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By three methods we may learn wisdom:
by reflection, which is noblest;

by imitation, which is easiest;

and by experience, which is

the bitterest.

—Confucius
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Abstract

The rising demand for safe human-robot interaction in daily tasks has motivated significant
research effort in the robotics field towards compliant and conformable robots, capable
of replicating complex human movements in applications such as wearable rehabilitative
devices and haptic interfaces. Novel manufacturing, actuation, and sensing technologies
contributed significantly to this field by providing design and manufacturing frameworks for
inherently compliant robots. Although promising, these technologies are still in the early
stages of development and fundamental research for refining their design, improving their
performance, and defining design criteria is still required for these technologies to reach their
full potential.

In this thesis, some of the main challenges hindering the effective application of robotics
in wearable devices are tackled. We propose the robotic origami (robogami) framework
with multiple but finite degrees of freedom (DoFs) for soft wearable devices. Robogamis are
low profile robots that provide conformity and compliance with their multiple DoFs driven
by soft actuation methods. The finite DoFs in these robots enable better prediction and
planning of their motion while highly customizable joint designs, thanks to the layer-by-layer
manufacturing and the precise quasi-2D fabrication processes, allows the multiple DoFs to be
embedded to achieve the required level of conformity.

To effectively actuate the multiple DoFs in robogamis, it is imperative to embed means of
actuation or energy transmission into the robots body. The layer-by-layer manufacturing
allows us to embed layers of functional materials into the robot’s structure to achieve soft
actuation methods that meet the requirements of a wearable device, i.e. the actuation band
width, load capacity, and range of motion. We take up the challenge of soft actuation of
individual joints and synchronized actuation of a series of joints to follow a desired trajectory
or perform a specific reconfiguration by developing functional layers of smart materials to
exploit their unique characteristics.

The compliance of soft robots originates from the elastic properties of the manufacturing
materials. Depending on the application, materials with different levels of stiffness are used
to achieve a compromise between mechanical transparency and load capacity. A wearable
robot needs to cover a wide range of mechanical transparencies and load capacities to be
able to fulfill different tasks, e.g. providing varying levels of support at particular stages
of rehabilitation. To broaden the applications of a soft robot to meet the requirements of
different tasks, it is necessary to develop a means of stiffness control for its segments or joints.
By embedding layers of functional materials with controllable stiffness into robogamis, we can
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Abstract

develop robots that are able to change their mode of interaction and compliance depending
on their task.

The inherent compliance of soft robots allows safer interactions with the environment. The
compliance and multiple DoFs, however, complicate the estimation of the robot’s config-
uration and contact forces from the model. So for a more effective interaction with the
environment it is necessary to embed a network of sensing elements into the robot to ob-
serve its configuration, contact forces, and displacements at the contact points. Given the
limitations on the size, shape, and the required measurement range, it is imperative to design
and manufacture customized sensors. We developed under 100 um thick sensors with an
adaptable and scalable design for accurate joint angle measurement in robogamis, which are
compatible with their demanding working conditions, i.e. large range of strain and tempera-
ture variation. Using the same sensing principles, we also developed thin and mechanically
transparent stretch sensors that can be used in networks of sensing elements in wearable
devices to measure body movements.

The main contributions of this thesis are:

¢ Study and development of the robogami framework as a design platform for soft robots
with programmable reconfigurations and compliance.

* Design and validation of actuation solutions based on smart materials for independent
actuation of robogami joints.

* Adoption of the smart materials’ variable mechanical properties to adjust the stiffness
of robogami joints and the overall compliance of the robot.

e Development of customized sensing methods to measure robogami joint angles and
stretchable sensors based on the same principles to measure body movements.

We believe that these contributions facilitate some of the main challenges for the effective
application of robogamis in wearable devices for safe and yet functional interactions with
humans. The highly customizable components can also be used in design frameworks other
than robogamis and other applications where compliance and conformity are required.

Keywords: Robotic origamis, layer-by-layer manufacturing, tendon-driven under-actuated

robots, functional materials, adjustable stiffness, curvature sensors, stretchable sensors, soft
robots.
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Résumé

La demande croissante pour une interaction stire du robot humain dans les taches quoti-
diennes a motivé un effort de recherche important dans le domaine de la robotique, vers des
robots conformables qui sont capables de reproduire des mouvements humains complexes
dans des applications telles que des appareils de réhabilitation mettable et des interfaces
haptiques. Les nouvelles technologies de fabrication, d’actionnement et de détection ont
contribué de maniere significative a ce domaine en fournissant des cadres de conception et
de fabrication pour des robots intrinsequement conformes. Bien que prometteur, ces tech-
nologies sont encore a leurs premiers stades de développement et la recherche de base pour
affiner leur conception, améliorer leur performance, et la définition de critéres de conception
est toujours nécessaire pour qu’ils atteignent leur plein potentiel.

Au cours de cette these, nous abordons certains des principaux défis qui entravent I'application
effective de la robotique dans les appareils mettable. Nous proposons le cadre robogami pour
les robots conformables avec des degrés de liberté (DoFs) multiples mais finis. Robogamis sont
des robots de profil fin qui fournissent la conformité avec leurs DoFs multiples induites par des
méthodes d’actionnement doux. Les DoF finis de ces robots conformes nous permettent de
mieux prévoir et planifier leur mouvement, tandis que la conception d’articulation hautement
personnalisable, grace a la fabrication couche-par-couche et aux processus de fabrication 2D
précis, permet d’intégrer des DoF multiples pour atteindre le niveau de conformité requis.

Pour actionner efficacement de multiples DoFs de robogami, il est impératif d’intégrer des
moyens d’actionnement ou de transmission d’énergie dans le corps du robot. La fabrication
couche-par-couche de robogami permet d’'incorporer des couches de matériaux fonctionnels
dans la structure du robot pour obtenir des procédés d’actionnement doux qui répondent aux
exigences des appareils mettables : vitesse d’actionnement, capacité de charge et amplitude
de mouvement. Dans cette theése, nous abordons le défi de ’actionnement doux d’articula-
tion individuel et de 'actionnement synchronisé de séries d’articulations pour suivre une
trajectoire souhaitée ou effectuer une reconfiguration spécifique en développant des couches
fonctionnelles qui exploitent des caractéristiques uniques de matériaux intelligents.

La conformité des robots intrinsequement souples provient des propriétés élastiques des
matériaux constitutifs. En fonction de 'application, des matériaux avec différents niveaux
de rigidité sont utilisés pour obtenir un compromis entre la transparence mécanique et la
capacité de charge. Un robot portatif doit couvrir une large gamme de transparents méca-
niques et de capacités de charge pour accomplir différentes taches, p. ex. offrir un niveau
de soutien variable a différents stades de la réhabilitation. Pour élargir I'application d'un
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robot conformable pour répondre aux exigences de différentes taches, il est nécessaire de
développer des moyens de contrdle de rigidité pour ses segments ou ces articulations. En
incorporant des couches de matériaux fonctionnels avec une rigidité contrélable dans les
robogamis, nous développons des robots qui peuvent changer leur mode d’interaction et de
conformité en fonction de leur tache.

La conformité intrinseque des robots conformables garantit une interaction stire avec I'envi-
ronnement. La conformité et la multitude de DoFs, cependant, complique I'estimation de la
configuration du robot et les forces de contact a partir du modele. Ainsi, pour une interaction
efficace avec I'’environnement, il est nécessaire d’'intégrer un réseau d’éléments de détection
dans le robot pour observer sa configuration, les forces de contact et les déplacements aux
points de contact. Etant donné les limites de la taille, de la forme et de la gamme de mesure
requise, il est impératif de concevoir et de fabriquer des capteurs personnalisés. Nous avons
développé des capteurs minces (au-dessous de 100 um) avec une conception adaptable et
évolutive pour une mesure précise d’angle de joint dans les robogamis qui sont compatibles
avec leurs conditions de travail exigeantes, c’est-a-dire la plage de déformation et de varia-
tion de température. En utilisant les mémes principes de détection, nous avons également
développé des capteurs extensibles minces et mécaniquement transparents qui peuvent étre
utilisés dans des réseaux d’éléments de détection dans des appareils mettables pour mesurer
les mouvements du corps.

Les principales contributions de cette theése sont :

e Etude et development du robogami comme un cadre de conception pour des robots
conformables avec reconfiguration et conformité programmable.

e Conception et validation de solutions d’actionnement basées sur des matériaux intelli-
gents pour 'actionnement indépendant des articulations de robogami.

¢ Adoption de propriétés mécaniques variables des matériaux intelligents pour le réglage
de la rigidité des articulations de robogami et de la conformité globale du robot.

e Développement de méthodes de détection personnalisées pour mesurer les angles des
articulations de robogami et les capteurs extensibles sur la base des mémes principes
utilisés pour mesurer les mouvements du corps.

Nous croyons que ces contributions facilitent certains des principaux défis dans l'ap-
plication efficace de robogami pour une interaction stire et pourtant utile avec des
humains dans des appareils mettable. Les composants hautement personnalisables
peuvent également étre utilisés dans des cadres de conception autres que les robogamis
et d’autres applications ol la conformité est nécessaire.

Mots clefs : Robogami, fabrication couche-par-couche, matériaux fonctionnels, conformité
programmable, robots conformables
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Introduction

The rising demand for safe human-robot interaction in daily tasks has motivated significant
research efforts in the field of robotics towards robots capable of replicating complex human
movements. Researchers are targeting broad applications such as exoskeletons for increased
power or stamina, as well as more specific applications such as rehabilitation, and haptic
interfaces. With the ever increasing average age of the population, assistive and rehabilitative
robots are expected to make a significant impact in improving daily life. Small actuation
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Figure 1: Examples of assistive robots. (a) Driven gait orthosis for improvement of locomotor training
in paraplegic patients [1]. (b) Robot suit HAL for providing active assistance [2]. (c) Under-actuated
exoskeleton for load carrying augmentation [3]. (d) Robotic hand exoskeleton for bilateral rehabilitation
[4]. (e) Hand exoskeleton for virtual reality applications [5]. (f) EMG-driven exoskeleton robot for stroke
rehabilitation [6]



Introduction

units with high power density, novel sensing methods, miniaturized controllers, and the
expanding literature on mechanisms and controllers for safe human-robot interaction has led
to a surge of assistive robots for different body parts. Fig. 1 presents examples of robots with
applications in rehabilitation, assistive devices for increasing power or stamina, and virtual
reality. Although considerably more compact in volume compared to their earlier stationary
counterparts, these devices are still bulky and cumbersome to wear. Moreover, their rigid body
and limited number of degrees of freedom (DoFs) limits their capability to replicate complex
human motions in all aspects.
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Figure 2: Examples of assistive robots utilizing novel methods of manufacturing, sensing, or actuation.
(a) Soft sensing elements for measuring lower body movements [7]. (b) Soft tendon actuation in an
assistive device [8]. (c) Soft exoskeleton powered by pneumatic actuators [9]. (d) Hand exoskeleton
for rehabilitation, driven by a three-layered sliding spring mechanism [10]. (e) Tendon driven hand
exoskeleton that uses novel fabrication methods for fast and cheap customized manufacturing [11]. (f)
Hand exoskeleton powered by soft pneumatic actuators [12]. (g) Pneumatically actuated exoskeleton
[13]. (h) Music glove uses sensory data to assess the performance of patients [14]. (i) Soft sensing
elements embedded in a silicone glove. [15]
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In recent years, there has been a paradigm shift in the design and manufacturing of assistive
devices towards making them wearable and inherently compliant. This shift has mainly been
powered by the novel soft and stretchable sensing and soft actuation technologies that are
replacing the conventional means of sensing and actuation. The new manufacturing processes
for these sensors and actuators have also contributed to their popularity with the roboticists
by making the design and fabrication of customized actuators and sensors cheap and fast,
which allows for effective iterations towards design improvements. Fig. 2 presents examples
of a few wearable devices utilizing these technologies for sensing and actuation.

In this research, I focus on an alternative platform for compliant robots with multiple DoFs
that is inspired by the art of paper folding [16-24]. Robetic origamis, robogamis, are thin
robots with many DoFs driven by soft methods of actuation. Compared to other design
frameworks, distinctive features of robogamis are: thin body with different functional layers
embedded in the structure, multiple but finite DoFs, and acute level of accuracy that is owed
to the precise quasi-2D manufacturing techniques. These features make robogamis a unique
platform for designing wearable devices for body parts such as the face, with its complex
morphology and movements, Fig. 3. The finite DoFs in robogamis make the behavior of these
robots more predictable and easier to control compared to actuation methods with entirely
soft bodies. The scalable joint design and manufacturing process allow the required DoFs to
be embedded in the robogami to conform to the shape of the face and follow or replicate its
natural motions.

The novel designs and manufacturing processes have contributed significantly to making
the production of customized robots cheap and fast. Effective application of these methods,
however, relies on developing enabling technologies compatible with these novel design and
manufacturing frameworks. Enabling technologies can be divided into sensing, actuation,
computation, and other categories [25-27]. The goals of this thesis are to adjust the design of

(a) (b)

Figure 3: Robogami, a low profile platform with multiple DoFs for developing wearable devices. (a)
Different functional layers are embedded in the thin structure of the robot. (b) The robot can reconfigure
to the face’s shape and perform different tasks, depending on the embedded components.
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existing technologies, when available, and to develop new technologies, when missing, for
application in the robogami framework towards developing compliant wearable devices. I will
mainly focus on enabling sensing and actuation technologies. The inherent conformity and
compliance of the proposed framework simplifies the computation problem at the interaction
level by making the robot responsive to external loads and disturbances and in this sense allows
us to partially implement the controller in the robot’s hardware. The proposed technologies in
this thesis are developed for application in robogamis but their adaptable and scalable designs
allow application to other design frameworks of soft robots and wearable devices.

Problem statement

The goal of my PhD research was to study and develop essential robotic components towards
a wearable device with multiple DoFs focusing on technologies applicable to rehabilitative
devices. This specific application requires a robot that can provide large interaction forces
at initial stages of therapy and then transform to a softer system with high mechanical trans-
parency, for the whole or a part of motion, at the final stages of the rehabilitation. I focused on
the following challenges to realize such a robotic device:

1- Design methodology for low profile robots with interactive and compliant motions.

