke patient compensate less
with trunk lateral tilt than less affected patients. Both patient groups compensate more than
healthy adults in both motions.
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their impairment levels as heavily affected patients (FMA-UE Score <= 43) and lightly affected

patients (FMA-UE Score > 43). Then, we first compared the shoulder tilt compensations

of each chronic stroke patient group with healthy adults. Both lightly and heavily affected

stroke patient groups have higher shoulder tilt compared to the healthy adults, U = 7790721.5,

p < 0.001 and U = 7189533.5, p < 0.001 respectively. Additionally, as we expected, heavily

affected chronic stroke patients have higher shoulder tilt compensation than less affected

patients, U = 4383910.0, p < 0.001. Please see Figure 6.14A.

When we compare the trunk lateral tilt compensations of each chronic stroke patient group

with healthy adults, similar to previous results, we found that both lightly and more affected

groups have higher trunk tilt compared to the healthy adults, U = 8594696.0, p < 0.001 and

U = 9584183.0, p < 0.001 respectively. However, contrary to our expectations, heavily affected

chronic stroke patient compensate less with trunk lateral tilt than less affected patients U =

4106916.5, p < 0.001 . Please see Figure 6.14B.

We believe that one of the game adjustable features, the size of the map, might be the cause

for this unexpected result in trunk compensation. As a matter of fact, games were played on a

large map (with orange walls, shown in Fig. 6.10), medium map or on a small map (with yellow

walls, shown in Fig. 6.11). While healthy adults played an equal number of games on large and

small maps, the maps to use with chronic stroke patients have been chosen by therapists in

light of their capabilities and ranges of motion, thus leading lightly affected patients to play

more on the larger maps and heavily affected patients to play more on the smallest map. Since

larger maps have larger lateral distance from the center to the corners, they allow for larger

compensation angles for the trunk. As a consequence, we hypothesise that the trunk lateral

tilt values of heavily affected stroke patient might be biased towards lower values.

6.3.4 Real-Time Compensatory Motion Feedback

System Architecture

The reported analysis confirmed the presence of compensatory motions, specifically highlight-

ing that chronic stroke patients, who are in greater need to correctly perform the rehabilitation

activity, do indeed compensate more than healthy adults. To tackle this issue, we implemented

a proof-of-concept real-time trunk lateral tilt assessment system, relying on a 9-axial IMU

integrated via Robot Operating System (ROS) with the Cellulo robots for on-the-fly feedback to

the player. We based our detection system on an IMU since it is more cost effective and faster

for real-time motion detection compared to a video based system. Additionally, the IMU data

is more reliable to detect 3D angles for future compensatory motion integration (e.g. trunk

frontal tilt) for people sitting in front of a table which is covering more than half of their body

view.

From a software perspective, the standard Cellulo Application Programming Interface (API) is

based on Qt where the Cellulo plugin is written in Qt Modeling Language (QML), a JSON-like
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declarative language [116] within the QtQuick framework, see Section 1.4 for more details.

To allow the use of the Cellulo robots by the broader robotics community, and its easier

interfacing with other devices and modules, we ported all of the functionalities of Cellulo

robots to ROS.

The final implementation includes:

• The CelluloRobot class, which provides the interface to one physical robot connected

through a Bluetooth v2.1 serial channel.

• The CelluloROS class, which inherits from CelluloRobot and provides the ROS inter-

face (subscribers, publishers and services).

• The CelluloROSNode class which creates CelluloROS instances and implements the

main loop managing the ROS/Qt threading.

Baseline selection

For a simple yet effective compensation detection, the system was built relying on a wearable

9-axis IMU motion sensor3 attached to the trunk to detect its pose. The data collected from

the sensor system are sent in real time to the robot controller via ROS.

To inform the player about compensatory motions, it is necessary to define what range of tilts

is acceptable and what is not. In line with literature, we define angle variations higher than the

75th percentile of the distribution defined by the healthy adults in our dataset as a threshold

of trunk lateral tilt compensation [301]. Hence, we defined trunk lateral tilt compensation as

any angle whose absolute value is greater than 10.92 degrees. In case of compensation, the

LEDs on top of the Cellulo robot used as Pacman light in red and stay red until the player has

corrected the posture.

6.3.5 Experimental Evaluation

We tested the proposed system with 5 healthy subjects. The subjects were asked to fix the

IMU to their torso (below the neck, on the clothes) and then were left free to play a run of the

tangible Pacman game to get familiar with the activity. Then, they were asked to watch the

video of a chronic stroke patient displaying high compensation and imitate the movements in

the following run (the test run). During the test run, we recorded a frontal video of the game,

as done in the previous study, as well as the IMU data.

As Figure 6.15 shows, the trunk lateral tilt extracted from the IMU data is tightly correlated with

the one computed from the video data, following the analysis pipeline described in Section

3https://mbientlab.com/metamotionr/, accessed July 2021.
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Figure 6.15 – Trunk lateral tilt calculated from video (blue) and IMU data (orange) for two
healthy subjects involved in the proof-of-concept evaluation. Lowest correlation belongs to
participant 2 (top left) with 0.81 Pearson correlation with mean difference of 4.33 degrees
(0.076 radians). Highest correlation belongs to participant 5 (bottom right) with 0.92 Pearson
correlation with mean difference of 0.26 degrees (0.0045 radians).

Video
Comp. No-Comp.

IMU
Comp. 87 74
No-Comp. 17 462

Table 6.2 – Confusion matrix between the video-based system and our proposed IMU-based
system. Number of detections are given in each case.

6.3.3, which encourages us to further test this system on other setups and propose it for the

real-time detection of compensatory motion.

Using the threshold for compensatory motion detection previously defined, we can com-

pare the performance of the video-based system with those of the IMU-based system in the

detection of occurrences of trunk lateral tilt compensation. Table 6.2 reports the confusion

matrix of our system. Using the performance of the video-based system as a reference, the

proposed IMU-based compensation detection system obtained a recall of 0.84 (84% of the

compensations detected by the video were also correctly detected as compensations by the

IMU) and a precision of 0.54 (54% of the occurrences labeled as compensation by the IMU
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were also labeled as compensation by the video). This result is encouraging since, to the

purposes of ensuring the efficacy of physical rehabilitation, it is important to maximize true

positives, (i.e. the patient made a compensatory motion, which is detected and notified by the

system) and minimize false negatives (i.e. compensatory motions not detected, and therefore

not corrected by the player) rather than false positives (i.e. correct motions wrongly detected

as compensations, that might lead the player to further straighten the posture).

6.3.6 Discussion

The work presented experimentally validates the presence of compensatory motions in chronic

stroke patients engaging in upper-limb rehabilitation activities. Our analysis revealed the

tendency of such patients to compensate laterally either by tilting the shoulder or the trunk, a

fact that might negatively impact the efficacy of the rehabilitation activity. To overcome this

issue, we propose a proof of concept real-time compensation detection system integrating an

IMU and the Cellulo system for our tangible Pacman rehabilitation game to provide in-game,

real-time feedback to the player through the robots.

We can identify a number of limitations, and avenues for future work, in the presented work.

Firstly, from a detection accuracy perspective, although the video-based analysis for the

detection of compensatory motions appears robust, we need to devise an experimental

setup allowing us to collect ground truth about players’ movements and their labelling as

compensatory motions by therapists. This will allow to assess the accuracy of both the video-

based system and, most importantly, the proposed in-game, real-time IMU-based system.

Additionally, besides trunk lateral tilt and shoulder tilt, another compensatory motion com-

monly occurring during upper-limb rehabilitation exercises are the trunk forward tilt and

trunk rotation. Future work should be devoted to enhancing the proposed IMU-based de-

tection system to allow for the detection of all such compensatory motions, while keeping

player’s comfort in mind concerning the number and placement of wearable sensing devices.

The current methodology used to determine whether stroke survivors have compensatory

motions is based on the data collected from healthy elderly. Although, methodologically it

provides a ground truth compared to the data of stroke patients, healthy elderly also have

large variability in terms of their movements and the data is collected from a limited number

of people. It may require to collect data from more healthy elderly in different demographic

characteristics to create a well-representative norm database. Further studies should also

be conducted with more groups of patients with different levels of impairments where each

group plays on the same-sized map and with same game configuration sets, to be able to

separate the effect of game elements on the compensatory motions from the effect of stroke

impairment level on the compensatory motions.

Lastly, future studies with chronic stroke patients as well as other patients going through upper

limb rehabilitation are needed to assess the impact of the real-time detection and feedback
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mechanism for different age and patient groups, and whether it is truly improving their posture

during the game and therefore the efficacy of the game itself towards the rehabilitation goals.

Such an adaptive system should also use the robot position data to detect the exact condition

the compensation occurs (e.g. the compensation occurs while Pacman is reaching the corners

or while it is on the central axis). This would also potentially highlight if the compensation is

due to the game or a relaxed wrong body posture. Detecting compensations resulting from

the design of the game would also provide incentives to make the game more adaptive by

e.g. reducing the reaching distance of the targets on the maps or using asymmetrical maps as

proposed in the Section 6.2 if the compensatory motion is too high even after the corrective

feedback.
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6.4 Enhancing Social Interaction in Therapy through Multiplayer

Games

This work is not yet published and is based on a collaborative research effort with Ph.D.

Candidate Hala Khodr, Barbara Bruno, and the jointly supervised student projects of Michael

Roust and Mehdi Akeddar, as well as the bachelor’s semester project of Victor Taburet who was

supervised by the author of this thesis. Within these works, the author of this thesis designed

and conceptualized the game modalities and user interactions, contributed to the design and

conduction of the experiments, and partially contributed to the implementation of co-located

activities.

6.4.1 Background

Psychosocial difficulties such as depression and anxiety may impact significantly the quality

of life and reduce the effects of rehabilitation. Psychosocial well-being can be enhanced

through the participation and engagement in meaningful activities beyond oneself, good

social relations and a feeling of loving and being loved in mutual relations, and self-esteem,

self-acceptance, usefulness and belief in one’s own abilities [277].

Therefore the social and adaptive aspects of a rehabilitation regime are key for patients and

must be considered when designing a therapeutic platform, especially for home rehabilitation.