2- Study of different sensing principles and performance validation for reliable and compact
sensing technologies for controlling the configuration of the robot and monitoring the end
effector displacement and applied forces with a minimum effect on robot’s performance.

3- Design a framework based on the performance study and model of functional materials for
developing adaptable and scalable methods of soft actuation and compliance control.

Robogamis offer a low profile platform for developing compliant robots. The manufacturing
process of the robogamis allows us to scale the joints from few centimeters to few millimeters
and also to embed different functional layers to meet the requirements of size, number of DoFs,
and functionality. So far, the robogami framework has been mainly used for mobile robots
and other applications where motions are rather simple and mainly blocked at the joint limit.
Moreover, target forces were mostly large enough to support the robot’s mass (few grams).
To modify this framework for providing larger output forces and complex precise motions
with inherent compliance is the first challenge, which requires modification of the actuation
principle, the joint design, and the transmission mechanism. Based on the requirements of a
wearable device for the face [28], we aim for a maximum loading capacity of a few Newtons
with the moment arm in the 10 cm range. Novel actuation methods are therefore required
to provide this load capacity and the necessary DoFs. Contingent on the the size and weight
limitations of the robot, it is imperative to embed some aspects of the control and actuation
systems in the robot using functional materials. This requires refining the design of the
functional material layer and the auxiliary layers for its activation.



Thesis outline and contributions

Effective and safe interaction relies on the feedback from the robot itself and the resulting
forces and deformations experienced by the environment. The size, number of DoFs, and
compatibility with the fabrication process limit our options for sensors and make it necessary
to develop customized sensors for joint angles, overall displacement of the end effector, and
for the contact forces. Therefore, a second challenge is to develop these sensors with designs
and manufacturing processes compatible with robogamis. We also need to analyze and model
the behavior of these sensors, and validate their performance in an integrated system with
different functional layers.

Comprising materials of soft robots are chosen to achieve a desired compromise between the
compliance and maximum interaction forces. In many applications, such as robot-assisted
rehabilitation, however, a robot should cover a wide range of transparency and output forces
depending on the task. To overcome a third challenge of developing a soft actuation method
with compliance control we need to embed layers of functional materials with adjustable
mechanical properties into the robogami structure. This requires a study of material properties,
developing models for their behaviors, and refining their design for successful integration into
robogamis.

In the next Section I present the outline of the thesis. For each Chapter my approach towards
resolving the above challenges and the contributions are discussed.

Thesis outline
Chapter 1, Robogamis: Design and fabrication:

The robogami layer-by-layer manufacturing process and joint design are presented in this
Chapter. The unique manufacturing process enables the design and fabrication of robots with
multiple DoFs with desired functions embedded. I present novel tendon-driven joints with
adjustable stiffness which allow us to place rotational DoFs along any direction in the plane of
the robot and in the normal direction. The main contributions of Chapter 1 are:

¢ Introducing tendon-driven robogami joints with adjustable compliance for rotational
DoFs along three orthogonal axes.

¢ Studying the compliance of the robogami joints and their loading capacity by analyzing
the deformations of the hinge and adjustable stiffness layers.

Chapter 2, Robogamis: Sensing solutions:

This Chapter presents sensing solutions for measuring the robogami joint angles. Two sensing
principles are considered: piezo-resistivity of carbon polymer composites and resistance
variation in a metal film under strain. The first method offers lower cost, easier manufacturing
of networks of sensing elements, and high sensitivity to strain. Metal sensors, on the other
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hand, offer higher accuracy and the feasibility of built-in temperature compensation. I study
the response of both sensors and propose models unique in their coverage of different aspects
of the sensor’s response.

The same sensing principles are then used in a novel stretchable sensor design that allow
us to measure body movements. In these sensors a mesh structure transforms the linear
elongation of the sensor into bending of micro-beams. The proposed stretchable sensors
are thin (below 100 um), mechanically transparent, and suitable for application in sensing
networks to measure body movements. The working principle of the sensors, the model of
their behavior, and the results of characterization experiments are presented in this Chapter.
The main contributions of Chapter 2 are:

¢ Introducing joint angle sensors compatible with robogami’s size requirements and the
layer-by-layer manufacturing process.

 Introducing novel stretchable sensors, based on the same sensing principles for joint
angle sensors, permitting body movement measurement.

 Studying different aspects of the sensors behavior and presenting appropriate compre-
hensive models.

* Validating the sensors repeatable measurements in integrated systems.

Chapter 3, Robogamis: smart materials for soft actuation and compliance control:

Methods of actuation and compliance control using functional materials are presented. For
the individual actuation of a joint, a shape memory alloy (SMA) sheet actuator that is activated
by a stretchable heater is proposed and its performance is characterized. A shape memory
polymer (SMP) with significant stiffness variability around its glass transition temperature is
used to control joint stiffness and compliance of the robogamis. The main contributions of
Chapter 3 are:

¢ Studying and modeling the thermal and mechanical responses of the SMA sheet actua-
tors and refining the design accordingly.

* Developing adjustable stiffness layer (ASL) with a SMP core to control the compliance
of joints and segments in soft robots.

¢ Studying the behavior of ASL and verifying repeatable response and effective stiffness
control using an embedded heater in the SMP.
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Chapter 4, Robogamis: trajectory planning and compliance control:

The limited load capacity and slow response of SMA actuators confines their application range
and necessitates another actuation method. I propose tendon-driven robogami joints as an
alternate actuation method. To control the energy distribution in under-actuated robogamis,
ASLs are used for modulating joints’ compliance. I developed under-actuated robotic grippers
with multiple fingers as a platform to study the performance and refine the design of tendon-
driven robogamis with ASLs. The main contributions of Chapter 4 are:

* Developing a detailed models for under-actuated robogamis with adjustable stiffness
joints.

 Studying the behavior of different sequences of joints and demonstrating soft actuation
with programmable trajectory and compliance.

* Designing and manufacturing multi-fingered robogami grippers with adjustable modes
of operation using material properties.

Chapter 5, Robogamis: towards wearable devices for robot-assisted facial rehabilitation:

The first prototype of a rehabilitative device based on the robogami platform is presented
as a proof of concept for the feasibility of using robogamis for performing programmable
reconfiguration with a desired level of compliance. Stretchable sensors are used for measuring
facial movements with a minimum effect on its natural movements; feedback was used to
drive the robogami. The main contributions of Chapter 5 are:

* Demonstrating soft actuation with programmable compliance for applying required
forces to move the face.

* Confirming the feasibility of using stretchable sensors to measure facial movements
with minimum effect on natural motion.






1§ Robogamis: Design and fabrication

In this Chapter, we introduce the robogami platform and its layer-by-layer manufacturing
process. Robogamis are low profile robots that are fabricated by integrating layers with
different functions. We use accurate 2D fabrication methods to process tiny features (down to
50 um) on each layer. The high accuracy of the manufacturing process allows us to design small
robots with multiple DoFs and desired functions (sensing, actuation, compliance control)
embedded. The low profile and multitude of DoFs driven by soft actuators make robogamis
a desirable platform to develop wearable devices for safe human-robot interaction. In this
Chapter after an overview of the state of the art, we present the robogami joint design and its
layer-by-layer manufacturing process.

1.1 Introduction

Origami robots are characterized by their layer-by-layer manufacturing process, their thin
profile in unfolded state, and their multiple DoFs which are defined by a folding pattern of a
conformable hinge material. Fig. 1.1 (a-c) presents three examples of 3D reconfiguration of
thin robotic origami sheets. In these examples the transformation is powered by the active
material embedded in the joints. In Fig. 1.1 (a-b) the bending SMA sheet actuators define
the joints’ axis of rotation and their position. The independent actuation of the joints which
is possible through significant energy density of the SMA actuators allows these robots to
reconfigure to different 3D shapes. The complexity of the actuation and position control of
the joints along with the limited load capacity, however, confine the application range of this
family of robogamis. Fig. 1.1 (c) presents another similar actuation method for robogami

The material of this Chapter is from the following self-authored publications:
[29] A. Firouzeh, et al., “Sensor and actuator integrated low-profile robotic origami”, IROS 2013.
[30] A. Firouzeh and J. Paik, “Robogami: A fully integrated low-profile robotic origami”, ASME Mechanisms and
Robotics 2015.
[31] A. Firouzeh and J. Paik, “An under-actuated origami gripper with adjustable stiffness joints for multiple grasp
modes”, Smart Materials and Structures 2017.
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Figure 1.1: Few example of origami robots. (a,b) Robogami sheets with SMA actuated joints capable of
multiple shape transformations [17, 18]. (c) Transformations of sheet robogamis powered by shrinkage
of polymer layers embedded in the structure [16]. (d) Origami mechanism for transforming motor
power to desired leg motion. The initial transformation of the robogami in this case is done using
thermal shrinkage of an embedded polymer layer [19]. (e) Actuation of multiple origami joints, which
form a spring element, using SMA coils [20]. (f) Robogami jumper [21]. (g) The scalability of the
robogami stucture and the actuation method based on smart materials is well illustrated in the RoboBee
[22]. (h) An example of miniaturized walking robot using robogami structure [23]. (i) Scaled down
version of the same design in (h) [24]. (j) Robogamis for mimicking complex locomotion modes of
insects [32].

reconfiguration: shrinkage of thermally activated polymers transforms the sheet in this ex-
ample. This mode of reconfiguration is desirable in specific for initial reconfiguration of the
robot from its initial flat state. The unique manufacturing technique of the robogamis which
is based on processing individual layers using precise quasi-2D manufacturing techniques
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and integrating them into a robotic sheet allows for precise placement of DoFs to achieve any
desired transformations.

Origami structures can also be used as the underlying mechanism for directing robot’s input
actuation for preforming a desired motions, Fig. 1.1 (d-j). These examples highlight few
important features of robogamis: the scalability, the versatility of the actuation methods, and
the adaptability of design. These features along with low cost and easy manufacturing has
made robogamis a desired frame for fast prototyping of robots as test platforms in different
fields such as bio-inspired robotics [32,33]. So far this framework has been mainly used in
mobile robots and other applications where the motions are rather simple and mainly blocked
at the joint limit. Moreover target forces were mostly large enough to support robot’s mass
(few grams). To use robogamis in human size applications (e.g. wearable devices), we would
require different actuation methods compatible with the requirements of these applications
and other functional layers for sensing the position and controlling the compliance of the
joints.

We considered two types of robogami joints: the SMA actuated joints, in which the joint axis
of rotation and position is defined by the shape of sheet SMA actuator, and tendon driven
robogami joints in which the DoFs are defined by the folding pattern of a polyimide sheet.
The manufacturing process of these robogamis are similar but their design and load capacity,
hence their application, are very different. In what follows, first the design of the tendon driven
joints, which is more complex compared to the SMA actuated joints, is presented and then the
layer-by-layer manufacturing process and 2D fabrication processes used in this research are
presented in detail.

1.2 Robogami Joint design

Robogamis are thin robotic sheets with folding joints in the plane of the robot. The DoFs in
robogamis are defined by the folding pattern of a hinge material. In the case of SMA actuated
robogamis the active material used in the hinge area defines the axis of rotation and also
actuates the joint. In tendon driven robogamis, the joints are defined by a folding pattern that
a stiff structure imposes on the polymer sheet. Here, the joint design of the latter is presented.

The first two rows in Table 1.1 presents tendon driven robogami joints of this kind, the top
layer in figures of Table 1.1 are made transparent to highlight the routing of the tendon in the
tiles. In these joints, we used a castellated pattern to fix the axis of rotation and to increase
the lateral stability of the joints. The axis of rotation falls between the tips of the castellated
structure from the two tiles and on the polyimide hinge layer, Fig. 1.2. The gap between the
tips of the castellated design should be small enough to keep the axis of rotation fixed and
on the polyimide layer. Still, this distance should be large enough to ensure the mechanical
endurance of the polyimide hinge layer in repeated cycles of loading. In the present design,
this distance was set to 50 um which yielded robust and repeatable motion.

11
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Table 1.1: Robogami joint designs for rotation along the 3 orthogonal axis. For the joints along x and y
axis, the castellated pattern of the glass fiber layer defines the axis of rotation on the polyimide layer.
For the z axis joints the design is different and the rolling motion of the two adjacent tiles defines the
axis of rotation. The top layer is made transparent to depict the tendon routing.

Joint axis | Initial configuration Joint displacement View along the axis
™

y-axis

X-axis

Z-axis

Fig. 1.2 presents robogami joint’s castellated pattern which defines the joint axis and its
position limit [34]. A zoomed in view illustrates the design parameters for setting joint limits.
By modulating the length, g/2, and the height, &, of the teeth in this design we can set the
joint limits according to:

9]ointLimit=3in_1(%) 1.1)

(1.1) will be used throughout the thesis for assigning desired joint limits to prevent over strain
in the components comprising each joint. In this research, we mainly used robogami joints
in series to form manipulators or robotic fingers. Introducing a joint design with the axis of
rotation outside the plane of the robot permits simple sequence of joints to follow complex
trajectories. For the rotation along the z axis, which is presented in the third row of Table
1.1, the rolling contact point between the two tiles defines the axis of rotation. The balance
between the forces in the elastic element and the tendon determines the position of the joint
and provides structural stability.

The compliance of these joints is determined by the stiffness of the elastic elements. In Chapter
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Joint axis

Figure 1.2: Castellated pattern of robogami joint defines the joint axis and the limit of motion. A
zoomed in view illustrates the design parameters for setting joint limits.

3 we present the design of an ASL which is used to control the stiffness of the joints. Here,
we study the motion of the joints and the deformation of the elastic elements to determine
loading capacity, the range of motion, and the compliance of the joints. The torque in the
robogami joints along x and y axis are transferred through the tension and compression of the
polyimide layer and the ASL. The main failure modes for these joints are the over strain in the
hinge layer and the buckling of the ASL. The calculation in this Section is done for the unit
width of the hinge layer and unit distance between polyimide layer and ASL. For the designs
that are studied in Chapter 4 and 5 these values are scaled according to the design parameters
and are used to determine the safe loading conditions.