To avoid isolation, which diminishes the appeal of a rehabilitation practice, social integration

is crucial.

Several multiplayer game strategies have been proposed as a promising approach to increase

the motivation of patients involved in rehabilitation therapy for cognitive and/or motor

impairments [71]. Incorporating social interaction through multiplayer games promotes

the enjoyment of the involved players where the additional player adds new possibilities to

the game environment, generally missed in single-player gaming against pre-programmed

challenges or autonomous agent opponents [70, 33]. The multiplayer game elements can

facilitate social interaction with modalities ranging from conversation to haptic interaction and

the integration of social interaction is thought to result in better engagement in multiplayer

compared to single-player gaming. Therefore, multiplayer gaming has high potential to further

increase the benefits of robot-assisted neuromuscular and virtual reality-assisted therapy by

providing social, cognitive and physical impacts [277, 71, 302].

In the design of such multiplayer games, the game modality determines whether the players

compete, cooperate or collaborate with each other, and this plays a crucial role in the accep-

tance and effectiveness of the activity. Player interactions in multiplayer games are generally

categorized into four human-human interaction modalities as follows [303, 302, 304]:

Co-activity: Involves a divisible task that either player can complete independently.
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Competition: Each player interacts with the other player to fulfill their own goal and ulti-

mately prevent the other player from fulfilling theirs.

Cooperation: The players work together to complete the common task but have different

roles (such as master-slave, or educator-student).

Collaboration: The players work together to complete the common task and are assigned the

same role.

Among them, especially competitive game modalities require players with similar skill levels

to prevent boredom and result in enjoyment with an adequate challenge level that might lead

to a flow state during the gamified therapy training [71, 305, 306, 258]. However, people who

do not prefer challenges and competition might feel frustrated, and therefore the collaborative

game modalities should also be proposed to not negatively effect the patients’ beliefs on

self-esteem, and beliefs in their own abilities.

Several studies addressed the added value of the various multiplayer game modalities in

rehabilitation therapies, by comparing a competitive to a cooperative mode, or comparing

both multiplayer variants to a single-player mode [70, 33, 307, 302, 71, 13, 14]. Some studies

also compared effect of the second player being a therapist, a friend or a stranger in multiplayer

gaming [307, 33].

Results showed that majority of the participants prefer playing a two-player rehabilitation

game instead of a single-player one, as they enjoy communicating and interacting with the

other person. However, the preferred game mode depends strongly on the interests of each

participant as well as their co-player[70, 33]. Therefore, in order to provide an effective therapy

practice promoting social interaction, games should create opportunities for various inter-

player interactions through multiple options of game modalities in order to adapt various

patients’ interests.

There is also evidence that, compared to playing against a virtual or mediated co-player, a

co-located co-player significantly adds to the fun, challenge, and perceived competence in the

game [308]. Therefore, for the possible scenarios within therapy centers as well in home-based

environments, enhancing the social interaction with co-located multiplayer games is needed.

Furthermore, patients who exercise together with an unimpaired friend or relative in home

environment are much more likely to enjoy some multiplayer modalities than those who

exercise together with their therapists[33]. Such multiplayer solutions have strong potential

for rehabilitation, as they result in higher enjoyment and exercise intensity than exercising

alone [33].
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6.4.2 Our Contribution

In light of previous research, we propose both co-located and online versions of our previously

proposed tangible Pacman game in order to enhance motivation and promote psychosocial

well-being through social integration in home-based therapy, and also to provide gamified

multiplayer rehabilitation at a distance. This allows relatives, children, and friends to connect

and play with their loved ones while also helping them with their rehabilitation together in

a co-located way or from anywhere in the world through the internet. The latter option is

especially relevant in view of the current social distancing measures which have especially

isolated the elderly population, a majority of all rehabilitation patients. Furthermore, our

proposed design also allows therapists to connect with their patients through the gamified

platform’s haptic linking and/or monitor their home-based therapy output online.

During our design processes of both co-located and online multi-player games, we adopted

multiple inter-player interaction modalities to adapt the game to each patient’s interests and

characteristics. Namely, we focused on competition, collaboration with semi-dependent

(which is a merge of collaboration and co-activity) and dependent user-interactions. We did

not introduce a specific cooperative version in our game variants, since the game rules can

allow for such a role division inherently; while players are communicating each other, they

can adopt a strategy such as one player taking the role of tricking the ghost while the second

player collects the targets in the semi-dependent collaborative mode.

6.4.3 Co-located Multiplayer Games

Adding a social aspect to gamified rehabilitation exercises can be an important motivator

to help patients to go through a rehabilitation process in a more entertaining way. This

interaction might take place in the therapy environment between the therapist and the pa-

tient, or in between patients within multi-patient therapy sessions. In order to enable this

social interaction within the same environment, we focus on two multiplayer versions of our

tangible Pacman game where we propose two distinct interaction modalities between the

players: collaborative and competitive. A pilot user study has been conducted to validate the

desired player interactions exist in both game modalities and the added value of the dynamic

workspace is explored for multiplayer gaming.

Added Value of the Dynamic Workspace to Multiplayer Games

Having a dynamic workspace that can be shaped in various ways provides several advantages

as discussed previously. First, being able to change the map of the game freely prevents the

game from getting repetitive. Additionally, the players need to design the organization of the

game space and this provides another challenge for both players to be creative to design a

strategy against each other.

Finally, specifically for the co-located multiplayer case, another advantage is to use the dy-
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Figure 6.16 – The dynamic workspace adapted for two players with different arm lengths
sitting side by side. The green line denotes the range of reach motion for the user on the left,
while the blue line denotes the range of motion for the user on the right, having a longer arm.

namic workspace to build asymmetric maps that could be used by several patients or one

patient with his/her friend or a family member at the same time to play together. The map

being dynamic, we can control the range necessary to play and adapt the side of each player

to his/her level. This argument is best described by Figure 6.16. As shown, by the map being

asymmetric, it can be changed to suit to players with different arm lengths and ranges of

motion which are indicated by the green and the blue lines.

Game Designs

We designed the co-located version of the tangible Pacman game with the dynamic workspace

(please see Section 6.2 for the design) to provide adaptive ranges of motion for each user

playing the game within the same workspace. Each player has his/her own Pacman robot

to collect the targets and an autonomous agent is present to chase the players with different

strategies. Similar to our previous applications, the speed of the ghost can be modified

directly in the application to adjust the difficulty of the game. Furthermore, the number of

apples lost upon the ghost catching either player can also be modified to adjust the difficulty.

Multiplayer game workspaces have to include two Pacman start tiles for the two players. Target

collection strategy depends on the collection rules specific to the selected game modality.

These modalities are:

Semi-Dependent Collaborative Game Modality: The simple extension of the single player

modality with two Pacmans where each player can collect any of the target apples. The
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collection rule is semi-dependent; if a player collects an apple, both players benefit

from it and each target needs to be collected only once by either of the players. Only

dependence of the players is that all the apples present on the map need to be collected

in order to win the game together. The ghost chases the closest player and the apples

lost upon the ghost catching any player ultimately penalizes both of the players as they

are working as a team. To prevent any frustration, the game is designed in such a way

that it is not possible to lose and get a game over. The players are penalized for errors

but the game continues indefinitely until it is won.

Dependent Collaborative Game Modality: Each player has their own Pacman robot but the

target collection rule makes the players dependent. In order to collect an apple, players

need to be positioned on the targets of the same color at the same moment. This makes

the collection harder overall as the team is now forced to be coordinated in their actions.

Naturally, the map needs to be designed with two copies of each apple tile. The ghost

follows the closest Pacman and as before, the ghost catching any player ultimately

penalizes both players. As before, the game cannot be lost and continues indefinitely

until it is won.

Competitive Game Modality: Players no longer work together to win but play against each

other. The goal of each player is to collect 6 apples before the other player. In this modal-

ity, there is a single apple that can be collected at any moment, whose color is indicated

by the ghost robot’s LEDs. Therefore, the players must pay attention to this color and

arrive first on that apple’s tile in order to collect it. This color is randomly chosen and

cannot be one of the colors of the tiles where the players are already positioned on. The

first player collecting 6 apples wins the game. In this modality, the ghost behavior is

changed: instead of chasing the closest Pacman, the ghost chases the player with the

higher number of apples collected. If players have an equal number of apples, the ghost

follows the closest player. When a player gets caught, only this player loses (an) apple(s).

Experimental Evaluation

In order to validate the player interactions with the developed games, a user study was con-

ducted with a total of 8 healthy young adults on one game map design, in 4 pairs of 2 players

each. Written consent to allow the displaying of identities in images and videos was given

from all of the participants whose identities are openly shown in the following figures.

The data related to the motions and game events were logged during each game: the target

collections over time and the total number of collected targets, ghost catch events, as well as

other conventional data such as robot kidnap events and the pose and velocity of each robot

over time. Again, as in the single player usability evaluation with the dynamic tiles (please see

Section 6.2.6), we extracted the following motion-related information for each player in each

game run:
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• Total number of tile crossings, representing the total motion of the user during the game.

• Total number of unique tiles visited, representing the total coverage of the workspace by

the player’s motion.

• Distance to the farthest tile reached, representing the maximum reaching distance of

the player.

We used these metrics to compare the different game modalities in order to investigate the

way they impact the motions and interactions of the players.

Effect of Game Modalities on Motion

Game Modality N

# Unique
Hextiles
Visited

# Hextile
Crossings

Farthest
Hextile
Reached

Semi-Dependent Collaborative 22 12.91 ± 3.25 21.82 ± 12.85 7.27 ± 1.93
Dependent Collaborative 32 13.16 ± 3.88 31.09 ± 20.12 7.88 ± 2.32
Competitive 28 11.75 ± 2.85 30.00 ± 11.43 7.50 ± 2.25

Table 6.3 – Data retrieved from the multiplayer user study in three different game modalities.
The reported values are the M ±SD across all players for all games (22, 32, and 28 data points
per game modality) played with the same game map composed of 32 unique tiles, including 5
forbidden zones and 2 × 6 paired apple tiles.

Motion related results are summarized in Table 6.3. We run Kruskal-Wallis tests to compare the

three modalities for each outcome. We found no significant difference for unique visited tiles

as well as for farthest tile reached. However, there was a significant difference in the number

of crossings across modalities, H = 8.6743,d f = 2, p < 0.05. To compare each pairs, we run

pairwise Wilcoxon Rank-Sum Test with Benjamini-Hochberg correction, it revealed that the

semi-dependent collaborative modality induces significantly fewer crossings than competitive

modality, p < 0.01. This might be due to more independent nature of the semi-dependent

modality, which tends to push players to collect the closest targets as soon as possible without

having a need for a multiplayer strategy, and the resulting motion is low.

High variance is observed in the total crossings of the dependent collaborative modality,

this might be due to the need a of consensus between players for the next target to collect

simultaneously while they also need to move around to run away from the autonomous agent,

which might result in extra motion. The amount of this extra avoidance motion would depend

on the quality and speed of this consensus, which would explain the higher variance in the

number of crossings in this modality.
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Figure 6.17 – Game scenes of the players in Semi-Dependent Collaborative game modality.
Each player is mostly collecting the closest targets on their side of the map without necessarily
interacting.

Figure 6.18 – Game scenes of the players in Dependent Collaborative game modality. Each
group is communicating and checking each others’ position to be on the same colored target
simultaneously.
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Effect of Game Modalities on User Interactions

We observed the user interactions between players during each game modality and we found

out that apart from serving people’s personal preferences, game modality also seems to affect

the interaction between the players.

The semi-dependent collaborative game modality did not seem to require or generate much

communication between the participants. We observed that every player tended to collect

apples mostly from their respective sides of the map and social interaction between players

were not necessary to complete the game successfully as can be seen in Figure 6.17. This result

could be due to the fact that all participants had full arm control and this game modality was

therefore rather easy to complete successfully.

Another observation was that the difficulty was generally higher in the dependent collaborative

game modality. Verbal interactions were revealed to be essential to successfully complete the

game since players cannot collect apples if they don’t agree on the next apple color that they are

going to collect simultaneously. Therefore, the game modality by its design seems to promote

more communication and interactions between the players. As a result, the enjoyment of

the game seemed in general higher compared to the semi-dependent collection modality.

Some potential factors behind this seemed to be the more challenging dimension of the game

modality that kept the players more engaged; they needed to check simultaneously the other

player’s robot (which needs to be on the same colored apple to earn points) and the ghost

(which needs ideally to be away from both players). Indeed, another potential factor is the

requirement to communicate in order to avoid the ghost while adapting the strategy to collect

the next target according to the ghost’s current position. Please see Figure 6.18 for the game

scenes where the players are checking each others’ position and trying to be on the same

colored targets simultaneously.

Participants seemed to generally enjoy the competitive game modality. The difficulty was

depending on the level of the other player and not only on the ghost parameters as in the

previous modalities. One factor that clearly impacts the overall enjoyment of the game is

the personalities of the players: some people being more competitive than others, this game

modality can suit more to them. Competitive participants seemed to be highly engaged into

this game modality and competition seemed to be an incentive for participants overall. Please

see Figure 6.19 for the game scenes where the players cheer upon winning.

Another interesting observation during the experiment was that some players adopted emer-

gent strategies against each other in the competitive modality, and against the ghost in the

collaborative modality. In the collaborative modality, in order to help their teammate, some

players attracted to the ghost by coming closer to it and allowing their partners to move easier.

In the competitive modality, as can be seen in Figure 6.20, one player waited until the second

player collected some targets and attracted the ghost. After the ghost came closer to the

second player, the other player collected the all the targets quickly and won the game while

the second player was struggling with the ghost.

176



6.4. Enhancing Social Interaction in Therapy through Multiplayer Games

Figure 6.19 – Game scenes of the players in Competitive game modality. Upon winning, the
winner cheers with some victory gestures.

Figure 6.20 – Game scenes of the players in Competitive game modality. The player on the
right hand side played the game with a strategy by waiting for the other player to collect targets
so the ghost started to chase her. Afterwards, he quickly collected all the targets while she was
struggling with the ghost and he won the game.

Discussion

Having a dynamic modular workspace in the co-located multiplayer games seems to bring

numerous advantages for both the enjoyment of the player and adaptation to the range of
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motion of the players. Even more, exploring different designs could be a motivation in itself

for the players. Advising different structures of map to play on can be a way to guide the type

of movement that will be trained according to the needs and capabilities of the each player.

The different kind of multiplayer interactions makes it possible to select a game modality that

suits players’ expectations, preferences and interests, considering that the modalities seem to

affect the motion and user interactions differently. However, the reader must keep in mind

that the exploratory study presented here was conducted with few healthy young participants,

and the data and the corresponding results are not representative of the targeted population.

For instance, for our participants competitive game modality was engaging, however, this

might not be the case for patients who do not prefer challenges. Furthermore, the comparison

of game modalities is done with only one single map design and this design might have a bias

for some of the game modalities. Therefore, this evaluation needs a controlled study including

games with all modalities played with several maps.

The interactions explored in this study are rather simple, are only based on observation and

don’t represent all of the scope of possible interactions that might occur during multiplayer

tangible games played within a training session, as well as within home-based therapy with

family members. Nevertheless, we find the results encouraging regarding the integration of

social interaction into our existing games.

6.4.4 Online Multiplayer Games

The current health situation related to COVID-19 is one major challenge for our society and

scientific research is not spared its repercussions. This research effort presents multiple online

adaptations of our proposed gamified training regime to alleviate some of the consequences

of this situation. The aim is to develop an online gaming platform to enhance the use of the

tangible robot based activities within the presence of social distancing measures.

With the goal being a form of gamified multiplayer rehabilitation at a distance, our focus

in this stage of design is to allow relatives and friends to connect and play with their loved

ones in need of therapy or exercise, while also helping them with their therapy or exercise

goals from anywhere in the world. The purpose of our proposed designs up to this point was

to easily allow these people in need of therapy or exercise have our system (Cellulo robots,

maps and activities) readily and physically available to them. However, their loved ones who

are at a distance may not have their own set of Cellulo hardware readily available to them.

Therefore, throughout this design process, a large emphasis has been placed on simplicity and

adaptability in the form of various user interactions through haptic links, virtual links and a

range of game modalities. This allows the persons not in need of therapy to still be able to play

together with their loved ones under therapy using only a laptop.
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Software Platform Adaptation

In this specific research effort, for the first time in this thesis, the development focus becomes

a virtual online game, in addition to a tangible game. Virtual games are indeed "video games"

in the true sense of the word, and a video game engine would benefit our effort in building the

virtual and online software elements. For this purpose, we choose the Unity Game Engine4 for

a number of reasons:

• Cross-platform, including desktop, mobile, web, gaming console and VR platforms

• Highly popular at the time of writing, with large pre-existing game developer base

• Key tools and plugins readily available, such as networking components

We integrated the Cellulo robot API as a plugin to Unity, which makes each connected robot

a usable game object with a virtual representation. We further benefited from the Photon

Engine5 to provide easy and straightforward real-time data exchange to enable online multi-

player gaming. Photon has strong Unity integration readily available, and allows the creation

of "rooms" to host game sessions where players’ data are synchronized in real time.

In the resulting game application, the player can either create or join an online game room

by entering the specific room name. Before the room is created, the master player chooses

the room features such as the game modality and parameters. The other players can connect

to the room through the standalone Unity game application or with a web link through their

internet browsers, which uses WebGL6 as a graphics backend and no extra software whatsoever

needs to be installed on a modern browser. After joining the created room, and specifying to

be ready to play, the master player starts the game for all players at same time.

As is the case in all of the designs presented throughout this thesis, also in this design, it is

key to obtain certain information from the players such as motion data. However, in this

instance, we have the advantage of being readily connected to online services. Therefore, a

cloud data logging module is integrated to the game that sends log files to a cloud storage

folder (Google Drive7 in our instance, which has readily available Unity integration), in order

to make it available for the therapists or researchers. Due to data privacy concerns, the log

module is made optional. At the end of the game, each player can optionally press a button

to send the data file to the cloud storage folder and an option is also available to allow the

automatic sending of the logs if desired. This allows to collect and synchronize logs from all

remote players, which would be challenging with a local storage-only method such as the one

we have used up to now.

4https://www.unity.com/, accessed July 2021.
5https://www.photonengine.com/, accessed July 2021.
6https://www.khronos.org/webgl/, accessed July 2021.
7https://drive.google.com/, accessed July 2021.
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Since the game is meant to promote social interaction, all of the designed versions of the game

are intended to be played together with a video chat session (e.g Zoom8), allowing participants

to communicate as naturally as possible. This allows them to for example discuss strategies in

collaborative game modalities, or playfully taunt each other in competitive game modalities.

Game Design Rationale

In the current online adaptations of the game, we integrated the previously proposed col-

laborative and competitive game modalities into the design to suit different interests and

personalities of the players, and to create different motion strategies. However, a second

important dimension to be considered exists, which is the tangible properties of the game.

In the current design effort, there are two distinct player sides to be considered separately in

terms of tangibility. First is the side of the patient or person in need of physical exercise. The

tangible aspects of our system allows an intuitive game experience for these people through

the rehabilitation training, and physicality key for invoking the actual exercise which is the

source of the rehabilitation benefits. Therefore, keeping the tangible gaming elements with

real robots and maps is essential for the affected person’s use.

The second is the side of the therapist or the affected person’s loved ones such as friends

or family who wish to play together to improve the affected person’s exercise benefits. As

stated before, these people are considered to be at a distance to the affected person given the

current circumstances, which makes it a design goal to allow these people to play in the most

convenient and readily available manner possible. Therefore, we envision two versions of the

remote interaction here to allow this second class of people to readily connect and play, with

or without the need for having the robotic platform on their side:

Virtual-to-Tangible: Envisioned for the loved one-to-affected person interaction, in order to

remove the need for the remote loved one to have the robotic platform available to them.

With the convenience of a single web link, we aim for the loved ones, who are likely

young, to be motivated and play more frequently with their affected relatives, who are

likely elderly.