Given the small length of the polyimide layer between the tips of the castellated pattern on the
two sides, buckling is not a failure mode for hinge layer and over strain in tension is expected
to be the main failure mode which is also concordant with the test results. The hinges of the
robogami are made of 0.125 mm Polyimide sheet. Considering the ultimate strength of the
material (169 kPa) this layer can hold upto 21.3 N in its unit width. The maximum torque that
the hinge layer can hold is 21.3wh N.m where w is the width of the Polyimide layer and # is
its distance from the ASL.

The second mode of failure is the buckling of the elastic layer under compression. In the stiff
mode a thin, 500 um, polymer layer, SMP, is the main load bearing element in the ASL. (1.2)
estimates the critical buckling load for this layer.

nm?El

B (1.2)

Fbcuckling =

Considering the modulus of elasticity of the SMP layer in the stiff state, (1.2) predicts the
buckling load to be 42.8 N/mm for the unit width of the layer which is twice the maximum
allowed force for the polyimide sheet. So the limit defined by the strength of the polyimide
layer is the upper bound of the load bearing capacity of the joints with polyimide hinges.

For the joints along the z axis, the torque in positive direction is transferred through the contact

13
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Figure 1.3: The schematic of the joint motion and deformation of ASL. (a) Robogami joints along x and
y axis. (b) Robogami joint along z axis.

force and tension in the elastic layer. A more critical case for these joints is the torque in the
negative direction which puts the elastic layer in compression. The buckling of the elastic
layer determines the maximum torque for joints along the z axis: 1.8w?. In a sequence of
joints usually the y axis joints bear the maximum load since the moment arm of the forces are
larger for these joints. So the admissible torque for z axis joints, though smaller, is well suited
for the designs studied in this research.

To estimate the compliance of DoFs, we study the deformation of the elastic layers. The study
presented here provides the basis for the design of robogami joints with a desired compliance.
The schematic of the joints along different axis depicting the joint motion and the design
parameters are presented in Fig. 1.3. For the joints along the x and y axis, the strain along the
width of the ASL is constant. The stiffness for these joints, ky, ,, is calculated as:

aMxy 1  0Fus1 Olasy Fast,
ko= My hcos(0/2
X,y 00 lASL alASL/lASL 00 COS( ) * 2

hsin(0/2) (1.3)

In (1.3), My, is the required bending moment at a given bending angle 6 and 61/‘?5//4;& rep-
“TlasL

resents the stiffness of the ASL, (kasi-x,,(T)) which is characterized in Chapter 3. For small
angles around the straight configuration, 0 = 0, the joint stiffness is approximated as:

kASL—x, y

ky,y = h? (1.4)

last
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For the z axis joints, the instantaneous axis of rotation is the contact point between the two
tiles. The moving axis of rotation complicates the calculation of the joint stiffness for this
case. Given the small radius of the rolling, and the small goal angles around this joint, 25° at
maximum, we can simplify the problem by estimating the motion of this joint by a rotation
along a fixed axis passing through the center of the cylindrical part. Given the non-uniform
strain along the width of the elastic layer, we have the following relation for the required
moment for rotating the joint:

W fasi—z ysin(®)
ASL-—z (ylATz)cos(H/Z)ydy (1.5)
2

MZ(HO)(SG, T) =f

w, WASL-z

For small angles around the straight configuration, the joint stiffness along the z axis is
calculated as:

3.3
w, —wy

kz:=kasr- (1.6)

3wasr—zlast

We will use (1.4) and (1.6) to design joints along different axis to meet the stiffness requirements
of different applications. In this section, we introduced the design of the robogami joints and
studied its loading capacity and compliance. In a SMA actuated joint, the load capacity and
joint’s compliance are directly determined by the state of SMA. More on this type of joint will
be presented in Chapter 3. In the next section, we introduce the layer-by-layer manufacturing
process to construct these joints.

1.3 Layer-by-layer manufacturing

Robogami’s unique layer-by-layer manufacturing methodology allows us to integrate different
functional layers such as sensors, actuators, adjustable stiffness elements, and control circuit
in thin robots, from few hundred microns to few millimeters in thickness. Once the compo-
nents for a single joint is finalized, the design and manufacturing process of robogamis allow
us to easily scale the design and place multiple DoFs to achieve any required reconfiguration.
Fig. 1.4 and 1.5 illustrates the assembled components in SMA actuated and tendon driven
robogamis, respectively. The structural material in robogamis is pre-cured glass-fiber (300 um
from Swiss-Composites Co.) or carbon-fiber (250 um from easy-composites LTD.) layers. The
processing of carbon fiber is easier and it has better mechanical properties but it is conductive
which causes interference in the measurements of the curvature sensors. So in this research
we mainly used glass-fiber as the structural material of the robogami. To bond different layers,
we used two different methods: for coarse structures we used thermoplastic adhesive layers,
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Figure 1.4: Layer-by-layer manufacturing of a SMA actuated robogami. (a) Schematic of the robot. (b)
The exploded view of the functional layers. Actuators are in layer (i). (ii) and (v) are glass fiber layers
that make the body. (iii) and (iv) contain heaters and joint position sensors, respectively. (vi) is the
controller circuit. More details about this robot are presented in Appendix A

and for finer features we used thermoset adhesive layer with polyimide packing (Pyralux film
from DuPont) which allows more precise positioning and has smaller flow in the bonding
process.

The DoFs in the robogami of Fig. 1.4 are defined and derived by SMA actuators which are
mounted on the structure using bolts and nuts. The actuators are activated by stretchable
heaters which are embedded in the structure and attached to the surface of SMA using ther-
mally conductive adhesive. In this version of robogami, we also have curvature sensors that
are embedded between the glass-fiber layers and a controller board that activates the heaters
based on the sensors measurements and the programmed task.

Fig. 1.5 presents different layers comprising a tendon driven robogami with three joints:
[y, 2z, —y]. The channel in the glass-fiber guides the tendon to apply forces at desired distance
from the axis of rotation for each joint. The glass-fiber structure also determines the joint
limits and the deformation of the ASL layers in these joins. More on the design of the ASL layer
and its characteristics will be presented in Chapter 3.

To cut the patterns on different layers we used a custom-made laser micro-machining laser
system which was developed by Inno6 Inc. (LAB 3550). Fig. 1.6 presents an overview of the
machine and its components. LAB 3550 uses DCH-355-4 laser head from Photonics Industries
Inc. which can produce adjustable power from 0 W to 4.7 W. This enables us to machine a
wide variety of materials. For small patterns galvanometer-driven scanner (HurryScanlIl10
from ScanLab) is used to make the cuts which can machine materials with the rate of up
to 2.5 m/s and within a field of 50 x 50 mm with accuracy of 15 um (beam size). For larger
patterns (up to 200 x 200 mm) the linear stage (LP 200-ST-200L from LPK with linear encoder
MS30.73 from RSF Elektronik) is utilized. Cutting with stage movement will be slower; which
causes a larger affected area by heat and hence less accuracy. Patterns with different size
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Figure 1.5: Layer-by-layer manufacturing of tendon driven robogamis. (a) Different layers are pro-
cessed using accurate quasi-2D fabrication processes. These layers are aligned and bonded together
using thermoset adhesive. The purple line in this figure shows the path of the tendon. (b) The layers
are bonded together to from the final structure. (c) The alignment structure which keeps the joints
fixed during the bonding process is cut using laser to free the joints and finally the tendon is passed
through the channel.

and required accuracy can be cut by these two machining systems and their combination.
Using the mico-machining center, we can engrave and cut patterns accurate as that needed
for heaters (parallel lines 50 pm apart) as well as less accurate but larger patterns like the glass
fiber pattern for robot’s body. Two cameras with magnifications of 3.2 and 10 are installed
which enables us to inspect the parts after the process and to align the work piece between
different steps of processing. Moreover the cameras can be used to determine the thickness of
the material and the focus point of the laser.
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Figure 1.6: Overview of the Laser-micro machining instrument: (a) laser head, (b) scanner, (c) camera,
and (d) moving stage.

1.4 Conclusion

Low profile, adaptable design, and feasibility of embedding different functional layers in the
structure make robogami a desirable platform for developing wearable devices with multiple
DoFs. The application of this platform, however, has mainly been limited to meso-scale mobile
robots and it is imperative to revise the joint design and actuation principles to accommodate
for the higher load capacity and compliance variability required in a wearable device. In
this Chapter, the design of the novel tendon driven robogami joints along three orthogonal
axis are presented and their load bearing capacity and compliance were estimated. More
on the energy distribution between the joints of under-actuated robogamis and structure’s
compliance control will be studied in Chapter 3.

One of the main characteristics of robogamis is their layer-by-layer manufacturing technique
which allows seamless integration of different functional layer in the structure. Two examples
of integration of different layers in robogamis, one SMA actuated and the other tendon-
driven, are presented in this Chapter and the 2D micro-machining process that enables the
manufacturing of different layers is introduced briefly. In the next Chapters we elaborate on
different functional layers in the Robogamis and study their performance in few applications.
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Y4 Robogamis: Sensing solutions

Effective human interactions in soft wearable devices rely on feedback from the configuration
of the robot and motion of the body. In this Chapter we present joint angle sensing solutions for
robogamis and stretchable sensors for measuring body movements. Given the requirements
on the size, the maximum strain range, and the customizability, it is imperative to develop
customized sensors for measuring bending angle of robogami joints. Sensors based on two
different physical principles were developed for measuring robogami joint angle: sensors
based on piezo-resistive property of carbon-polymer composites and sensors based on the
strain in metal films. Here, these sensing solutions are characterized and a model explaining
different aspects of their behavior is presented.

The same sensing principles were also used in stretchable sensors for measuring the body
movements. In the stretchable sensors, a mesh structure transforms the linear elongation
of the sensor into bending deformation of series of micro-beams. we measure the electrical
resistance change due to strain in the sensitive material as micro-beams bend with sensor’s
elongation.

Sensors based on carbon-polymer composites are easier and cheaper to fabricate. However,
the accuracy and repeatably of the measurements from metal based sensors are significantly
superior. In this Chapter after a brief overview of the state of the art of relevant sensing
solutions, we present the design of curvature and stretchable sensors based on each of the
sensing principles. For each case, we model and characterize the sensor responses. The results
help us to choose the sensing principle and design sensors for different applications based on
their specific requirements.

The material of this Chapter is from the following self-authored publications:
[35] A. Firouzeh, et al., “Soft piezoresistive sensor model and characterization with varying design parameters”,
Sensors and Actuators 2015.
[36] A. Firouzeh and J. Paik, “The Design andModeling of a Novel Resistive Stretch Sensor With Tunable Sensitivity”,
IEEE Sensors 2015.

19



Chapter 2. Robogamis: Sensing solutions

2.1 Introduction

Different sensing principles are proposed in the literature for measuring robogami joint angles
including: using inertial sensors Fig. 2.1 (a), measuring overall shape change through a
varying characteristic of the structure such as the capacitance Fig. 2.1 (b), and measuring
electrical property variation due to strain Fig. 2.1 (c, d). In this research we focus on methods
that rely on electrical property change under strain for directly measuring the angle of each
individual joint. The strain and deformation of the materials can be detected by measuring
the resulting change in their electrical properties such as their: capacitance [38,41-43] or
resistance [40,44-47]. The manufacturing process and the auxiliary equipment for reading
resistive sensors are generally less complicated which simplifies their application in arrays of
miniaturized sensing elements. We studied two sensing principles for curvature sensors: strain
induced resistance change in Constantan (copper—nickel alloy with low electrical resistance
sensitivity to temperature), and in carbon polymer composites. For Constantan the resistance
change is mainly governed by the shape change of the metal path under strain. For the carbon
based sensors, the deformation of the micro structure breaks off the conductive paths under
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Figure 2.1: Examples of joint angle sensing solutions utilized in robogamis. (a) Inertial sensors for
measuring orientation of the tiles [37]. (b) Capacitive sensing based on the relative displacement
of adjacent tiles of the robogami [38]. (c) Curvature sensors based on Piezoresistivity of carbon and
polymer composite [39]. (d) Liquid metal curvature sensor [40].
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2.1. Introduction

strain which increases the electrical resistance [48-51]. The performance of these two sensing
methods are studied in detail in this Section and the advantages of each group are highlighted.
The model and characterization results presented in this Chapter help with choosing the
proper sensing method for different applications.

Stretchable circuitry is a necessity in soft robots for transferring signals and powering different
sections. Fig. 2.2 (a-c) presents few examples of stretchable circuitry using different methods.
All three methods(in plane bending [52, 57], out of plane waves [53, 58], and twist bending
of micro beams in a mesh [40]) are based on transforming the elongation of the sensor into
bending motion of the connected beams. Based on the powering requirements, elongation
range, and compatibility with the available fabrication processes, we used the last method
which is based on twist buckling and bending of micro-beams to make stretchable circuits.
Changing the design parameters of the mesh structure allows us to use the same design also
as stretchable heaters for activating the functional materials in the structure of the robot.

Stretchable sensors for measuring body motion is a requirement in any type of wearable
device. Different methods have been proposed based on variability of electrical resistance and
capacitance for measuring body movements, three examples of such methods are presented
in Fig. 2.2 (d-f). In this research we adapted the same mesh structure we used for stretchable
circuitry to make sensors with a desired sensitivity to stretch. This allows us to integrate the
sensor layer into stretchable circuit layer. We experimented with both sensing principles we
used for measuring joint angles, carbon and metal based, to develop stretch sensors. Details of
the sensor design and the characterization results for the stretchable sensors are also presented
in this Chapter.

Stretchable
intarcannactiane

WA

Figure 2.2: Examples of stretchable circuits and sensors. (a) Stretchable circuit based on in-plane
bending motion of a metallic meander [52]. (b) Out of plane bending of a conductive path [53].
(c) Metal mesh structure resulting in out of plane twist and bending of the micro-beams [40]. (d)
Piezoresistive based stretch sensor based on a carbon polymer compound [54]. (e) Liquid metal
stretchable sensor [55]. (f) Capacitive sensor for measuring hand movements [56].
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Chapter 2. Robogamis: Sensing solutions

2.2 Carbon particle based curvature sensors

When piezoresistive sensors undergo strain, the electrical paths made by the conductive
particles break down and their electrical resistance increase. The piezoresistive material
consists of conductive particles in a non-conductive soft polymer matrix. One family of
these sensors are made by impregnating different rubbers with carbon particles [54,59]. This
conductive paste can later be molded into a desired shape. The ease of fabrication in large
arrays is one the main advantages of this type of sensor. Another family of strain sensors are
based on a carbon ink deposited on polymer sheets [60]. Carbon inks contain a hard polymer
as the matrix which results in better transient and more repeatable response.

To assess the feasibility of the application of these sensors in robogamis, we need a compre-
hensive study on potentials, drawbacks, and different parameters that affect the response of
these. In this Section, we present the design, fabrication process and characterization results
for conductive silicone polymer and carbon ink-based curvature sensors. These sensors are
flexible, mechanically robust under large strains, scalable, cheap, and easy to fabricate in large
numbers. The proposed model for the sensors is unique for its extensive characterization of
these polymer-based sensors and for its systematic categorization to compare performance of
sensors with different design parameters.

2.2.1 Design and fabrication

We study two families of piezoresistive sensors with different mechanical properties and
possible applications: Carbon silicone composite (CSC) and carbon ink (CI) sensors. Under
strain, due to relative motion of the conductive particles, that make the conductive paths, the
overall electrical resistance of the sensing material changes. Although the working principle is
quite similar, the appearance, mechanical properties, and fabrication process of these sensors
are very different. The main advantages of the CSC sensors are their ease of fabrication and
robustness in extreme loading conditions (upto 100% strain). The main advantage of the
ink-based sensors is their better transient response, lower drift, and better accuracy as will be
discussed. In what follows, we present the design and fabrication processes of these sensors.

Conductive Silicone Composite (CSC) Sensors

Composites of carbon black with silicone rubber have different levels of conductivity, sensitiv-
ity to strain, and mechanical properties depending on the mixture ratio, the matrix properties,
and carbon particle size. Smaller particles generally result in more uniform mixture and
better sensing quality. Based on this, we used carbon black with particle size of 42 nm in this
research (39724, Alfa Aesar). Under strain, the conductive links in the CSC made by these
particles break, causing an increase in the electrical resistance of the sensor. To study the
effect of the polymer properties, we used two silicone rubbers with different mechanical
properties: Ecoflex 0030 and Dragon Skin 30 (Smooth-on ™). The latter is around 10 times
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Figure 2.3: Fabrication process of the CSC sensors. (a) In the first step, the patterned pre-impregnated
glass fibre and conductive fabric (which makes the circuit and the sensors electrodes) are stacked and
cured in a heat press at 135°C for 30 minutes. (b,c) In the second step, the sensor base is fixed on a 3D
printed mold and is covered with a mask layer. The mold makes the shape of the sensors more uniform
and the mask makes cleaning and isolating the sensors easier in the subsequent step. (d) Next, the
conductive polymer layer is cast and placed in the oven for curing. Finally, the module is released from
the mold and the mask is lifted off. (e) In this module, we have three sensors in parallel which allows us
to compare the response of three sensors in the characterization tests.

stiffer (600 kPa) than the former (69 kPa). As for the mass ratio, as suggested in [61], there is a
compromise between sensitivity and conductivity. For sensors with Ecoflex matrix 5.5% and
for sensors with Dragon skin matrix 7.5% carbon to silicone mass ratio give acceptable results
which will be presented here. To achieve a more uniform mixture, we also added 15% mass
ratio of n-Hexane solvent to reduce the viscosity of the mixture. Fig. 2.3 presents the overview
of the fabrication process of CSC sensors. Here we use the robogami structure as the base for
casting the conductive silicone. The fabrication process starts with laser micro-machining
of the components needed for the base: pre-impregnated glass fiber layers, and conductive
layer. Then, these components are stacked and cured in a heat-press to form the base for
the sensors. In this design, we make three sensors on each module to study the repeatability
of the fabrication process. We use a 3D printed mold and a mask as presented in Fig. 2.3 to
better control the thickness and the shape of the sensors in the casting step. After casting the
silicone, the module is placed in a vacuum chamber to degas the polymer. Then it is placed in
an oven at 70 °C to cure the polymer. These steps are illustrated in Fig. 2.3.

Carbon Ink (CI) Sensors

Carbon inks are also composites of a polymer matrix and carbon particles. The matrix of the
inks are significantly stiffer than the silicone rubbers that we use in CSC sensors. In general,
stiffer matrix is expected to produce more repeatable results. Unlike the CSC sensors, we
cannot cast the carbon inks directly for making the sensors and a substrate layer is necessary
for the ink deposition. We used a Polyimide film as the substrate material based on its desirable
chemical, thermal and electrical characteristics. The thickness of the polyimide substrate
determines the strain in the ink layer. Based on the compromise between the sensitivity and
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Figure 2.4: Fabrication process of the CI sensors. (a) In the first step, the surface of the polyimide sheet
is engraved by UV laser. (b) Next, a layer of carbon ink is deposited on the polyimide and after curing,
the anchoring points around the sensing area are cleaned by burning the carbon layer with laser. (c) In
the third step, the cover layer is added. (d) Finally, the outline of the sensor is cut out and the wires are
attached to the electrodes.

the accessible range of deformation, we chose 50 um thick polyimide sheet as the substrate
which gave good results in the experiments. As for the ink, different compositions were studied
and based on their performance, a water based ink with micron size particles (conductive ink
No. 16051, PELCO) was chosen.

The fabrication process, Fig. 2.4, starts with engraving straight parallel line on the surface
of polyimide sheet with the laser up to half its thickness along the area which will make the
sensitive part, the first step in Fig. 2.4. The width of the score marks is the same as the beam
size of the laser which is 30 um. These notches on the polymer layer will provide points of
stress concentration and hence increases the sensitivity of the sensor. Next, a uniform layer of
carbon ink is deposited on the polyimide sheet using fine glass-fiber fabric. After the ink is
cured, we burn the ink on the side of the sensitive part in order to make anchoring areas for the
cover layer, the second step in Fig. 2.4. The cover layer protects the ink from physical damage
and also reduces the effects of change in the ambient condition, specifically the humidity.

The cover material changes the behavior of the sensor. We compared the effect of three
different cover layers on the sensor’s performance. The first cover layer, CI1, was a thin
polyimide layer (13 um) bonded on to the substrate and the ink layer using polyurethane
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Figure 2.5: Design of different CI sensors. (a) Sensor with polyurethane and polyimide layer, CI1. (b)
Sensor with polyurethane and polyimide layer, CI2. The ink and the polyurethane are not in contact in
CI2. (c) Sensor with parylene coating, CI3. (d) A microscopic image showing the score marks on the
substrate.
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2.2. Carbon particle based curvature sensors

hot-melt (Fig. 2.5(a)). In another version, CI2, the same combination was used but the
polyurethane layer was cut to keep it from contacting the ink layer in the sensing area (Fig.
2.5(b)). In the third design, Fig. 2.5(c), a thin parylene coating (2 um) was used as the cover
layer, CI3, which is expected to have smaller effect on the sensor reading based on its smaller
thickness.

2.2.2 Model and characterization

The behavior of the carbon particle-based sensors is studied in micro-scale [48-51] and in
macro-scale [61-63]. The study of the interaction of carbon particles and the polymer matrix
in the micro scale is interesting for understanding the nature of different phenomena and
optimizing the components of the conductive composite. In the second approach, a gray
box model is used to explain the relation between the resistance and the strain. This type of
modeling is more attractive for studying the bulk behavior of the sensors. Such a model is still
useful in optimizing the design parameters [63] of the sensor since the elements that make up
the model are representative of different components’ characteristics [61]. In this research, we
modeled the behavior of the sensors using the second approach.

To characterize the sensors, researchers mostly studied cyclic loading with fixed loading
rate [64, 65]. Some aspects of the dynamic response of these sensors were also studied [48, 61].
Still, effects such as drift or creep [50] are not studied thoroughly. A model in macro scale [61]
that explains all these effects would provides us with a set of figures of merit for comparing
the performance of different sensors [66, 67].

We present a model that can explain the main aspects of the sensor response and introduce the
characterization tests to determine the parameters of the model for different sensors, which
we use to compare their performance. Moreover, by interpreting the physical meaning of the
elements in the model, we will acquire a guideline for improving the design of the sensors.
The equivalent mechanical model of Fig. 2.6 captures different aspects of the sensor behavior.
In this model, the carbon particles are presented in black and the polymer matrix is presented
by blue carts that are connected with a combination of dampers and springs. The movement
of the particles (strain) in the equivalent model translates into the electrical resistance change
of the sensor. The elements of the model are chosen to capture two main characteristics of
the sensor reading: the transient response and the amplitude dependent drift in the sensor
reading. This drift is referred to as the recoverable drift throughout the text. In a perfect sensor,
these two effects should be negligible. But due to the inherent material characteristics, all
polymer based sensors display these effects to different extents.

To characterize the sensors, we examine three different aspects of the their response. First,
we study the transient response which is governed by the dynamics of the polymer matrix
(presented by components with P label in Fig. 2.6). Next, the recoverable drift in the sensor
reading is studied which is governed by the interaction between the polymer matrix and the
carbon particles (modeled by the components with CP label in Fig. 2.6). Finally, the quasi-
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Figure 2.6: The equivalent mechanical model for the carbon particle based sensors. (a) The model
proposed in this research contains more elements compared to the previously suggested models to
cover different aspects of sensor behavior. (b) The simplified model where all the elements with same
effect are lumped into one equivalent element. In this model, black blocks represent the carbon
particles (labeled C) and the distance between them is translated to the resistance change of the sensor.
The carts and the connecting springs and dampers represent the polymer matrix (labelled P). The
friction force between the carbon particle and the polymer matrix and the force in the spring that is
labeled CP are the forces between the carbon particles and the polymer matrix.

static response of the sensor will be investigated. As previously suggested in [61], the transient
response of the sensors can be attributed to the polymer’s visco-elasticity. The drift in the
sensor reading can be attributed to the friction force between carbon particles and polymer
matrix.

The study of the model suggests that the drift part of the response is only dependent on the fast
movements in the matrix and not on the slow relaxation and moreover the transient response
of the sensors is not dependent on the recoverable drift. So, these two parts of the model
can be studied separately. In what follows, we present the test procedure for characterizing
different aspects of sensors’ behavior.

Transient response

The transient response of the sensors is caused by the visco-elastic behavior of the polymer.
This behavior is modeled using a combination of springs and dampers. The resistance of the
sensor changes due to both normal and lateral strains in the material. The elements in the
model are chosen to capture closely different aspects of the transient response. Considering
the normal strain as the input, the lateral deformation is the main reason for the resistance
change by breaking the conductive paths.

The transient response is characterized in two steps: first, loading the sensor from relaxed (0°)
to a half closed position (90°) with a step input (approximated by a ramp loading with 0.5 s
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Figure 2.7: The transient response of the CI2 in moving from 0° to 90° (green line) and from 162° to 90°
(brown line). Both on the rising and the falling edges the resistance decreases over time. This can be
attributed to different effects such as the lateral deformation in the sensor. We model this response
using the first order dynamics.

rise time); second, unloading the sensor from completely closed state (162° for CIs and 144°
for CSCs) to (90°). For the CSCs bending over 144° would cause the two sides of the sensor to
come in contact. Fig. 2.7 presents the response of the CI2 sensor in these two tests.

An interesting feature in the response of this sensor is that both in loading and unloading, the
sensor reading decreases over time after the deformation. We use the equivalent mechanical
system of Fig. 2.8 to model the transient behavior of sensors. The input deformation in this
model, causes two displacements of interest which can be attributed to the volume change
in the material, x (governing the particle distance in the direction of the main deformation),
and the lateral displacement, u. Regardless of the direction of motion, the lateral deformation
causes increase in the resistance which can be explained by the theory of destruction of
conductive networks [68,69]. The same model can also explain the resistance increase of the
piezoresistive materials under the pressure. Based on this model, we present the resistance of
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Figure 2.8: The transient response components of the sensor model. The portion with the displacement
x is the standard model that captures creep and viscoelastisity in the polymers. The displacement in
the third spring denotes the lateral strain in the material which causes the effective conductive paths to
break. The input to the model is the displacement z and the outputs are x and u.
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the sensor as:

R=Ri(X)+Ro(lul) =rix+r2lul 2.1

In this model, we assumed that the resistance is a linear function of the displacement. As will
be seen in the quasi-static characterization of the sensor, this assumption is not true for the
whole range of motion but it can be used in finding a measure of performance for the sensor
around a specific point. For the displacements of interest we have:

1 1
X(S)Z(Z+B+DS)Z(S) x(t)zae—t/'r_l_b
— (2.2)
_A-1 1 u(t)=—ae "7+ (1 -b)
U(s)=( " B+DS)Z(S)

Using the test results presented in Fig. 2.7, the parameters of (2.2) can be determined but we
are more interested in finding a tangible measure of performance to compare different sensors.
So the parameters we report for each sensor are: the time constant of the first order dynamic
model (1), and the normalized amplitude of the transient response in rising and falling edges
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Figure 2.9: The transient response of CSC1 in moving from 0° to 90° and from 144° to 90°. The different
aspect in the dynamic response of this sensor compared with the CI sensors (Fig. 2.7) is the initial
increase in the resistance regardless of the direction of deformation. This point is emphasized in the
plot by zooming in on the initial pick on the falling edge.
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(ar, and a o respectively) which are defined as:

a
ar, (%) =L and ay, (%) = - (2.3)
a a

N

According to (2.3), the normalization should be carried out using the steady state amplitude
of the resistance change but because of the non-linearity in the behavior of the sensor, the
amplitude of the transient response is not necessarily dependent on the step size. So to have
comparable values, for both the rising and falling edges, we used the resistance change of the
sensor as it bends from 0° to 90° for normalizing the readings.

Conductive silicone with soft matrix (such as the compound we used for CSC1) exhibit a
behavior different from what is presented in Fig. 2.7. For sensors using such materials, we
observe an initial increase in the sensor reading as it moves back to the relaxed state as shown
in Fig. 2.9. In CSCs with soft matrix, the damping effects are highly dominant, which causes
large initial deformation in k, (attributed to large lateral motion) and hence an initial increase
in the resistance. The same characterization tests were performed on all sensors and the
results will be compared in Section 2.2.3.