Tangible-to-Tangible: Envisioned for the therapist-to-patient interaction, in order to preserve

the haptic link between the two parties even though they are remote. This link was

observed to be crucial for the therapist’s guidance of the patient, and was frequently

used during co-located therapy sessions described in the previous Chapters.

These two version are explained in detail below.

8https://zoom.us/, accessed July 2021.
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Virtual-to-Tangible Interaction

In this interaction, the affected person’s side is the tangible side of the game and the affected

person’s laptop computer acts as the main controller for the game where the robots are

connected. Static printed game maps are used in order to simplify the implementation and

focus only on the online gameplay. However, in theory, dynamic workspaces could equally be

used in a similar manner, if the affected person is able to build and decode the map layout.

Please see Figure 6.21A for an example game scene from the tangible side of the online game.

The patient controls the position of his Cellulo robot by physically moving the robot on the

printed map while the other robot(s) is (are) autonomous or controlled by a remote player.

The virtual representation of the game maps and all of the robots’ synchronized positions

appear on the screen of the patient (an example virtual representation appears as in Figure

6.22). LEDs on the robot also correspond to the colors of the robots displayed on the screen to

easily identify which robot has which role in the game. In order to be able to play the game,

after starting the game through the computer, the affected person does not have to follow the

screen but just interact with the tangible game workspace normally.

A B

Figure 6.21 – (A) Example scene from the tangible side where the patient is playing the game
on the physical map by controlling a Pacman. One of the other robots is controlled by the
remote player and the last one is an autonomous Ghost. (B) Example scene from the virtual
side where the remote player controls either a Ghost or the second Pacman depending on
the game modality. The virtual representation of the game map and all robots’ synchronized
positions appears on both screens.
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Figure 6.22 – An example virtual representation of the game map and robots on the game
screens of both players.

The remote player connects to the game either using a web link or through a local copy of the

game software. He/she remotely controls one Cellulo robot at a distance using the computer’s

keyboard (arrow keys) and can see the game map and the robots’ synchronized positions on

the screen, similar to the affected person’s screen. Please see Figure 6.21B for an example game

scene from the virtual side of the online game. In order to stop the remotely controlled robot

from exiting the physical game map, which could potentially cause it to fall from the edge of

the table on which the tangible game is played, the outer walls of the map are programmed to

totally restrict the movement if the remotely controlled robot is pushed towards an outer wall.

Since the virtual-to-tangible interaction modality allows it, we have designed two distinct

game modalities, which are competitive and collaborative similar to the co-located scenario.

In both game modalities, there are two teams: the Pacman(s) and the Ghost, who have identical

goals and game win conditions to our previous designs. Pacman(s) try to collect(s) all apples,

Ghost chases the Pacman(s) to catch and eat all their apples, game ends when all apples are

collected. To maintain an element of challenge, the total time to win the game is displayed

when the game is won, which is meant to challenge players to beat their record and replay the

game to try to beat it faster and faster. The game timer starts when a Pacman collects an apple

for the first time. Below, we explain each game modality:

Competitive Game Modality: The competitive game modality in virtual-to-tangible interac-

tion only requires 2 physical Cellulo robots on the tangible side. Here, the affected

person controls the Pacman and the remote player controls the Ghost robot remotely

via keyboard. As usual, the Ghost tries to stop the Pacman from collecting all the apples

for as long as possible. The game never ends with the affected person losing the game,

the timer simply runs unlimitedly until the affected person wins by collecting all ap-

ples. The software architecture of the competitive game modality in virtual-to-tangible

interaction can be seen in Figure 6.23.

Collaborative Game Modality: The collaborative game modality requires 3 physical Cellulo
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Figure 6.23 – The software architecture of the competitive game modality in virtual-to-tangible
interaction. Player 1 (affected person) controls his/her Pacman (in green, held by the player)
to collect the apples on the tangible side of the online game while Player 2 (therapist, family
or friend) controls a Ghost robot (in red) remotely via their keyboard on the virtual side of
the game. Game state and robot poses are displayed to the second player via the computer
screen. Player poses are synchronized over a Photon server and are optionally logged at a
cloud storage service such as Google Drive. A video chat session is enabled throughout the
game to improve social interaction.

robots on the tangible side. Here, both the affected person and the remote player

controls his/her own Pacman. They collaboratively collect the apples in the Semi-

Dependent modality and the autonomous Ghost robot chases the closest Pacman with

the shortest path algorithm. Again, as before, the team of Pacmans ultimately never lose,

and eventually win by collecting all apples. The software architecture of the collaborative

game modality in virtual-to-tangible interaction can be seen in Figure 6.24.
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Figure 6.24 – The software architecture of the collaborative game modality in virtual-to-
tangible interaction. Player 1 (affected person) controls his/her Pacman (the robot in green
and held by the player) on the tangible side of the game while Player 2 (therapist, family or
friend) controls another Pacman (the free robot in green) via his/her keyboard and together
they try to collect the apples. An autonomous Ghost robot (marked with stripes and in red)
tries to catch the closest Pacman. Game state and robot poses are displayed to second player
via the computer screen. Player and Ghost poses are synchronized over a Photon server and
are optionally logged at a cloud storage service such as Google Drive. A video chat session is
enabled throughout the game to improve social interaction.

Virtual-to-Tangible Interaction - Experimental Evaluation

A pilot experiment was held with healthy young adults to gather data and feedback on the

game. 10 participants, in 5 pairs of 2 players, played 2 to 4 games in both game modalities.

Every participant played on both the tangible side and virtual side of the game, at least twice

per modality. In total, 20 games in the competitive and 21 games in the collaborative modality

were played. The games were all played on a single large map to simplify the dimensions of

the experiment. In order to reduce the lag by improving bandwidth, the video stream of the

online chat was switched off and only the voice stream was left operational. Participants were
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all healthy individuals with ages ranging from 20 to 40 years old. The players were placed in

separate rooms and could only communicate through voice chat to simulate the conditions

that the game is intended to be played in.

Each game’s duration and number of times the Ghost catches a Pacman during a game was

logged, and participants were given a survey about their thoughts on the game at the end of

the experiment. The survey includes seven 7-Likert-Scale questions on enjoyment, perceived

usefulness and perceived collaboration (please see Table 6.4 for the questions) as well as two

open questions: (1) "Could you please share your comments on the game, game modalities and

interaction with the robots?" and (2) "Could you please share your comments on interaction

between players?"

Virtual-to-Tangible Interaction - Results

Highly positive feedback was received and participants found the online game modalities fun

and intuitive. The Likert-scale questionnaire results suggest that participants enjoyed the

game and perceived it as useful for gamified rehabilitation, home-rehabilitation and social

connection. They also gave positive responses in recommending this system to the elderly

people (see Table 6.4).

Question Average response

I enjoyed doing the activity very much 6.9

I am willing to do this activity again because I think it is somewhat

useful
6.1

I felt that we cooperated with the second user 6.4

I think that doing this activity might be useful for social connection 6.6

I would recommend this activity to the elderly to play with their

friends/grandchildren etc.
6.7

I think that doing this activity might be useful for arm rehabilitation at

home
6.7

It is possible that this activity could be useful to improve the rehabilita-

tion process of friends/family
6.4

Table 6.4 – Qualitative survey results from the 10 participants on a 0-7 scale, 0 being "Not at all
true", 7 being "Very true".
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Number of times

comment was made
Comment

4 "Intuitive and user-friendly interface"

4 "There is a lag on the virtual side"

3 "Great approach with the two different game modalities"

3 "Interaction with the robot felt natural"

3 "Competitive modality was the most fun"

3 "Should add rules for penalizing trespassing walls"

2 "Ghost speed should be adjustable or dynamic"

2 "Integration of physical map and game was seamless"

1 "Robot manipulation shows its potential use for rehabilitation"

Table 6.5 – Summary of the participant responses to the question: "Could you please share
your comments on the game, game modalities and interaction with the robots?"

Number of times

comment was made
Comment

4 "Had much fun laughing and playing with friends"

2
"Collaborative modality encouraged communication and group

coordination"

1
"Interaction through both the game and voice chat bring players

together and enhances both game modalities"

1 "Enjoyed the nostalgic feeling of playing Pacman"

1
"Adding a video stream and displaying player names would im-

prove social connection"

Table 6.6 – Summary of the participant responses to question: "Could you please share your
comments on interaction between players?"

A summary of the participants responses to open ended questions are shown in Table 6.5

and Table 6.6. Apart from the positive comments, participants did also mention room for

improvement. It was observed that there was a lag recognizable by some of the remote players.

Furthermore, several players commented that inner walls of the map should serve more than

just a visual purpose and penalties for traversing them should be added. The comments also

highlight that the Ghost was too slow at times while controlling it remotely. Our configurable

game elements designed in the previous Chapters (adjustable Ghost speed, wall crash penalty)

have the potential to address these shortcomings. Finally, the lack of the video stream that

we had to disable in the realistic experiment setting was noticed by one participant. This

highlights the need for possibly a dedicated and optimized video stream channel that allows

for lag-free gameplay instead of an "off-the-shelf" video chat service such as the one we used.
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On average the competitive games lasted 47.2 seconds (SD = 29.1 seconds) while the collabora-

tive games lasted 40.3 seconds (SD = 31.9 seconds). Cooperative games have understandably

the tendency to be shorter than competitive games since the two Pacmans in collaborative

version can collect the apples faster than single Pacman in the competitive version.

In the competitive modality, players controlling the Pacman got caught 0.36 times per game

on average whereas this value is 1.61 for the collaborative modality. This can be explained by

the fact that remote players had trouble evading the autonomous Ghost despite its movement

speed having been set to be 10% slower than that of the remote player. On the other hand,

players controlling the Pacman by hand were observed to quite easily outrun the Ghost.

Imposing speed limits or adaptive Ghost speeds might improve this issue in the future. Another

explanation for getting caught by the Ghost more often is that there are 2 targets for the ghost to

catch, instead of one. Another possible reason might be the limited Ghost speed in competitive

games which does not allow for the remote player to catch the Pacman easily, since the Pacman

is manually controlled without a speed limit. This issue can potentially be solved by using

adaptive ghost speed for the remote player which is proportional to the speed of the Pacman

on the tangible side.