Recoverable drift

For most polymer sensors, due to the inherent matrix characteristics, drift in the sensor
reading over time is inevitable. Though being neglected in many researches, this effect is one
of the biggest drawbacks of the polymer based sensors. One part of this drift is caused by the
degradation of the sensor and is irreversible. The quasi-static experiments confirms that this
effect is negligible. On the other hand, there is a reversible and significant drift in the sensor
reading dependent on its loading history. The frictional force between the carbon particles
and the polymer matrix is added to the model to capture this behavior. Fig. 2.10 presents a
part of the general model, we proposed in Fig. 2.6, that explains the recoverable drift in the
sensors. The parameters of this model are the mass of the carbon particles, the friction force,
and the spring constant.

In cycles with large bending angles, the positive work done by the spring and the friction
in the first half of the cycle (Fig. 2.10 (a) to 2.10 (b)) is greater than the positive work when
the polymer matrix goes back to the relaxed initial state (Fig. 2.10 (b) to 2.10 (c)). This will
cause an offset in the position of the carbon particles after a high amplitude loading cycle (Fig.
2.10(c)). When the sensor is later loaded with smaller amplitudes (Fig. 2.10(d)), the residue of
the spring force would cause smaller positive work when the polymer gets stretched compared
to the positive work when it shrinks back to its initial state. This will cause the particles to
spring back to their initial state in the matrix in the repeated cycles (Fig. 2.10(e)). While the
drift appears after the first couple of cycles with large amplitudes (after the first two cycles, the
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Figure 2.10: The portion of the model that represents the interaction between the carbon particles
and the polymer matrix. The components in this part of the model were chosen to yield the same drift
behavior as is observed in the sensor reading. (a) Initial state. (b) Deforming the sensor with large
amplitude. (c) Polymer matrix returns to its initial state but carbon particles maintain some residual
displacement. (d) Deforming sensor with small amplitude. Because of the pre-strain in the spring,
the carbon particle’s displacement is small. (e) Polymer matrix returns to its initial state after a small
amplitude deformation and the carbon particles recover some part of the drift in their position.

sensor readings would be similar for the rest of the cycles with high amplitude), the relocation
of the particles to their initial state is a very slow process and many cycles of loading with
small amplitudes are necessary to relieve the residual strain in the sensor, Fig. 2.11.
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Figure 2.11: Recoverable drift in CI2. In this experiment, the sensor was loaded to the maximum
bending angle (162°) for 20 cycles which causes the drift in the reading. After that, the sensor was
kept in the relaxed state so the transient response vanishes. Then in 400 cycles of 18°, the recoverable
drift was relieved and the sensor is held steady again for the transient response to vanish. The voltage
difference between the two steady state readings is the measure that we use for comparing different
carbon based sensors.
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Finding all of the parameters in the model requires extensive testing including loading with
different rates. Here, we only report the normalized recoverable drift in the sensor reading for
one loading speed which provides a measure of performance for comparing different sensors:

ab, (%) = 22 @2.4)

am

The characterization test for this part begins with loading the sensor with the maximum
bending angle, 162, for 20 cycles. Then the sensor is left at its relaxed state so that the
transient response fades. Next, the sensor is loaded with smaller amplitude, 187, for 400
cycles to relieve the residual strain. In these repeated cycles the drift in the sensor reading is
recovered little by little. In the final step of the test, the sensor is again left at rest to reach its
steady state. Fig. 2.11 presents the result of these tests for CI2. a;, in this figure presents the
value we refer to as the recoverable drift in the sensor response.

Quasi-static response

To study the repeatability of the sensor measurements, we loaded the sensors in 18° incre-
ments between unfolded and folded states for 50 cycles and calculated the variance of the
voltage reading in repeated cycles. We use the mean of the variance for all points to compare
the quasi static performance of different sensors in repeated cycles (o). The measurements
from the first cycle are different from all the following readings. This is caused by the slow
transient behavior of the sensor which results in slightly higher readings from the second cycle
on. In this Section, we are concerned with the repeatability of the sensor measurements. So
we put aside the first cycle and calculate the variance based on the data from the remaining
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Figure 2.12: Quasi static response of CI1 in 50 cycles with 18 step increments. The mean cycle and
the variance are presented. The variance is a measure of the repeatability of the readings and the
robustness of the sensors.
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cycles. To give comparable numbers for different sensors, we normalized the error with the
amplitude of the mean cycle. Fig. 2.12 presents the result of this test for CI1.

The coherence of the data presents a measure of the repeatability of the readings and the
robustness of the sensors. The accuracy of the sensor estimation also depends on its sensitivity
(the slope in Fig. 2.12). To study the accuracy of the sensors, a more detailed quasi-static test
with increments of 1.8 was performed and a curve was fit to the data to find the correlation
between the bending angle and the voltage reading from the sensor. The difference between
the prediction of the fitted function and the actual bending angle provides a measure of
accuracy of the sensor around each bending angle. We use the mean of the standard deviations
for all test point (o) as a measure to compare the accuracy of the sensors.

Another measure of the sensor performance is the width of its hysteresis loop. We present the
maximum normalized width of the hysteresis loop which is the difference between the voltage
on the rising edge and falling edge over the voltage amplitude of the whole cycle:

|Vrising(0) - Vfallin(0)|max

Vinax = Vimin

Wrys,, 0) = 2.5)

The parameters introduced here are used in the next Section to compare different aspects of
the response of carbon particle based sensors.

2.2.3 Comparison of carbon particle based sensors

In this Section, we compare the response of carbon based piezo-resistive sensors using the
figures of merit defined in the previous Section. Table 2.1 compares the three aspects of the
sensor response: transient response, drift, and quasi static response. Based on the model we
expect better transient response from compounds with stiffer polymers and more dominant
elastic behavior. A stiffer matrix also reduces the recoverable drift in the sensor since the
conductive particles would follow the polymer matrix more closely. The comparison between
the values in Table 2.1 confirms these predictions.

The CI sensors have stiffer polymer and hence better characteristics compared to CSC sensors.

Table 2.1: Comparing the performance of different types of carbon particle based sensors.

Transient response Drift Quasi-static response test
Sensortype | T(s) | ar, (%) | af,(%) | aby(%)| oy (%) | 0 (°) | Whys., (%)
CSC1 19.24 13.8 13 28.37 2.37 5.98 25.57
CSC2 12.5 9.0 10.9 15.76 2.48 2.65 17.33
CI1 17.1 10.7 23.5 39 0.75 2.67 8.2
CI2 12.78 4.4 5.3 12.95 0.55 1.05 2.9
CI3 14.22 5.2 5.6 11.42 0.67 0.89 4.2
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Among the ink based sensors, CI1 is an exception and it has the worst transient response based
on the value of ay, and a,, presented in Table 2.1. Also, its recoverable drift amplitude is quite
substantial. In this sensor, the conductive ink is in direct contact with the polyurethane layer
and it is partially transferred onto this layer in the laminattion process. While the sensor is
under strain the polyurethane layer moves with respect to the polyimide layer which breaks
the conductive paths. The anchoring points added in the fabrication process reduces this
relative motion and significantly improves the result but it does not solve the problem entirely.
The other two packaging techniques used (in CI2 and CI3) do not have the same problem and
give significantly better results, Table 2.1.

In the quasi-static tests, the repeatability of the measured data for the ink based sensors (ov)
is significantly better, Table 2.1. This is mainly caused by the drift in the CSC sensors over
time. Also, the shape of the CSC sensors are rather unconstrained compared to CI sensors that
have a stiff polyimide backing. The accuracy of the sensor readings is not only a function of
the repeatability of the measurements but also the sensitivity in different regions. In general,
CI sensors have more uniform sensitivity in their whole range of motion. This partly comes
from their smaller hysteresis loop (Whys.,,) which makes the insensitive zones smaller. Better
sensitivity and repeatability result in more accurate readings for CI compared to CSC sensors.

According to Table 2.1, CI sensors have better characteristics in all three aspects studied in
this research. The figures of merit presented in this table will guide us in choosing the proper
sensing method based on the application requirements. The main advantage of the sensors
introduced in this Section is their ease of fabrication which makes it possible to design network
of them for monitoring the configuration of robogamis. These sensors were successfully used
in robogami joints for following a repeated loading cycle with a fixed amplitude at a rather
slow rate (more details in Appendix A). The application of the sensors presented in this Section
is, however, limited by their slow transient response and the drift in their reading. Later in
this Chapter we introduce curvature sensors based on metal film-polyimide laminates which
provides more repeatable and reliable response but at the cost of increased manufacturing
complexity and cost.

2.3 Carbon particle based stretchable sensors

Among the curvature sensors we studied in the previous Section, ink sensors with polyimide
backing had the best response. We used the same sensing principle in a stretchable sensor for
measuring facial movements. The sensor is fabricated by cutting a mesh pattern similar to
the one presented in Fig. 2.13a through a polyimide sheet covered with carbon ink. The mesh
structure makes a series of micro-beams that bend and allow significant displacements at the
two ends of the sensor. Fig. 2.13b presents a stretchable sensor based on this design. Similar
to the curvature sensors, this senor is coated with parylene for protecting the ink layer. Fig.
2.13c presents the characterization result of 3 stretchable sensors in 20 cycles.

Similar to piezo-resistive curvature sensors, the main advantage of carbon based stretchable
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Figure 2.13: Carbon ink stretchable sensor. (a,b) The overall design of carbon ink stretchable sensor.
(c) The response of 3 sensors at 80% elongation in 20 loading cycles.
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Figure 2.14: A network of stretchable sensors are designed to measure facial movements.
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sensors is the ease of design and fabrication of networks of sensing elements. Fig. 2.14 presents
an example of a network of seven sensors designed to measure facial movements to detect
facial gestures. Given the limited accuracy and repeatability and significant dependence on
the ambient condition, refined measurement of the facial movements is not feasible using
these sensors. Later in this Chapter, we introduce a stretchable sensor based on metal films
for applications requiring more precise measurements.

2.4 Metal based curvature sensor

The main advantages of the conductive polymer sensors are their ease of fabrication, low cost,
and high sensitivity to strain, which simplifies considerably the data acquisition hardware.
However, the high sensitivity to the ambient condition and instability of the matrix in repeated
cycles of loading, inherent to the polymers, restrict the applications of these sensors. In this
Section we present a sensor with higher accuracy for robogamis that uses electrical resistance
change caused by strain in a metal film as the sensing principle.

2.4.1 Sensor design and model

The customized curvature sensors presented in this Section functions based on the resistance
change of a metal path under strain [70, 71]. To induce unidirectional strain in the metal
layer under bending deformation, we used a laminate of metal and polyimide. To increase
the resistance change of the sensor, a serpentine path was etched in the metal layer. The
schematic of the sensor is presented in Fig. 2.15a. Constantan was chosen as the metal layer
based on the low sensitivity of its electrical resistance to temperature change.

The axis of rotation in the robogami joints are determined either by the folding pattern of
the polyimide or by the shape of the actuators (in the case of SMA actuated joints). By fixing
the curvature sensors on both sides of the robogami joint, it is forced to follow deformations
that are dictated by tile motions. This can cause large strains in the sensor and for the metal
sensors this would result in plastic deformation. To prevent this, the sensor is fixed at one end
and is free to slide in and out of the adjacent tile while following its bending angle, Fig. 2.15b.
Allowing this sliding motion reduces the maximum strain in the metal layer and prevents
plastic deformation and failure of the sensors.

To reduce the maximum strain for a given bending angle, and maximizing the elastic range of
deformation, thin metal and Polyimide layers were used in the laminate, 10 um and 50 um
respectively. For this laminate, the neutral plane falls 2.3 um above the metal and Polyimide
interface which puts the metal layer (as presented in Fig. 2.15c) partly in tension and partly in
compression under bending loads. Ideally using a thinner metal layer for having the entire
Constantan volume in either tension or compression is preferable (we used 10 um Constantan
layer based on the availability). Considering the gauge factor of 2.0 for Constantan, the
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Figure 2.15: Low profile metal based curvature sensor for robogami structures. (a) The schematic of the
sensor which comprises a Constantan serpentine (10 um thick) laminated on thick Polyimide (50 pm).
When the sensor is bent, the metal layer mainly undergoes tension or compression, depending on
the bending direction. This loading condition results in increase or decrease in the overall resistance
of the sensor. (b) The overview of the assembly of two sensors in a robogami joint. The sensors are
fixed on one tile and are free to slide in and out of the second tile. (c) Schematic of a curvature sensor
cross-section.

resistance change is given by the following equation:

AR=2Re (2.6)

In (2.6), AR is the overall resistance of the sensor, and € is the average strain in the metal layer.
Considering a simple bending, the strain in the metal layer is calculated as:

. ()/—)7), p= lsensor 2.7)

0 0

In (2.7), y — y is the distance from the neutral plane and p is the radius of curvature. ls.p50r is
the length of the sensor and 6 is the bending angle. Given the dimensions that are presented
in Fig. 2.15c¢, the average strain in the metal layer is calculated as:

£=3.8x107%0 (2.8)
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According to (2.6) and (2.8), the expected sensitivity, §R/R, is 7.6 x 10~*/rad. Because of the
low sensitivity, we need to use precise electronics and 4-point measurement for avoiding
inaccuracies related to contact and wiring resistances.

2.4.2 Characterization

In this Section, we present the characterization results for the metal curvature sensors. The
actuation and compliance control methods that we use in robogamis are thermally activated.
So we expect significant temperature variation in the sensors. Although Constantan has a low
sensitivity to temperature variation, given the wide temperature range, the thermal effects
are not negligible. To illustrate the temperature dependence of the electrical resistance, we
tested a sample with rising temperature. The results, Fig. 2.16a, confirm significant thermal
effects. To account for these effects, we placed two sensors with the same pattern back to back
which puts the metal layers in opposite loading conditions. Given the thin profile of the two
sensors, we expect them to have similar thermal conditions. So the resistance change due to
the temperature rise in the sensors would have the same value while the resistance change
due to the bending motion would have opposite values. Subtracting the resistance of the two
sensors is expected to cancel out the effect of the temperature on resistance and adding the
sensor readings is expected to cancel out the strain effect, Fig. 2.16.

We define the joint angle, Iy, and temperature, I7e;;p, indicators as:

Ip=Ri R, 2.9)

A Ra-Ri
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Figure 2.16: Sensor measurements and joint angle and temperature indicators. (a) The raw sensor
readings show significant variation with both time (due to varying temperature) and strain. Adding the
readings of the two sensors cancels out the strain effect on the resistance. (b) subtracting the sensor
readings cancels partially the temperature effect. Although the range of motion remains the same,
[-50° 50°], the amplitude of the joint angle indicator decreases at higher temperatures and further
treatment of the data is required for accurate joint angle estimation.
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Figure 2.17: Three major effects of temperature on the sensor measurement. 1) The negative bias in
the reading (caused by the negative electrical resistance-temperature coefficient of Constantan). 2)
The decrease in the sensitivity of the sensor. 3) The increase in the hysteresis loop width. This figure is
an schematic representation of the sensor reading and the effects are not to the scale.
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Tremp = (2.10)

Fig. 2.16 presents the raw sensor readings, temperature, and joint angle indicators. Ideally
we expected the joint angle indicator to be independent of the temperature. The test results,
however, suggests that the temperature change affects the resistance in three different ways:
1- adding a bias to the sensor reading which is compensated in the joint angle indicator, 2-
changing the sensitivity, and 3- increasing the hysteresis in the sensor reading. These three
effects are presented in the exaggerated schematic of Fig. 2.17. The overall resistance of each
sensor can be written as:

Rsensor =b(Temp) + Kg(Temp)0 = hys(Temp) (2.11)

In (2.11), b(Temp) is the bias in the sensor reading, Kp is the sensitivity of the sensor which
as discussed is a function of the temperature, and hys(Temp) represents the hysteresis.
Subtracting the resistance of the two sensors cancels out the bias in the temperature reading
but it does not compensate for the sensitivity change and the hysteresis. So the joint angle
indicator has the following form:

Ip=Ry—Ry=2k-(Temp)0 £2hys(Temp) (2.12)
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Figure 2.18: Corrected measurements from two sensors versus the joint angle. The bias caused by
temperature variation is compensated by subtracting the resistance of the two sensors. The reading
was also corrected to account for the change in the sensitivity due to the temperature variation. The
sensor is tested in 25 loading cycles with different amplitudes. The results are fairly repeatable and
linear and an envelope of +£2.4° contains the data from all the loading cycles.

The sensitivity change which is a function of the temperature can be accounted for based
on the temperature of the sensors. We estimate the temperature of the two sensors using
the temperature indicator, Ir.m,p. We approximated the change of the sensitivity, Ky, with a
linear function of the temperature. To characterize the rate of sensitivity change, we tested the
sensors in its maximum range of motion with increasing temperature. We used the results to
determine Ky as a function of I7¢,,. The last term in (2.12) can not be compensated easily.
However, the temperature indicator can provide a measure of how prominent the hysteresis
effect is. In the characterization tests, the hysteresis in the sensor reading was negligible.

To study the repeatability of the sensor readings, it was tested with different maximum ampli-
tudes (10,20,30,40, and50°) with 10° steps. The tests were repeated 5 times for each maxi-
mum amplitude. The sensor was characterized in varying thermal conditions. The thermal
effects are compensated using the measurement from the two complementary sensors to
make the response compatible with the sensor reading at the room temperature. Fig. 2.18
presents the characterization test results. The sensor response is fairly linear with sensitivity
of 8.5 x 10~*/rad which is higher than the estimated value. The difference can be attributed to
variation in the thickness of the metal layer and its gauge factor. The sensor response is fairly
repeatable and an envelope of + 2.4° contains the data from all the tests.

Compared to carbon based sensors, the sensors presented in this Section are significantly
more accurate and stable. The metal based sensors are a better choice for the robogami
applications requiring accurate configuration feedback.
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2.5 Metal based stretchable sensor

In Section 2.3, we presented carbon based elongation sensors based on a stretchable mesh
pattern. Given the significantly better response of metal based curvature sensors in compari-
son to carbon based sensors, we decided to adopt the design of the carbon ink mesh sensors
and develop a stretchable sensor based on the strain in a metal film laminated on polyimide
sheet. In this Section, the design of the metal mesh sensor, a model to predict its behavior,
and the results of its characterization tests are presented.

2.5.1 Design and working Principle

In the mesh pattern introduced for the carbon based stretchable sensors, the bending motion
of the beam puts the ink layer partly in tension and partly in compression. The resistance of
carbon ink increases both under tension and compression. So stretching the mesh structure
resulted in resistance increase for these sensors. For the metal mesh sensor, however, the
resistance of sections in compression decreases and we expect no resistance change in a
design with symmetric pattern. By modulating the track width, however, we can make stretch
sensors with either increasing or decreasing resistance. This is specifically of interest since we
can cancel out the thermal effects on the sensor reading by using a sensor with positive and a
sensor with negative sensitivity in parallel. Here, the design and the working principle of a
metal based stretchable sensor is presented in detail.

The mesh pattern that is proposed for stretchable sensor, Fig. 2.19, was previously used as
stretchable heaters and circuit. The pattern for the heater is insensitive to strain given the
fact that the metal layer is partly in tension and partly in compression. To make the mesh
sensitive to stretch, we modified the metal track profiles to have different contributions to
the electrical resistance in sections with positive and negative strain. Effective modulation
of the metal track profile requires understanding of the relation between the stretch and the
strain distribution in the metal layer. Fig. 2.19 (a-c) present a sensor as it stretches. The mesh
pattern transforms the linear displacement into bending deformation of the micro-beams.
This enables us to reach a large linear deformation without exceeding the maximum elastic
strain in each micro-beam. Fig. 2.19 (c) and (a) also present a side view of the few first and
couple of middle section columns, respectively. Under strain, the micro-beams twist out of
plane and bend about the axis with the lowest moment of inertia. As presented in Fig. 2.19 (c),
this twist occurs in the first few columns and from the third column on, the twist angle stays
approximately the same and the bending motion is the dominant mode of deformation.

In Fig. 2.19a, the sections marked by + are in tension and the sections marked by - are in
compression. The number of micro-beams and hence the length of the conductive tracks
in tension and compression are equal. In the sensor pattern, we modulate the width of the
metal tracks in one half (either in the sections with metal layer in tension or in compression)
to produce narrower metal tracks with a larger electrical resistance. In the sensor, the parts
with narrow and wide tracks have opposite loading conditions and because of higher initial
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resistance of the part with narrow tracks, the resistance change of this part dominates the
overall resistance change of the sensor. Fig. 2.19 presents an example of a sensor with a
narrower track in the beams under compression resulting in negative sensitivity. The radius
of curvature and the strain in the metal tracks change along the micro-beams. In order to
maintain the overall resistance of the sensor as low as possible, the metal tracks in the sections
of the sensor without substantial curvature are designed to have the same wide cross-section
as the parts in tension. So the narrow metal track in each beam is shorter than the wide metal
track. This design reduces the overall resistance of the sensor without much influence on
the resistance change and in effect increases the ratio of the resistance change to the initial
resistance.

The twist buckling which occurs in the first few columns of the sensor is a phenomenon

Cross section of the beam
with narrow metal track

Metal layer

Poyimide layer

-

Cross section of the beam
T2 with wide metal track
Metal layer

One micro-beam Poyimide layer

(b)

Figure 2.19: Bending deformation of the micro-beams in the mesh structure of the stretchable sensor.
(a) The electrical path and the sign of the resistance change are illustrated in this figure. (b) One
micro-beam and different metal profile in sections in tension and compression. (c) The twist buckling
motion of the micro-beams is developed in the first few columns of the sensor.
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in which a beam under bending load twists out of plane and bends about an axis with a
lower moment of inertia. The twist angle is determined for the beam to have the minimum
deformation energy. Apart from the first few columns, for the main body of the sensor the
dominant deformation is bending along the micro-beams. This bending motion for one
micro-beam is presented in Fig. 2.19b. Fig. 2.19c presents the twist which occurs in the first
few columns. Given the larger number of the beams with dominant bending motion, they
have the main influence over the twist angle and resistance change in the sensor. Therefore,
we model the behavior of the sensor through studying the deformation only in these beams.
To find the relation between the bending deflection of each micro-beam and the stretch, we
need to know the twist angle. Since we only consider bending about the minimum moment
of inertia axis, we can estimate the twist angle using geometrical relations. we expect this
estimate to be accurate since the maximum moment of inertia is 2000 times larger. Based on
the boundary conditions for each micro-beam, we can estimate the twist angle as:

20,=26sin0 =D+ b(1 —cosO)
tanfsinf 1

_— 2.13
26y=260036=bsin6 D+b(1—-cosO) b ( )

In (2.13), §, 8z, and Jy are the deflection of the beam and its components along z and y
directions respectively which are depicted in Fig. 2.20. Here, b is the width of each micro-
beam and 6 is the twist angle of the beams. For D, the contribution of each micro-beam to the
overall stretch, we have:

p=_ 2% (2.14)

Figure 2.20: Twist angle, 6, in a stretched sensor (sensor view along x axis). To measure this angle as a
function of elongation, the sensor was mounted on a linear stage and stretched in 1 mm steps under a
microscope. The small angle between the dashed black and the solid red lines in this figure is caused
by the secondary bending about the axis of maximum moment of inertia, I,,,, which is neglected in
this study.
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where Ax is the overall stretch of the sensor and N, ;55 is the number of columns along
the sensor. Fig. 2.21 presents the estimated and the measured twist angle as a function of
contribution of each micro-beam to the elongation (D). To measure the twist angle, we placed
the sensor on a micro stage and studied its deformation under a microscope in 1 mm steps.

The deformations considered in (2.13) are not the only possible deformations to satisfy the
boundary conditions but these deformations are the most energy efficient and bending about
the other axis would require more energy. The estimated value from the model and the
measured twist angles match closely, Fig. 2.21. The small discrepancy can be attributed to
small bending about the I, axis. This secondary bending causes the small angle between
the dashed black and the red lines in Fig. 2.20. Also as presented in Fig. 2.19c, the few first
columns have a smaller contribution to the elongation which means that the deflection in the
beams in the middle section is slightly underestimated by (2.14).

The twist direction is determined by the pattern of the metal layer. For the pattern presented in
Fig. 2.19, the sensor deforms so that the narrow metal tracks would always be in compression
and the sensor’s resistance decreases as it stretches. For the symmetric sections with a wide
metal track, the twist can happen on either side and it is the parts with narrow metal tracks
that determine the twist direction. Fig. 2.22 presents a schematic of a micro-beam with a
patterned metal layer. It is attached to the left columns on two ends and to the column on
the right in the middle. As the sensor is stretched, the micro-beams can twist about x axis
in both positive and negative directions. If it twists in the positive direction, the moment
of inertia of the bending axis (I,) increases. As a result this damps the out of plane twist
motion. On the other hand, if the beam twists in the negative direction of x axis (Fig. 2.22b)
I,y decreases, which allows bending deformations requiring less energy. So the micro-beams
with the pattern presented in Fig. 2.19 always twist in the direction that puts the narrow metal
tracks in compression and the wide metal tracks in tension. So a sensor with this pattern
has negative sensitivity to elongation. By etching the metal on the opposite side (mirrored
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Figure 2.21: The twist angle as a function of the contribution of each micro-beam to the elongation
from theory and experiment.
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(b)

Figure 2.22: Twist direction of micro-beams. this deformation occurs to reduce the moment of inertia
about the bending axis. The twist direction determines whether the metal layer would be in tension or
in compression. For a beam without pattern in the metal layer, the twist can happen in either directions.
In a patterned beam, the twist always happens in a direction that results in a smaller . This selective
twist happens since the axis of minimum moment of inertia is slightly tilted due to the asymmetric
pattern in the metal layer.

about the y axis), we will have the opposite twist direction leading to positive sensitivity to
elongation.

To fabricate the stretch sensors, we engrave, machine and chemically process the surface of a
Constantan-polyimide laminate, 5 um Constantan film (CU040200, Goodfellow) and 50 um
Pyralux film (LF0110, Dupont). The surface of Constantan layer is covered with etch resist.
After curing the resist layer, the sensor pattern is cut through this layer to expose the metal
layer (see Fig. 2.23a). Engraving the surface in the first step of fabrication is not uniform
mainly because of the uneven surface of the sample. This results in a non-uniform wet etching
process. Therefore, to ensure that all tracks remain connected, we keep the minimum track
width in the engraving process. In our experiments, the minimum reproducible track size was
determined to be 90 um; used in the sensor design here. After engraving the sensor pattern in
the resist layer, the mesh pattern is cut through all layers (see Fig. 2.23b) and the outline of the
sensor is cut. In the next step, the metal layer in the exposed parts is etched in ferric chloride
solution (see Fig. 2.23c). This step of the process is very sensitive and over-etching damages
the tracks. On the other hand, if the metal in the exposed parts is not removed completely, it
causes irregularity in sensor reading under strain. After this step, the resist on the electrode
parts are cleared and wires are connected to the electrodes using conductive epoxy (CW2460
from Chemtronics).

The sensor consists of two patterns: a cut-through mesh and a profile pattern in the metal
layer. The stretchable mesh pattern, Fig. 2.24a, transforms the elongation into bending of the
micro-beams and allows large displacements without surpassing material’s elastic loading
range. The pattern in the metal layer consists of two parts, a serpentine path, Fig. 2.24b, and
an asymmetric pattern, Fig. 2.24c, that selectively makes narrower metal tracks in the sections

44



2.5. Metal based stretchable sensor

Polyimide layer Wide metal track
Constantan layer Narrow metal track l
Etch resist layer
HIEIEIE | Nl Nl R N N NI 1

(a) (b) (©

Figure 2.23: Fabrication process of metal based stretchable sensors. (a) Exposing the metal layer in
the desired areas. (b) Micro-machining the mesh pattern and the outline of the sensor. (c) Etching the
metal in the exposed areas to create the desired pattern in the metal layer.

under tension or compression. The role of the serpentine path is to increase the resistance of
the sensor and its variation under strain.