Several emergent strategies and behaviours were discovered and adopted by participants

during the gameplay to improve their performance. Some pairs played the game and tried not

to cheat, whereas other players used all exploits available. Moving the robot by hand at much

higher speeds than the robots can reach alone by their locomotion (around 180 mm/s), made

games easy for the player on the tangible side. In one instance, the player on the tangible side

kidnapped the robot and placed it on the other side of the map in order to avoid the Ghost,

resulting in an apparent illegal teleportation of the robot on the game screen.

Another interesting strategy was to defend an apple by blocking the Pacman’s path. It went as

far as even standing still on top of an apple, completely preventing the Pacman from picking

it up. Some players controlling the remote Ghost enjoyed cheating by trespassing the walls

which helped to compensate for the slower motion of the Ghost robot.

Tangible-to-Tangible Interaction

In the tangible-to-tangible interaction, each user is required to have the Cellulo hardware, i.e a

printed map and a physical robot, on their side. As a result, each player controls their robot by

hand and follows the game on the screen. Please see Figure 6.25 for the envisioned software

architecture of this interaction modality. Since the rationale behind the tangible-to-tangible

interaction is to feel the behavior of the affected person by the therapists, we implemented a

collaborative game modality by haptically linking the two players who have the common goal

of collecting all of the apples.

The game starts with the 2 Pacmans belonging to the two players in random positions. At

the first stage of the game, the players don’t see each other on the screen and must find their
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Figure 6.25 – Software architecture of the online game in tangible to tangible interaction. Two
players control one Pacman each and play collaboratively to collect all apples. The two players
must find each other and meet on top of an apple to collect it. As soon as players are close, they
are “haptically linked”, i.e their robots are drawn to one another. Player poses are synchronized
over a Photon server and are optionally logged at a cloud storage service such as Google Drive.
A video chat session is enabled throughout the game to improve social interaction.

teammate. Here, the idea is to make use of the haptic feedback feature in order to enable

this, for which two distinct methods were implemented: (1) Vibration intensity indicates how

far we are from our teammate, and (2) An increasing force feedback in the direction of the

teammate to indicate their position.

Once the players find each other, the second phase of the game starts: A haptic link is created

between the two players, which constrains their movements by drawing their robots to one

another, as if with a “virtual spring”. With this link created, the players have to collect the

apples on the map, while keeping their link. The targets cannot be collected if the link is not

yet created or is broken afterwards by moving too far away from the teammate (which lets the

game fall back to phase one).
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6.5. Conclusion

Tangible-to-tangible interaction is not yet tested with healthy or patient groups since there is

an ongoing development of the system to minimize the lag of the robot position synchroniza-

tion across the players. Indeed, the lag is present and was noticeable during our preliminary

experiment on the virtual side of the game. With the current state, the haptic linking has

too much delay to be informative and usable over the internet. A new type of competitive

modality should also be implemented for the tangible-to-tangible interaction. A promising

direction is that each player feels the other’s direction but the one who collects more apples

wins the game.

Discussion

In view of the current health situation linked to COVID-19, it has become necessary to think

about alternative online solutions that would allow to continue rehabilitation training or

socially enhanced home-based therapy in order to obey the social distancing measures. The

proposed game is intended to be used as a form of socially enhanced gamified rehabilitation

and would allow patients to perform their training while playing and interacting with friends

or relatives over the internet.

The proposed online framework was designed in a modular way and preliminary tests were

done with the virtual-to-tangible interaction modality to collect feedback from healthy adults.

Although the platform received several positive responses, it needs further improvements to

be suitable for testing with target groups. There is also a need for an iterative design process

with therapists before being able to test the system in home environments.

Further improvements include cheating detection, crash penalty rules, robot kidnapping

penalty rules, adaptive speed integration for the remote player, and integration of haptic

assistive feedback. Most importantly, the position feedback lag in either side of the game must

be eliminated, which may be due to extra network layers in the messaging protocol.

6.5 Conclusion

In this Chapter, we introduced a number of adaptations and extensions to our tangible thera-

peutic Cellulo games. Specifically, we designed and developed methods to:

1. Make our workspaces adaptive by changing the static structure of maps into dynamic

with rearrangeable tiles, which makes the map design phase available to users, provides

adaptive ranges of motion, reduces repetitiveness and enhances co-located multiplayer

games.

2. Extended our system with a low cost off-the-shelf wearable IMU sensor and a cor-

responding simple data-driven algorithm to detect compensatory motions that are

harmful to therapy and to give real-time feedback to the patients when these occur.
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3. Expanded our game design with co-located and online multiplayer game variants with

various inter-player interaction modalities, which incorporates local and remote social

interaction into our therapy and exercise regimes, remote interaction being particularly

valuable in the times of social distancing rules.

These adaptations and extensions were done at a proof-of-concept level and limited pilot

studies were conducted as an experimental verification first step. These studies were mostly

conducted with healthy young participants in order to speed up the participant recruitment

process, and therefore they do not reflect the performance and results that would normally

be obtained from patients or aging users. More importantly, an iterative design process that

involves the key stakeholders is first required for these adaptations before they can be tested

for hard performance. As we argued for before, the our target groups for these extensions

(stroke patients, children with hemiplegia etc.) warrant iteratively designing the applications

with the domain’s professionals and people from the target groups for the risk of adoption

failure. These designs and following experimental evaluations are left as future work.

Another essential further improvement of the current proposed multiplayer games is the

adaptation of the task difficulty to each individual in order to facilitate a balance between the

patients and their healthy opponents. In gamified rehabilitation environments, this adaptation

is an important challenge due to the large variability in cognitive abilities and motor skills.

Therefore, it is crucial to test the systems with the target groups while they are playing against

healthy opponents and understand how to manipulate game conditions to balance the skill

levels of players and enable multiplayer gaming across affected and non-affected individuals.
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7 Conclusion

7.1 Retrospective and Scientific Contributions

In this thesis, we presented the design and development of tangible robot-enhanced gamified

activities for therapy and training. We performed multiple supervised validations and evalua-

tions of the system with various adapted sub-components, including user studies with these

sub-components with real target user groups. This provided us valuable insights and results

on how the proposed solutions can be integrated into the real world therapy and assistance

environments.

Following an iterative approach, we interleaved design, development and real world testing

in multiple steps involving 7 different therapy centers, hospitals or units in 5 different cities

and 2 different countries. This allowed us to adapt our system to the different therapy settings,

cultures, as well as patients and other affected persons with a range of neurological difficulties

and impairment levels. We would like to note here that, in addition to following iterative

design processes within individual research efforts wherever possible (design for children with

NDDs, design for stroke patients), the overall structure of this thesis also corresponds to an

overarching iterative design effort, revisited below.

In order to realize our effort, we began with an examination of the key factors that a technology-

driven approach should provide for an effective, well-adopted solution that is successfully

integrated into a therapy and training environment: namely, affordability and accessibility for

easy integration into therapy, active participation with voluntary movements for acceptable

training outcomes, high engagement for the continuity of the process, providing data-driven

monitoring of the performance for being able to measure training outcomes, adaptability for

different users and environments and finally providing precise, intense, repetitive exercise for

improved training outcomes over time.

Then we explored the state-of-the-art of technologies developed for therapy and training of

stroke patients, children with hemiplegia and the elderly. We stated our observations of the

characteristics of technological approaches regarding what is shown to be the added value of
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the proposed technological component to therapy and training. Based on these added values,

we determined the main features and characteristics that technologies aiming to contribute

to the key goals of a therapy and training system should possess. These characteristics, which

have been the driving force behind our design choices for the rest of our efforts, can be

revisited as follows:

• Easy setup and use, low maintenance, low cost

• Intuitive interaction, high usability

• Meaningful tasks

• Enjoyable gamified elements

• Intelligent behaviors

• Precise sensors for motion monitoring

• Easily adaptable and programmable elements

• Automation, repeatability

Following these characteristics, as our main research direction, we proposed the use of the

Cellulo platform for tangible robot-enhanced gamified therapy, as this platform readily sup-

ports some of our essential features (usable, low cost, intuitive, precise monitoring capabilities,

programmable, repeatable), and allows the design of activities that extends this support to

cover the rest of the essential features (designing meaningful tasks, adaptation, gamification,

intelligent behaviors).

The origins of the Cellulo project are rooted in educational robotics, and a natural direction for

us was to approach the idea of exploring uses of these robots within the school environment

and in a learning context. Given the tabletop and paper-supported nature of Cellulo, we

decided to target handwriting, a task where motor and cognitive difficulties can have large

negative impact on student success and also a crucial activity in therapeutic sessions of

children with NDDs. Therefore, in Chapter 2, we designed and developed tangible robot-

mediated gamified handwriting activities by iteratively refining, testing and integrating the

system into different therapy environments with the feedback of teachers, therapists and

children. We first brought our system to a school and tested it with 17 children as a multi-child

handwriting learning activity. Then, we integrated the activity into a therapy context with

6 multi-child occupational therapy sessions in 2 different therapy environments, involving

12 children with NDDs. Results showed that tangible haptic-enabled robots can be a useful

and powerful tool to conduct handwriting training to teach letter ductus and graphemes in

multi-child special education or therapy environments.

The effective integration of a robot-assisted solution into different occupational therapy

environments demanded variants of the system with adaptable activity content, flow, duration,

192



7.1. Retrospective and Scientific Contributions

game content, number of robots working synchronously, and evaluation tests, which we

successfully developed. These adaptations ensured the consistency and overlap of the learning

goals determined by the therapists and the learning goals of the activity, as well as adequate

engagement of the different groups of children, while fitting into the typical timeframe of an

occupational therapy session.

During this research effort, we showed the potential of Cellulo in addressing problems as-

sociated with visio-motor coordination in children with NDDs. We observed that children

with some of these disorders (such as CP) also suffer from motor impairment and typically

also require dedicated physical exercise as part of their therapy, which shares very similar

types of tabletop exercise regimes to the gross letter writing process that we used. Based on

the results and lessons learned from this work, we observed that haptic-enabled tangible

robots used in such gamified activities have strong potential in improving upper limb physical

therapy processes, by providing exercises in an enjoyable and motivating way. Therefore, in

Chapter 3, we extended our target group pool with patients going through physical upper

limb rehabilitation, such as children with CP, children with BP injury, and stroke survivors.

This let us extend the scope of our application domain with physical training, with also an

adult patient cohort.

For this purpose, we developed a novel upper limb rehabilitation game with haptic-enabled

tangible robots, named the Tangible Pacman Game and iteratively brought it to a usable

state with diverse stakeholder groups within 4 different therapy environments in 2 different

countries, involving stroke patients and children with hemiplegia, aged 3 to 77 years. Our

game features tunable elements that are easily accessible to therapists, which we have shown

to have desirable effects in adjusting the game to the impairment level of the patients. The

acceptance of the systems by the patients and therapists was high and we were able to adjust

the game difficulty for most of the patients. Furthermore, we showed that our game elements

(assistive haptic stimulation, zone entry penalty, variable number of autonomous agents

with variable speeds) were able to affect performance outcomes from the patients (motion

accuracy, total motion, time spent). This reusable game formed the basis for many of our

further studies, with which we expanded the scope of our research.

At the same time, these iterations within the therapy centers revealed that some stroke patients

do not prefer the gamified modality due to the challenging nature of the game. This made

us question the concept of gamification, what it implies, and how it concretely affects the

motor performance output. Therefore, in Chapter 4, we investigated the effectiveness of our

previously designed gamified solution on the motor performance and training preferences of

chronic stroke patients, via a controlled study design. Here, our main focus was uncovering

the effect of gamification as a whole training modality, by comparing it with a non-gamified

version of the same proposed activity as a control.

Results from the data collected from 10 chronic stroke patients showed that gamified training

yields more controlled motion (i..e, smoother, more accurate and slower movements), and

193



Chapter 7. Conclusion

yields higher instantaneous motor performance overall. Gamification’s effect on skill transfer

was similar, resulting in more controlled motion (smoother and slower) in tasks that resemble

those of daily life. Although there was no specific effect of gamification on the performance

improvement compared to non-gamification, overall training with our robotic platform im-

proved the motion accuracy over time, as well as the accuracy in one of the skill transfer

activities. Furthermore, we showed that the effect of gamification was different in patients

with different impairment levels: Gamification enhanced the performance of the less impaired

patients more, or, in other words, less impaired stroke patients benefit more from our gamified

training.

Among the 10 participants, 6 preferred gamification, 2 preferred non-gamification and 2

preferred to have both options with the same reasoning that gamified training is more chal-

lenging, needs more attention and focus and is thus not suitable for all times and moods. The

enjoyment and perceived usefulness of the system was high for both modalities, as revealed in

questionnaires. During our experiments, our adaptive features were successfully used for each

of the 10 chronic stroke patients: we adapted the training maps for various ranges of motion,

game configurations and rules for patients’ abilities, and the robot attachments for aiding

patients to grasp the robot. These results highlight the importance of personalization, adapta-

tion, and having a range of available configurations for robot-enhanced training interventions.

We believe that this statement can be generalized to any gamified intervention.

In these efforts, multiple therapists emphasized that our system has high potential to translate

into an efficient, easy to use and intuitive motor training tool for older persons who naturally

start losing motor function due to age, but are otherwise healthy. Having showed the effect

of our gamified activity on certain motor performance outputs from stroke patients, who are

typically an older population, we decided to capture the opportunity to extend our target

user scope with aging users in Chapter 5. Our aim here was to promote healthy aging with

our robot-enhanced activities and show the effectiveness of the training by assessing motor

performance and skill transfer outcomes. 18 elderly participants and 18 young controls trained

with our system and our analyses showed that the training effectively increased the motor

performance of the elderly over time. The motor learning gains also translated to skill transfer

tasks resembling daily life activities. These results show the effectiveness of our proposed

robot-enhanced training as a tool for healthy aging.

Most of the game elements that we used had similar effects on both age groups. However,

age-related differences did exist in some of the accuracy-related conditions and similar results

were found in the literature, showing that older adults are more reluctant to make mistakes

and that they put more importance to responding accurately than to responding quickly. This

highlights an important design lesson, i.e., the fact that, given a game targeting motor function

training for healthy aging, it is crucial to provide a wide range of configuration options offering

several game elements and rules, that focus on the speed and the accuracy of the motion

separately.
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In the above-mentioned Chapters, the added value of each adaptable feature (different maps,

game elements, robot attachments) contributed to our successful integration into the targeted

environments. However, we found that there was still a need and also an opportunity for

further adaptations and extended features in order to increase the potential effectiveness and

acceptance of our system by various target user groups and various scenarios that we had not

considered before. These adaptations and extensions are described in Chapter 6.

The first of our extensions was to design and develop dynamic workspaces for Cellulo robots

with rearrangeable hextiles, which allowed for rapidly designing the workspace itself as part of

the activity. This dramatically increases the adaptability of our previously proposed training

system, both from a physical (range of motion, exercise type) and cognitive (game difficulty)

perspective, since the workspace setup can become a game in itself. The pilot experiment

indicated the initial feasibility of the proposed solution and its compliance with some of our

motivating objectives.

Then, we focused on integrating other promising and lightweight technologies into our ex-

isting robot setup. Specifically, we tested the use of wearable motion sensors for detecting

compensatory motions, i.e motions that are parasitic and harmful to the upper limb exercises

that our system addresses. We experimentally validated the presence of compensatory mo-

tions in chronic stroke patients and characterized these motions according to the impairment

level. On top of this, we developed a data-driven real-time feedback mechanism that we

integrated into our existing setup, in order to reduce these motions during therapy.

Finally, we explored multiplayer games with our system in order to exploit the benefits of social

interaction on motivation and engagement with the therapy and training exercises. We showed

that it is feasible and practical to play co-located tangible desktop games with dynamic tiles,

where it is possible to adapt to different ranges of motion and abilities of different players in

the same workspace. We also developed online versions of our game to facilitate remote play,

blending tangible interaction (on the affected person’s side) with conventional interaction (on

the therapist’s or family member’s side), which let our application bring social contact and

interaction even in distance settings. Initial pilot experiments for these co-located and remote

designs generated several positive and motivating responses in questionnaires.

In this thesis, we aimed to strike a balance between exploration and exploitation. From the

exploration side, this approach led us to iteratively design and successfully introduce and

adapt tangible-robot enhanced activities into real world therapy environments. In these

environments, we tested our interventions with real target user groups where we observed

high acceptance from both the affected persons and the domain professionals. From the

exploitation side, we designed and conducted controlled studies, numerically showing the

actual effect of our interventions on real target user groups. In total, the designs in this thesis

(including our ongoing works) touched 122 healthy participants, 96 participants from real

target user groups (child and adult stroke patients, children with hemiplegia and/or NDDs,

and elderly) and 18 domain professionals.
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Having revisited the work in this thesis, we would like to come back to the five environmental

dimensions [29] identified in the Introduction, and note how this work fits into them:

Availability: We showed that our designs can fit the time and space limitations typically

encountered in therapy environments. Our games can be played in short therapy

sessions without losing significant setup time and can be ported easily to any table of

any room.

Accessibility: We designed every activity with high degree of usability as a goal, and showed

that affected persons and therapists can easily understand, manage and intervene into

the various aspects of the activity. In a sense, our overall system combines the training

possibilities offered by complex robotic devices with the accessibility of consumer

electronics.

Affordability: We used only low cost technologies, whose designs were easy and quick to

configure, from the start. Our own incremental designs continued this trend, using

only highly available, low cost, off-the-shelf devices and materials (laptop, paper, video

camera, wearable IMU).

Accommodability: Thanks to one of our biggest efforts in this thesis, our system is highly

adaptable to a large range of disorders and conditions causing motor function impair-

ment and deterioration. We performed upper limb training with young and elderly

affected persons under a wide range of circumstances, and showed that our system is

effective.

Acceptability: We chose a highly usable robotic platform that does not invoke an industrial

feeling, and we designed relatively "casual" non-invasive games around this platform.

We received positive feedback from many of our affected participants, and from profes-

sionals who noted the potential of our system to successfully be introduced in homes.

Although we used a very specific robotic platform for showing how tangible robot-mediated

therapy and assistance can be accomplished, we believe that most of our findings are not

limited to the distinct platform that is used and that the lessons learned in this thesis can be

applied to technologies or robots with similar characteristics. Indeed, the requirements of

therapy and assistance, and what people in this domain want from assistive technologies, are

likely to be universally valid: high usability, high adaptability, high effect and low cost. Any

technology that will be developed for this purpose will have higher chance of success if it

addresses each of these requirements.

Lastly, we would like to revisit our research questions and note how the work presented so

far contributes to them. Our ultimate research goal was to iteratively design tangible robot-

enhanced gamified activities for therapy and training of multiple target user groups and

measure their effectiveness while answering the following research questions:
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1. How do the design and components of a tangible robot-enhanced gamified activity

affect the training outcomes and contribute to therapy and training?

2. How can the design and components of a tangible robot-enhanced gamified activity be

adapted to different target user groups and therapy environments?

Throughout Chapter 2 and Chapter 3, we iteratively designed the proposed activities, later

reprising the design effort in Chapter 6. In each Chapter, we discussed in detail the added

values of therein presented system components and showed their effect on the outcomes. We

adapted certain components of the system, proposed new ones as extensions, and presented

how they helped tailor the activity for different user groups and environments.

Beside the evaluation phases included in the iterative design process, we performed more

thorough experimental evaluations in Chapter 4 and Chapter 5 to measure the effectiveness

of the activity in controlled studies with several research questions on different dimensions of

effectiveness. During these studies, we designed our research questions in line with our main

research questions, specifically investigating how gamification and specific game elements

affect the training outcomes. Similarly, within each experimental session of Chapter 4, we

adapted several components to each stroke patient.

Based on our findings to our research questions, and in light of our failures and achievements,

our take-home messages for activities designed for upper limb therapy and assistance are:

• An activity should be highly varied and adaptable:

– In terms of the content for the varying objectives of different therapy session, or

varying teaching strategies of different therapeutic environments.

– In terms of roles available to users in multi-patient settings, for example including

active and passive roles, as well as leader and follower roles.

– In terms of covered ranges of motion.