The mesh pattern, Fig. 2.24a, has low electrical resistance and sensitivity to stretch and can
be used as stretchable tracks for power and signal transmission. Etching the metal along the
serpentine pattern on the same mesh pattern produces a resistor with a high resistance but
a low sensitivity to strain, Fig. 2.24b, that is used as a voltage divider resistance for reading
the sensors and canceling out the thermal effects. To make the pattern of Fig. 2.24b sensitive
to strain, the metal tracks in tension or compression are selectively exposed and etched to
become narrower (hence having a higher contribution to the final resistance change). This
leaves us with the asymmetric pattern of Fig. 2.24c with narrower metal tracks in compression
and negative sensitivity to stretch. To have the maximum range of stretch, it is imperative to
choose the minimum thickness for the sensor to reduce the strain in the micro-beams. The
sensor is made of a laminate of Constantan on polyimide. For the samples used to refine
the design and those used to study the electrical properties of different patterns, we used
10 um Constantan film. For the final prototype, we used 5 um Constantan film. The sensor
design is based on the laminate using thinner Constantan film. We chose the thickness of
the polyimide layer to place the neutral plane somewhere in the polyimide to have the whole
metal layer in each cross-section in tension or compression. Fig. 2.22 presents a schematic
of the beam’s cross-section and the relative position of the metal layer and neutral plane.
Considering simple bending, to place the neutral plane at the intersection of the Constantan
and polyimide, the ratio of the thickness of the two layers should satisfy the following relation:
Econstantan

(ES)constantan = (ES) polyimide — f? = AR (2.15)
EPolyimide
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Figure 2.24: Effect of different parts of the sensor pattern on the electrical resistance. (a) The mesh
structure with very low resistance can be used as a circuit to make the electrical connections between
different parts. (b) The serpentine path which has a large electrical resistance (10 times the mesh
structure) but low sensitivity to stretch (given its symmetric electrical path) can be used as a voltage
divider for reading the sensors and compensating the thermal effects. (c) Finally the complete pattern
which selectively increases the contribution of sections in compression. Thickness of the Constantan
film used to check the electrical properties of different designs was 10 pum. The resistance is reported
for 80 columns of micro-beams.

In (2.15), S is the first moment of area, E is the modulus of elasticity, and k is the ratio of the
thickness of the polyimide to Constantan. Based on (2.15), the thickness of the polyimide
layer for 5 um Constantan film should be 40 um. Based on the availability, we used Pyralux
LF0110 composed of 25 um polyimide and 25 um acrylic adhesive layer as the substrate
for laminating Constantan. Here, we approximate the properties of the adhesive layer by
polyimide properties and model the laminate as a film composed of 5 um Constantan and
50 um polyimide. In this laminate, the neutral plane will be in the polyimide layer and 1.2 um
below the intersection with the metal layer.

If the metal layer undergoes a large strain above its elastic range, sensor’s reading starts to
drift in repeated cycles due to the plastic deformation in the metal layer. Accordingly, the
maximum range of stretch in the sensor is dependent on the strain in the laminate as the
micro-beams bend. Neglecting the first few columns, where the twist motion happens, we
study the strain in each micro-beam considering simple bending under concentrated load
at one end. Fig. 2.25 presents the loading condition on each micro-beam. The maximum
deflection in each beam is limited by the minimum allowed radius of curvature, p;,;;, which
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is governed by the maximum elastic strain, €,,4:

Pmin = —2— (2.16)
max
In (2.16), y is the distance from the neutral plane. The maximum elastic strain is dependent
on the properties of each layer. Considering the loading condition introduced in Fig. 2.25, we
have the following relation governing the beam’s deflection:

(Imesn!4)?
6max = —mesh 72 (2.17)
3pmin

For a desired range of stretch, one can choose the design parameters (/,,,¢55, b, and the number
of columns) to keep the radius of curvature above p,,;,. The mechanical properties of the
laminate used in the sensors is dependent on the properties of each individual layer and is
also influenced by the fabrication processes such as heat press lamination and laser micro
machining. We determine the allowed range of motion using experimental data for the
specific design presented in here. Using the experimental data and (2.17) one can estimate
the maximum allowed strain in the laminate which will be used as a guideline for designing
sensors with a desired range of elongation.

A
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Figure 2.25: Bending deformation in one of the micro-beams that makes up the mesh structure (as
presented in Fig. 2.19). (a) The section with narrow metal track and effective resistance change and its
counter part with wide metal track are highlighted in this figure. (b) The schematic of the equivalent
loading condition. (c) Based on the symmetry in the beam, we can study the bending deformation in
half of beam’s length.
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The study of the deformations of the micro-beams and the strain in the metal layer can also
be used to estimate the sensitivity of the sensor to elongation. The resistance change in the
stretched sensor originates from the strain in the metal layer. Considering the gauge factor of
2 for Constantan, the resistance change, R, in the effective part and in its counter part, Fig.
2.25a, is estimated using the mean strain in the beam:

S5R=2Re (2.18)

where R is the electrical resistance of the corresponding portions of the micro-beam and cis
the mean strain in the metal layer. To evaluate the mean strain, we use the following equation
for strain, €, in each cross-section:

y
€= Ee m (2.19)
where C is the distance of the outer layer of the metal to the neutral plane. €, is the minimum
or the maximum strain in the metal layer for a beam in compression or in tension, respectively.
Integrating the above equation gives us the following relation for the average strain in each
cross-section (€secrion):

_ 1 (tc+J/c)2_J/§

€section = t_cwem (2.20)
where yc and f¢ are the distance of the Constantan-polyimide intersection from the neutral
plane and the thickness of the Constantan layer respectively. y. in (2.20) is different for the
sections with narrow and wide metal tracks and is equal to 5.3 um and 1.2 um, respectively.
In this study we neglected the initial tilt of the minimum inertia axis in sections with narrow
metal track (see Fig. 2.22). Considering the ratio of the width of the micro-beam and the
thickness of the Constantan layer this tilt angle is small and neglecting it would not affect the
result significantly.

As described, we estimated the deformation of each micro-beam as a beam in simple bending
and under concentrated load at one end. For this loading condition, the curvature, 1/p,
changes linearly along the beam between zero and the maximum curvature, 1/p,i5, (given
the linear distribution of the moment along the beam). So in average, the strain along the
whole length would be the mean of the strain of the beginning and the end of each part.
Combining (2.17), (2.18), and (2.20) will give the following expression for the resistance change
of the effective section and its counterpart in each micro-beam. These are highlighted in Fig.
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2.25a.
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The term °!/;,, /4 accounts for the difference between the length of the part in tension and
compression. The value for the present design is 0.15. y, and R in this equation are different
for effective section with narrow metal track and its counterpart with wide cross-section. The
overall resistance change in the sensor, AR, is the sum of the resistance change in the effective
sections in compression, d R¢, and their counterpart in tension, d Ry:

AR=0Rr+0Rc (2.22)

The strain in the material and the resistance change depend on the sensor’s design parameters.
For the experimental studies, we used a design with parameters determined based on the
experience and limitations dictated by the fabrication process. The slit size in the mesh pattern,
Imesn, in the case study is 3.45 mm. In this pattern, the beam width is 250 um, the track size
in the wide section is 230 um and in the narrow section is 90 um. The metal track width is
smaller than the designed value because of the metal removal from under the protective layer
in the wet etching process. So the resistance of the sensors are larger than the resistance
expected from the track’s design parameters. In order to evaluate Rt and R¢, we fabricated
one sample with the asymmetric pattern and the other with only the serpentine pattern and
measured their resistances. We found the resistance of the effective part in compression
and its counterpart in tension to be 210 2 and 660 (2, respectively. Using these values along
with (2.21) and (2.22), we can estimate the resistance change in the sensor. (2.21) suggests a
linear relation between resistance and deflection of the micro-beams. The only non-linearity
arises from the relation between the sensor’s stretch and the deflection in the micro-beams as
suggested in (2.13). This is specifically important in small deflections where the rate of the
twist angle change is significant.

Fig. 2.26 presents the estimated resistance change as a function of sensor’s stretch. The
response of the sensor over 1 mm stretch can be closely estimated by a linear function with
R? 0f 0.992. As will be discussed in the next Section, due to the residual deformation in the
mesh structure, in the experiments the measurements will be in the linear part of this plot.
The slope of the line fitted to this part is —0.22 2/ ..
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Figure 2.26: Estimated resistance change as a function of sensor elongation. Aside from the first 1 mm
of stretch, the response is quite linear (the slope is —0.22 Q2 ,.m). We have calculated the resistance
change for a sample with 20 mm sensing length equivalent to 80 columns of micro-beams so the result
would be comparable with the experimental results.

2.5.2 Characterization

In this Section, we investigate the quasi-static response of the metal stretchable sensor in
detail and examine the effect of loading rate on the its response. To study the quasi-static
response, we first compare the sensitivity of a sample with the complete pattern including the
asymmetric pattern in the metal layer, similar to Fig. 2.24c, and a sample with the same mesh
and serpentine patterns but without the asymmetric pattern in the metal layer, similar to Fig.
2.24b. The goal is to confirm the working principle of the sensor and to study the possibility
of using the sample with the symmetric pattern as voltage divider resistance. The sensors
fabricated for studying the pattern are made out of laminate with 10 um thick Constantan.
The resistance of the symmetric sample is 125 2. Etching the metal layer in the desired areas
increases the resistance to 250 (2. The difference between the two is the effective resistance of
the sensor. Fig. 2.27 presents the measurements from these two samples when stretched in
500 um increments up to 2.5 mm and back. The meshed length of both samples is 20 mm.

As expected, the resistance of the sample with the complete pattern decreases under load. The
results confirms repeatable measurements in 50 cycles. Although the overall resistance change
is not high compared to the initial resistance of the sensor, the repeatable measurements with
mean standard deviation of 1.7% confirms a good accuracy. For the sample with the symmetric
pattern, we expected no resistance change under strain but among the three samples tested,
the resistance always increased with stretch in the sensor. This rules out to some extent the
random uneven wet etching of the metal sections in tension and compression as the reason
for the positive sensitivity. It seems that the reason for this is the uneven gauge factor of
Constantan in tension and compression, which is also reported for the commercial film strain
gauges. We have tested the same samples up to 3.5 mm stretch but since the readings started
to drift in repeated cycles (indicating overloading of the metal layer), we presented the result
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of the experiment with 2.5 mm stretch which corresponds to 12.5 % increase in the sensor
length.

One way to increase the sensitivity of the sensors without surpassing the maximum allowed
strain or limiting the maximum elongation in the sensor is using thinner Constantan layer
in the laminate. This increases the average magnitude of the strain in the metal layer (2.21)
by placing the neutral plane further away from the metal layer and inside the polyimide.
Making the laminate thinner also increases the allowed range of motion of the sensor. We
fabricated a sensor with 5 um Constantan and the same polymer layer (25 um polyimide
and 25 um adhesive). Fig. 2.28 presents the result of the quasi static tests on this sensor. We
tested the sensor with different maximum stretch amplitudes with 500 um increments. The
goal is to establish the maximum allowed elongation for the sample and to ensure that the
sensor reading is repeatable in different loading amplitudes. We tested the sensor in 20 cycles
for each amplitude. The mean cycle for each test is presented in Fig. 2.28 which illustrates
the repeatability of the sensor measurements. At 4 mm stretch, the sensor reading at zero
deviates from its initial value, which corresponds to the plastic deformation in the sensor. By
increasing the pre-strain in the sensor, we could use it in a wider range but for the present
design parameters, 4 mm (the start of the plastic deformation) is advisable as the allowed
range of elongation (equivalent to 20 % of the sensor length). To design sensors for a specific
application, one can use this maximum deformation along equations 2.13 - 2.17.

Contrary to the initial expectation from the model, Fig. 2.28, the response of the sensor is
almost linear in its entire range of deformation. This discrepancy is due to the unrecoverable

0.01r

L I

--Sensor with pattern
~Sensor without pattern

0 0.5 1 1.5
Stretch (mm)

Figure 2.27: Comparing the sensitivity of stretch sensors with different patterns. The result of 50 stretch
cycles for a sample with the complete pattern and a sample with just the serpentine and mesh patterns.
The active length of both samples is 20 mm. As expected, the resistance of the sample with complete
pattern decreases under strain and shows high sensitivity to strain and a good repeatability with mean
standard deviation of 1.7%, of the whole range of resistance change, in 50 loading cycles. For the
control sample without the asymmetric pattern, we expected no resistance change, but the tests on
symmetric samples repeatedly showed a small increase in the resistance under strain. The resistances
of the sample with full pattern and the control sample were 250 and 125 (2, respectively.
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Figure 2.28: Resistance change as a function of stretch in the sensor. The plot presents the average of
20 cycles with four amplitude of loading 1 — 4 mm. For the present design, stretch up to 4 mm, 20 % of
the length, causes no damage and plastic deformation in the sensor. The response of the sensor can be
estimated by a line with the slope of —0.18 Q2 .m. The maximum hysteresis loop width is 2 % (0.014 Q)
of the maximum resistance change and is of the same order of magnitude as the standard deviation.

twist in the sensor. After stretching the sensor for the first cycle, part of the twist angle and
deformation in the sensor will not be recovered. This residual strain shifts the response of the
sensor to the linear part of Fig. 2.26. We should point out that the sensor was conditioned with
few cycles of medium amplitude prior to the experiments. The slope of the resistance change
in Fig. 2.28is —0.18 */ ,,,,. This is comparable but smaller than the estimated theoretical value
(-0.22 %/ mm). One reason for this is the different gauge factor for the metal in tension and
compression which was mentioned as the reason for the resistance increase in the symmetric
sample in Fig. 2.27.

In this Section, we introduced a novel sensing concept based on the strain in metal film for
measuring stretch. Being thin and complaint, this sensing method can be used in different
emerging soft and wearable robots. The possibility to control the sensitivity by modulating the
profile of the metal layer, enables us to produce stretchable surfaces with integrated sensing
elements and circuitry out of a low profile Constantan-polyimide laminate. In Chapter 5, we
use this concept in a sensor with two gauges in parallel with opposite sensitivity to measure
facial movements.

2.6 Conclusion

In this Chapter, we studied position sensors based on two different sensing principles for
robogami joints: piezo-resistive sensors based on carbon particle compounds, and strain
sensors based on thin metal films. Depending on the application and the required accuracy,
different sensor designs from each group might be used. In general carbon based sensors
are cheaper and easier to manufacture. Slow transient response, high sensitivity to ambient
conditions, and drift in their measurements, however, limit the application of these sensors.
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The metal based curvature sensors are significantly more accurate. Unlike the piezo-resistive
sensors’ resistance, which increases under both tension and compression, the resistance
change in metal sensors depends on the strain sign. This allowed us to design sensors that can
more effectively cancel out the thermal effects on the sensor measurement.