– In terms of available intelligent behaviors, adjusted and/or adjustable according

to the cognitive level of players.

– In terms of activity duration in case of attention loss or fatigue of the user.

– In terms of repeatability of the whole activity or the sub-activities

• Especially in the occupational therapy of children, multi-patient settings should be

available. For that multiple synchronized robots and/or workspaces with synchronous

activities might be necessary.

• The activities tailored for the elderly should propose both accuracy and speed-focused

rules, to accommodate for them being reluctant to make mistakes. For example, when-

ever speed is the focus of the training, the corresponding rules should be free of accuracy

requirements.
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• Gamified activities should also propose non-gamified or minimally gamified variants,

for patients who do not like games and competition, feel overwhelmed or are not looking

for a cognitively demanding challenge.

• Active intelligent agents play an important role in training outcomes. For activities

proposing autonomous opponent(s), the number of agents should be adjustable, includ-

ing zero opponents as an option for patients who do not like challenge or competition.

• Activities should monitor a variety of movement characteristics and calculate appropri-

ate metrics that are in line with the therapeutic goals of patients, in order to properly

assess and track the patient’s performance over sessions.

• When stroke patients are concerned, their unique grasps must be accommodated

through more sophisticated designs when they are required to hold a robot or tool.

• Maximum activity duration, including the setup time, should comfortably fit into the

time frame of the therapy sessions which is found to be around 40 minutes.

7.2 Limitations and Challenges

Robot platform and adaptations

The iterations throughout this thesis were done under the reasoning that the iterative design

methodology improves the integrability of the system within various environments. However,

the amount of the improvement may be constrained by the original design or the capabilities

of the robot. In this thesis, we focused mostly on the iterative design of the activities and,

partly, on improving the capabilities of the robot platform (such as dynamic workspaces,

software architecture and development for online multiplayer games). However, an iterative

design round should also be applied to the design of the next versions of the robotic platform,

in order to capture the emergent opportunities in improving the technical capabilities of the

robot.

Although the platform was capable of providing a part of 3D upper limb motions, the Cellulo

robots can ultimately only operate on 2D planes. As such, some of the upper limb motions

such as shoulder vertical extension and flexion could not be trained. Again due to being

limited to a tabletop scenario, another challenge was the limited range of motions provided for

some of our target motions such as shoulder abduction and adduction. Future research should

focus on designing 3D structures to promote multi-level vertical activities with multiple maps

that have targets in each level.

One of the inclusion criteria for our studies was being able to move the robot, and holding

the robot or being able to push the robot towards a direction was difficult for severely im-

paired patients or patients with high spasticity in hand. Due to this limitation, we could not

test the system with these groups, therefore the robot design can be improved with a more

sophisticated and graspable body.
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For some patients who were able to hold the robot, the strength of shoulder muscles were

too weak, which caused them to apply too much force vertically on the robot. Although they

were able to move the robot and play the game, the force applied on the robot increased the

friction, which decreased the smoothness of their robot manipulation. In order to overcome

this issue, we designed and developed a touch sensor-based mechanism and integrated it into

our system (see Figure 7.2A) to estimate the applied force by the user and adapt the amount of

backdrivability assistance given by the robot (This work was a collaborative effort with Hala

Khodr, Soheil Kianzad and Wafa Johal).

Figure 7.1 – Unique grasps of stroke patients due to high spasticity.

A B

Figure 7.2 – (A) Pressure sensor attachment design. (B) Example where the attachment is not
measuring the grasp at all due to sensor positioning and high spasticity.

Our adaptation attempts with this touch sensor attachment failed completely during our

tests with stroke patients. They typically were able to hold the robot with unique grasping

gestures in limited ways as their spasticity can allow, as can be seen in Figure 7.1. Due to

these unique ways of grasping and the fixed touch sensor positioning in the attachment, we

failed to detect the pressure applied by the user’s hand as this limited grasp position does
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not touch any of the sensors, as can be seen in Figure 7.2B. Thus, there is a need of a higher

resolution grid-based pressure sensor covering the whole possible grasping area of the robot,

or a smoother mechanical bearing design within the wheel drive, or ideally both.

Due to the locomotion design of the robot, only 1 N of force can be applied towards any

direction in the best case, i.e when the user does not push down on the robot at all. To improve

this situation, a smoother and better locomotion design within the wheel drive, as well as

simply more powerful motors are needed to be able to produce more force output from the

robots. This will allow us to explore active assistance to patients who normally have high

difficulty in moving the robot.

Finally, although we proposed multi-user versions of the system, they need extensive iterative

user study cycles to discover their effectiveness. Current versions are limited, since the design

is not considering the unbalanced abilities of the players; the challenge might be high and this

can frustrate the patients while the healthy or skilled player might be bored due to not being

challenged enough. In order to allow for effective rehabilitation as well as engaging gameplay

for both sides, multiplayer adaptation strategies should be applied.

Clinical validity

One of the big challenges for technology-enhanced interventions for therapy is building

clinical credibility. Despite the existence of several reviews on the potential of technology-

supported solutions for multiple neurological conditions, results about the effectiveness can

be inconclusive due to several reasons such as the small participant size, and high variability

of the targeted user groups. Although we have shown promising results with targeted user

groups, this limitation in the field is also present in our validations. The control of variables

such as impairment levels, patient’s type of injury, phase of recovery, cognitive abilities, age,

gender, level of education, etc. within a study was very difficult to achieve. Another factor

affecting these scarce results is the high variety in the choice of the control group to compare

the effect.

Although we had promising positive results where high engagement and improvements in

motor function were observed in most of the conducted studies who were relatively short

term, we lack longitudinal controlled studies within therapy centers and home environments

to adequately identify how effective these approaches are in long term use after the novelty

effect disappears for different patient populations, and how the efficacy of the methods

change across the variety of specific patient characteristics. These studies require considerable

resources but they must be done in order to establish clinical validity.
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7.3 Ongoing and Future Work

Understanding gameplay processes of children with attention difficulties using attention

and affective cues

Attention deficit is one of the most common difficulties among one of our main target user

groups, namely children with NDDs, and our activities were tested with children with attention

problems during the iterations.

Considering the rich cognitive components of the game, especially the need for divided

attention towards several game elements, and upon suggestions from the therapists, we

proposed the Tangible Pacman game as an attention and visio-motor coordination activity

for children with attention difficulties. Accordingly, in an ongoing study, we are investigating

the effect of the proposed Tangible Pacman game, as well as the effect of a newly designed

cognitively less demanding task-based imitation game on the attention and eye-gaze behavior

of children with attention difficulties.

A B

Figure 7.3 – (A) A participant playing the Tangible Pacman Game, and (B) another participant
playing the Imitation Game in front of a camera while wearing a mobile eye tracker.

Specifically, we conducted user studies in two schools with 18 children with difficulty in

maintaining attention. Our experimental setup includes the game, a mobile eye tracker and

a camera placed in front of the player to observe his/her facial expressions. The setup with

the Tangible Pacman game can be seen in Figure 7.3A, and the setup with the cognitively less

demanding task-based imitation game can be seen in Figure 7.3B.

Our ongoing effort is towards understanding how the participants’ gameplay processes occur,

as indicated by their gaze fixation patterns. Namely, we want to answer how these processes

change between unsuccessful and successful games, easy and hard games, and how the user’s

emotional/affective cues are affected by game-related events. Particularly, we are interested in

how the participants’ attention to the robots fit into their gameplay process and how the robot

behaviors influence these attention measures. We believe that investigating the attention

towards game components, exploring the relationship of gaze behavior and affective cues
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Figure 7.4 – Representative gameplay trajectories of three different trajectory clusters from
multiple participants playing the game with orange map (light color to dark color denotes start
to end of trajectory). First two trajectory clusters were the most common with one autonomous
agent, whereas the third trajectory cluster emerged and dominated upon introducing the
second autonomous agent.

with game performance will lead us to implement more sophisticated and adaptive games

that can account for behaviors of children with NDDs.

The entirety of this work is a collaborative effort with Alessandro Giusti, Luca Gambardella,

Jerome Guzzi, Jennifer K. Olsen, Valérie Zufferey, Kshitij Sharma, Wafa Johal and Annie Huang

(whom the author of this thesis co-advised for a master semester project). An article describing

part of this work is currently under review:

Jennifer K. Olsen, Arzu Guneysu Ozgur, Kshitij Sharma and Wafa Johal. “Leveraging

Eye Tracking to Understand Children’s Attention During Game-based, Tangible Robotics

Activities”. International Journal of Child-Computer Interaction. Under review.

Within this work, the author of this thesis conceived the research directions, designed and

implemented both games, contributed to the design and conduction of the experiments and

to the data analysis.

Analysis of user behavior, strategies and motion for maximizing engagement and effort

While throughout the Chapters in this thesis, we provide motor performance metrics as out-

comes of complete gameplays, the proposed robot-enhanced games have detailed continuous

motion trajectories including expected therapeutic sub-motions. These sub-motions are

affected by several cognitive elements, such as the user’s strategies towards the autonomous

opponents. Indeed, tricking the autonomous agents into entering less advantageous paths

was a common strategy among participants.

We believe that these strategies should be investigated in detail to develop in-game adaptations

to keep the adequate level of challenge for long term engagement. The objective of this

difficulty adaptation in therapeutic games is not only to maintain the player’s motivation with

challenging strategies, but also to ensure the completion of training objectives. The aim of

this ongoing research is to further evaluate the effect of the autonomous opponent-related
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Figure 7.5 – (A) EMG positioning on the subject’s arm. (B) The 8 muscles related to our
expected exercise motions [309].

game elements of our proposed system on the rate of loss events (which is one dimension of

the challenge) and the effect on different sub-motions which are the expected exercises in an

effective rehabilitation session that maximizes effort.

First, we investigated the clusters of gameplay trajectories in various maps with different

game configurations and observed that different clusters emerge upon introducing new game

configurations. Among them, the most striking game element resulting in new trajectories

was the addition of the second autonomous agent into the game and the increase of the

autonomous agent speed, one example can be seen in Figure 7.4.

Second, in order to develop generalizable adaptation strategies independent of specific map

topologies, we proposed a proof of concept of a 2D discretization of our game area with circular

zones and its relation to the activation of different muscles, through Electromyography (EMG)

data collected in a pilot experiment. Please see Figure 7.51 for this setup.

Current effort investigates the choice of trajectory of players based on the position of the

1Images from public domain, https://commons.wikimedia.org/wiki/File:Deltoid_muscle_top10.

png (accessed July 2021), https://aworldofbiology.weebly.com/muscle-and-movement.html (accessed
July 2021) and [310].
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autonomous agents. In the future, the investigation should focus on how user motion can

be manipulated through autonomous agent behaviors in order to provide targeted muscle

activations. There is also a need to investigate the cognitive effort by focusing on the user’s

playing strategies.

This work is a collaborative effort with the authors of the following publications that includes

part of this work (as well as the master’s semester project of Isaac Leimgruber, whom the

author of this thesis supervised):

Arzu Guneysu Ozgur, Louis P. Faucon, Pablo Maceira-Elvira, Maximilian J. Wessel, Wafa

Johal, Ayberk Özgür, Andéol Cadic-Melchior, Friedhelm C. Hummel, and Pierre Dillen-

bourg. "Towards an adaptive upper limb rehabilitation game with tangible robots". In

2019 IEEE 16th International Conference on Rehabilitation Robotics (ICORR), 2019 [309].

Arzu Guneysu Ozgur, Maximilian J. Wessel, Thibault Asselborn, Jennifer K. Olsen, Wafa

Johal, Ayberk Özgür, Friedhelm C. Hummel and Pierre Dillenbourg. "Designing config-

urable arm rehabilitation games: How do different game elements affect user motion

trajectories?". 41st Annual International Conference of the IEEE Engineering in Medicine

and Biology Society (EMBC), 2019 [311].

Within this work, the author of this thesis conceived the research directions, contributed to

the design and conduction of the experiments and to the data analysis.

Independent use by doctors in a neurological hospital with acute stroke patients

In this research line, we have been targeting three dimensions: testing independent use by

medical professionals, testing the system’s effectiveness in different stroke phases (acute,

chronic) and investigating how much the motor performance metrics measured through our

system reflect standard clinical scales.

As claimed and shown throughout this thesis, two of the main strengths of our platform

are ease of setup and usability. Therefore, we aimed to integrate our system in a medical

environment by giving full control to the health professionals. We gave two medical doctors in

a neurological hospital in Istanbul two workshops (total of 3 days) on setting up and using

our system, with 4 patients present to participate during this time. Then, we left 6 robots, 2

maps and one tablet to them for their use, and installed our activity software on the personal

smartphone of one of the doctors for her use. Since then, our system has been used by these

doctors independently with a total of 19 acute stroke patients, during a total of 8 months. Each

of the participants played 2 to 8 games with increasing difficulty within one training session.

In this research line, we targeted acute stroke patients (a phase we did not address before)

since the stroke phase is one of the main characteristics that influence the effect of a training

technology. Therefore, investigating the effect of our gamified upper limb exercise activity in

the acute stroke phase and comparing it to chronic stroke phase is one of the ongoing and
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future works that aims to discover the effectiveness of our system in different phases of stroke

recovery.

Our third goal in this study is to investigate the effectiveness of the system in monitoring

motor impairment level. Therefore, the doctors are also conducting the FMA-UE test with the

participants, which we have been investigating and comparing against our metrics collected

from our own robots. In Chapter 4, we showed that our metrics are correlated with whether the

stroke level is mild or moderate. Our goal now is to investigate to which degree we can predict

the detailed impairment level, and whether we can predict the full range of impairments. If this

can be done, then the impairment level changes over time could be measured automatically

and reported to therapists or doctors via our system.

This work is a collaborative effort with Sevil Demir, MD, Zeynep Özdemir Acar, MD and Prof.

Aysun Soysal, MD, which is not yet published.

Adaptive autonomous agent behaviors for maximizing engagement and flow

According to flow theory, a participant must face a level of challenge that matches their level

of competence in order to be fully engaged in an activity [305]. If the activity is too easy for

the participant, he/she risks being disinterested. If the activity is too hard, they will become

frustrated and again be disinterested in the end. One of our goals for ongoing and future works

is to develop more intelligent and adaptive autonomous agent behaviors to maintain the long

term engagement of our target user groups by keeping them in this flow state via adjusting the

difficulty of the game with these designs.

In the previous Chapters, we showed the effect of the autonomous agent (Ghost) and its

speed on the user’s motor performance in our Pacman game , where the autonomous agent

strategy was always to follow the player via the shortest available path. In this ongoing work,

we proposed new autonomous agent behaviors as adaptive elements to our game. The first is

the "cheating" Ghost that behaves like a standard ghost but can occasionally (e.g. upon some

actions of the player, like cheating) cheat by walking through walls, forcing the player to move

more quickly. The second is the "scared" Ghost who does not get too close to the player, but

can still block their way while waiting for the other Ghost to arrive. The idea behind it is to add

an intermediate difficulty level between one and two Ghosts, by using a normal Ghost and a

scared one. The third behavior is based on an intelligent shortest past algorithm where each

autonomous agent takes different paths towards the player while being aware of each other,

therefore roaming the maze in a much more effective way.

To provide dynamic adaptation of difficulty during the game, several autonomous opponent

speed adaptation strategies were implemented. These depend on whether the player is likely

to be winning or losing the game, with the following parameters: (1) Target-based speed

bonus, i.e., opponents get faster as targets are collected, (2) Distance-based speed bonus, i.e.,

opponents get parametrically faster or slower as they are farther from the player, (3) Player
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speed-based speed bonus, i.e., opponents get faster as the player gets faster, and (4) Cheating

speed bonus, i.e., opponents get faster when the player cheats.

As future work, these newly proposed behaviors should be tested with the target user groups

to investigate their effects on the user experience, engagement and the overall effectiveness of

the rehabilitation process.

The work described above was a collaborative effort with Julien Sahli, whose bachelor’s

semester project was supervised by the author of this thesis, and is not yet published.

Haptic disturbance as kinesthetic feedback

The proposed activities in this thesis included haptic disturbance features with several dimen-

sions such as amplitude, duration, frequency and direction of the disturbative behavior (See

Chapter 3 for the details). Since our games already include several game elements, and distur-

bance itself has several extra dimensions to discover, we excluded this from our controlled

studies. However, in light of the literature showing that error-amplifying training strategies

have a potential in provoking better motor learning in continuous and discrete tasks [30],

we believe that haptic disturbances are worth further investigation. Effect of various haptic

disturbances on motor performance along with the kinesthetic sense of different target groups

should be investigated in a controlled study with appropriate techniques to measure kinesthe-

sia and touch, which are associated with the awareness of the position and movement of the

body [218].

Closed-loop system with combined approaches

As we mentioned in Chapter 4, more advanced neurotechnological approaches have been

recently developed such as non-invasive brain stimulation and neuromuscular electrical stim-

ulation [189, 190, 191] for selective muscle training and the treatment of various neurological

disorders. These novel technology-based interventions as well as their combined applications

with robot-enhanced interventions are promising [192, 193, 194, 191, 63]. We believe that com-

bining these neurotechnological interventions with our gamified tangible robot-enhanced

activities is worth investigating with the aim of building a closed-loop adaptive personalized

intervention.

Concretely, we envisioned a closed-loop system where the neurocognitive and physical ac-

tivities of the patient are measured through an Electroencephalography (EEG) device and

kinematics metrics of our proposed system respectively in real time, and the outcomes feed to

the stimulation mechanism as well as the game mechanism. We believe that the closed-loop

adaptation of the game and stimulation parameters, in accordance to the brain activities

and the physical performance of the patients, might have a potential to be an effective and

individualized intervention.
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7.3. Ongoing and Future Work

Towards this direction, a number of research possibilities emerged, such as predicting the

accuracy-based errors of the patients through their kinematic metrics and triggering brain

or muscle stimulation before the error happens, or modulating brain stimulus through the

Cellulo gameplay phases, alternating between physical or cognitive activities.

In an ongoing work, we started to partially explore these directions. First, we did further

development for integrating our system with an EEG device. Since the brain stimulation

can be applied focally to some specific areas such as the cerebellum and motor cortex, in

order to decide where to apply this stimulus, we planned to conduct an initial study with EEG

to determine the most active brain regions during the different phases of Cellulo gameplay

such as collecting a target, running away from an autonomous agent, being caught by an

autonomous agent, moving along a simple path etc. This study is not yet started due to the

covid pandemic.

Future work should focus on investigating the active brain regions and their relations to the

game events and kinematic performances, and the effect of different stimulation modalities

on these measures.

Second, we explored five different machine learning methodologies to predict the future errors

of the stroke patients through their kinematic data. Apart from contributing to the envisioned

combined approaches, predicting such events is also valuable to make the game adaptive in

real time, such as adapting the autonomous agent speed before the error happens. In our

initial results, a recurrent neural network with window size of three seconds led to best results

in predicting the errors within the next five consecutive windows. In other words, the model

predicts if there will be an error in next 15 seconds of gameplay, with F1-score of 0.77 for the

wall crashing event and with F1-score of 0.53 for Ghost catch event. These preliminary results

highlight that through kinematic metrics, accuracy related errors (wall crash) can be predicted

with an acceptable rate, however, for the errors which have a cognitive element such as path

planning and strategy (Ghost catch), there is a need for other measurements related to the

cognitive aspects of the game.

Future work should focus on investigating the effect of different stimulation modalities on the

error rates of the user and the long term effect of pre-error stimulation on the overall motor

performance of the user.

The work on error prediction described above is a collaborative effort with Irina Bejan, Nevena

Drešević and Marija Katanić whose machine learning course project was co-supervised by the

author of this thesis and Ezgi Yuceturk, and is not yet published. The future direction described

above is a collaborative effort with Friedhelm C. Hummel, Maximilian Wessel, Andéol Cadic,

Silvestro Micera, Laura Marchal-Crespo, Jamie Paik, Stéphanie Lacour, José del R. Millán, Matt

Robertson, Harshal Sonar, Camilla Pierella, Karin Buetler, Maura Casadio, Andrea Canessa,

and Ayberk Özgür.
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