The curvature sensors provide feedback from robogami’s configuration in a wearable device.
For effective interaction with humans, we also require to measure body movements. In this
research we proposed thin, stretchable, and mechanically transparent sensors for measuring
body movements. These sensors are designed based on the same sensing principles that were
used in the curvature sensors. A mesh pattern transforms the elongation in the sensor into
bending of a series of micro-beams connected in series. Similar to the curvature sensors, the
carbon based stretchable sensors are easier and cheaper to fabricate and their high sensitivity
to strain simplifies the required hardware for measuring their resistance change. For applica-
tions requiring higher accuracy, metal based stretchable sensors perform better. These sensors
can be designed to have positive, negative, or no sensitivity to elongation, which allows us to
design a network of sensors with built in temperature compensation.

The sensing solutions presented in this Chapter are unique for their thin profile, adaptability
of design, and compatibility with robogamis’ manufacturing process. Combination of these
sensing elements in a wearable device can provide the necessary feedback for effective inter-
action with the subject. In Chapter 4, we present application examples of the sensing methods
for robogami joints and in Chapter 5, we study the application of metal based stretchable
sensors measuring facial movements.
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8] Robogamis: smart materials for soft
actuation and compliance control

Functional materials with adjustable mechanical properties have applications in robot’s struc-
ture to provide actuation, compliance control and other functions. adaptable manufacturing,
inherent compliance, and ease of integration and activation are among the main advantages
of using functional materials. One of the application fields that can greatly benefit from these
smart materials are the wearable devices with strict restrictions on inherent compliance, re-
quired DoFs, and size limits. In this Chapter, we introduce actuation and compliance control
methods for robogami platform. we present a method for independent actuation of joints us-
ing thermally activated SMA. Also a method for compliance control using thermally activated
SMP is presented. Both of these methods are well adapted to the manufacturing process of the
robogamis. SMA and SMP can be embedded in a robogami as one of the functional layers. In
this Chapter, the design, manufacturing process, and performance analysis of SMA and SMP
layers are presented.

3.1 Introduction

Augmenting functional materials in the structure of robots allow us to target new applications
that were previously inaccessible due to the requirements on size and interactivity. The
functional materials also simplify the hardware required to actuate and control robots and

The material of this Chapter is from the following self-authored publications:
[29] A. Firouzeh, et al., “Sensor and actuator integrated low-profile robotic origami”, IROS 2013.
[30] A. Firouzeh and J. Paik, “Robogami: A fully integrated low-profile robotic origami”, ASME Mechanisms and
Robotics 2015.
[31] A. Firouzeh and J. K. Paik, “An under-actuated origami gripper with adjustable stiffness joints for multiple
grasp modes”, Smart Materials and Structures 2017.
[72] A. Firouzeh, et al., “Soft pneumatic actuator with adjustable stiffness layers formulti-dof actuation”, IROS
2015.
[73] A. Firouzeh, et al., “An under actuated robotic arm with adjustable stiffness shape memory polymer joints”,
ICRA 2015.
[74] A. Firouzeh and J. Paik, “Stiffness control in under-actuated robotic origamis with shape memory polymer”,
TRO 2017.
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in effect reduce the cost and complexity of manufacturing and operation. In this Section, an
overview of different methods for actuation and compliance control are compared and the
most appropriate ones are highlighted based on the compatibility with the manufacturing
process and the requirements from a wearable device.

3.1.1 Methods of soft actuation

Functional materials with different working principles are utilized to actuate DoF in robots. In
general these methods of actuation are characterized by the inherent compliance, simplicity
of auxiliary equipment, scalability, and adaptability of the design. Most of these methods,
however, lack in one or few of the actuation characteristics (band width, work density and
range of motion) which limits their application. Fig. 3.1 compares the actuation range (strain)
and the work density of few options among the smart materials. Actuator’s work density is
the main limiting factor in miniaturizing independently actuated DoFs. SMA actuators offer
significantly larger work density compared to all other smart materials. The range of strain
recovery of SMA is also favorable. Moreover, in applications requiring larger strain range,
SMA actuators in coil [21] or other spring forms [75] can be used to acquire the right balance
between output force and displacement.

Based on the low profile and compatibility with the manufacturing process, we chose SMA
sheet actuators for driving robogami joints. High work density and design adaptability allow
for easy miniaturization and design of thin robogamis with multiple DoFs. We use SMA
actuators in the bending mode to directly drive the adjacent tiles in the robogami, as suggested
previously by Paik, et. al. [77].
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Figure 3.1: Comparison between the work density and the stain of different soft actuation methods
based on smart materials. SMA actuators offer significantly larger work density which makes them a
desirable method of actuation in small scale robotics. The figure is adopted from [76].
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Figure 3.2: Comparison between the work density and the frequency of different soft actuation methods
based on smart materials. This figure highlights the most important shortcoming of actuators with
thermal activation which is their slow response. The figure is adopted from [78].

SMA actuators provide significant blocked torque and large range of motion. The main
obstacles for using SMA actuator is its slow response. Fig. 3.2 compares the frequency range of
a selection of smart materials. Thermally activated systems are inherently slow. The response
time can be improved by integrating a cooling system such as a Peltier module. Nonetheless,
the response time remains as one of the limiting factors for using SMA actuators.

In this Chapter, we introduce a bidirectional actuation scheme using antagonistic SMA bend-
ing actuators for driving robogami joints. Depending on the required range of motion and
loading capacity, the design parameters of the actuator (thickness, width, and the length
of the active section) are determined. A model to study the behavior of SMA actuators and
corresponding characterization results provide a design guideline for SMA sheet actuators.

Miniaturizing the SMA actuators and the robogami joints enables us to design systems with
more DoFs but at the cost of reduced loading capacity. In a wearable device, many of DoFs are
utilized for initial reconfiguration and only few would be actively used to apply a desired force
or displacement. This motivates the design of a locking method for robogami joints resulting
in higher loading capacity. Moreover locking the joints after initial reconfiguration simplifies
the control problem and reduces the energy consumption of the system (considering that the
locking method would not consume energy). Joints with adjustable stiffness can be used to
achieve the desired locking and more as will be discussed next.

3.1.2 Methods of compliance control

Compliance of inherently soft robots originates from the elastic properties of the comprising
materials. Based on the application, materials with different levels of stiffness are used to
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Table 3.1: Comparison between methods of stiffness control based on different physical principles.
Some entries in the table are taken from [97]. For many of the methods, depending on the design,
higher stiffness variability could be achieved. Nonetheless, this table provides an approximation of the
performance of different methods.

Reference| Method or material \ Stiffness variability | Additional info.
Shape memory alloy [98]
55-NiTiNOL [ Brot/ g~ 4 82-38°C
Shape memory polymer [98]
Polyurethane ‘ Feotd /.= 100 below and above 55 °C
Low melting point alloys [99]
In rubber | Beotd]p, =25 below and above 47 °C
Jamming through vacuum [92]
Granular jamming ‘ Esuiy ) Eop i~ 93 applying vacuum pressure °C

achieve a compromise between mechanical transparency and load capacity. To broaden the
application of inherently compliant robots, to meet the requirements of different tasks, it
is necessary to develop means of stiffness control for its segments or joints. By embedding
elements with adjustable stiffness, we develop robots that can change their mode of interaction
and compliance depending on their task.

Different methods for directly embedding the compliance in the robot’s hardware have been
proposed [79-82]. Many of these rely on conventional means of actuation and mechanisms
[83-85]. In this research, we are interested in methods that rely on material properties based
on their scalability and versatility of design.The elastic modulus variability in polymers [72,
73,86-90], Jamming [91-93], and phase change in wax [94] and metals [95,96] are among the
different methods [97] that use material properties for controlling the stiffness of the structure.
Table 3.1 presents examples of few methods of stiffness control.

Among the methods listed in Table 3.1, SMP is the most desirable based on its high ratio of
stiffness variability around its glass transition temperature, its low cost, and easy processing.
More detailed comparisons between stiffness control methods in the literature [100] confirms
the aforementioned advantages of SMP for stiffness control. Moreover, a locking mechanism
based on SMP does not consume energy in the locked state. As mentioned before, this is a
significant advantage in a wearable device since many of DoFs are only used for the initial
reconfiguration. In this Chapter, we present few different designs of SMP based ASLs and their
characterization results. ASL can be augmented as one of the functional layers in the robogami
structure for controlling the reconfiguration, number of DoFs, and the overall compliance of
the structure as will be discussed in more detail in the next Chapter.

3.2 Shape memory alloy for soft actuation of robogami joints

High energy density of SMA actuators [75,101,102] make them a desirable choice for small scale
robots. Low profile, design versatility, compatibility with the layer-by-layer manufacturing of
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3.2. Shape memory alloy for soft actuation of robogami joints

robogamis, and the quasi-2D fabrication processes make these actuators a good candidate
for driving the joints of robogamis with multiple DoFs [18,77,103]. In this Section, we study
bending SMA actuators for bidirectional actuation of robogami joints using two antagonistic
actuators as presented in Fig. 3.3. In this design, one of the actuators has its annealed shape
in folded state and the other has unfolded annealed shape. Here, we study the time response
of SMA actuators, their loading capacity, and feasibility of robogami joint’s position control
using SMA actuators and carbon ink sensors.

3.2.1 SMA actuator model

In this Section we present the thermal and mechanical model of sheet SMA bending actuators.
The thermal model provides us with guidelines to design effective heating elements and
allows us to estimate the required heating power to activate SMA actuators. By studying
the temperature distribution, we design heaters to reduce the temperature gradient in the
active part of the actuator for preventing overheating and for achieving faster response. To
determine the dimensions of the SMA actuator based on a desired range of motion or a blocked
torque, we need to model and characterize the mechanical behavior of the actuator. The
proposed mechanical model explains the behavior of the robogmai joints with antagonistic
SMA bending actuators.

Thermal model

The response time of the SMA actuator mainly depends on its thermal transient response.
Different parameters such as heater design, boundary condition, and the heating energy input
influence this transient response. In this Section, we study the case in which the heaters are
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Figure 3.3: Robogami joint with antagonistic bending actuators. (a) One of the actuators has its
annealed shape in folded state while the other has unfolded annealed shape. By activating each of the
two, we can transform between the folded and unfolded states. One of the actuators is made transparent
to show the heating elements embedded inside the tiles. (b) Schematic of the joint actuation depicting
deformation of the SMA actuator and its design parameters. In the side views, the tiles are shown in
black and the yellow parts represent the actuators.
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placed inside the tile areas as presented in Fig. 3.3. Neglecting the radiation, the governing
equation is written as:

pCT+AuZ=qconmct"'qconvection+Y(T)AT 3.1

In (3.1), p, C, Au,y are density, thermal capacity, latent heat of phase transition, and thermal
conductivity coefficient respectively. The heat transfer between SMA and its surrounding is
via natural convection (Gconvecrion) and contact with other solid surfaces (qconracr). Here we
assumed zero thermal resistance for contact between different layers. As presented in this
equation, the input heat to each element (right hand terms of the (3.1)) affects two parameters.
One is the temperature, T, and the other one is the mass of material in Austenite phase, Z.

For other components such as glass-fiber, heater, bolts, and nuts; the governing equation
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Figure 3.4: Thermal analysis of an SMA bending actuator. (a) SMA actuated robogami joint. (b)
Different layers in the joint. (c) The temperature gradient in the actuator and the tiles, corresponding
to the instance that all SMA material has transformed to Austenite phase. (d) SMA phase transition
versus time. The response time in heating is much slower than expected which is due to the thermal
dissipation to the tiles which are in direct contact with the heaters in this design. The heating power is
1.8 W and actuator dimensions (thickness, overall length, and the width) are: 0.1 mm, 11 mm, and
9 mm respectively.
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is the same as (3.1) without the latent phase transition heat and temperature dependency
of thermal conductivity (the thermal properties of SMA significantly change with the phase
transition).

For SMA thermal characteristics, we used the material properties provided by the manufacturer
[104]. Fig. 3.4 shows the result of this thermal analysis in which the input heating power was
to 1.8 W, the same power is later used in the experiments. Given the location of the heaters,
there is a significant power dissipation into the glass-fiber. Initially, based on the lower thermal
conductivity of glass-fiber (20 times less than that of the SMA) we expected it to be insulating
and to have little influence on the transient thermal response of the system. But as can be
seen in Fig. 3.4c, temperature rise in this layer is substantial. The phase transition in the
SMA actuator versus time (Fig. 3.4d) shows that nearly 15 s is needed for complete transition
of material into Austenite phase. In this plot, the slope change during heating is caused by
the latent heat of phase transition and change in the thermal properties of SMA in different
phases.

In the blocked force experiment with the same heating power, 1.8 W, it takes around 15 s for
actuators to generate maximum torque which is in agreement with the simulation results. The
transient response is considerably slower than the expected time response for the actuator.
Through the simulation we can confirm that the main reason is the placement of the heaters
inside the tile area. To improve the actuator response time, in later versions of SMA actuated
robogamis, we designed stretchable heaters which are bonded directly to the SMA actuators
in the active region using double sided thermal adhesive. Relocating the heaters, improved
the time response significantly (the actuation time was reduced to 2-3 seconds). This also
alleviated the rate of the memory loss in the actuators, due to more uniform temperature
distribution. The stretchable heaters are similar to the ones embedded in the SMP layer and
more on their fabrication process is presented later in this Chapter.

Mechanical model

SMA actuators work based on the temperature controlled transition between the soft Marten-
site and the stiff Austenite phases. At low temperatures, the crystal structure allows for large
strains in the martensite phase. When heated, the crystal structure transforms into Austenite
form which has a larger modulus of elasticity. Deforming this crystal structure and trans-
forming it back to the Martensite phase requires larger force. So at higher temperature, the
actuator moves to its original memory shape and applies forces if its deformation is blocked,
Fig. 3.5 presents an overview of working principle of SMA actuators. In the proposed design for
the bidirectional actuation of the robogami joints, the two actuators have different annealed
shape (memory shape). Activation of each SMA actuator produces enough force to deform the
other actuator at low temperature, in Martensite phase. In this Section, we model the behavior
of the SMA bending actuators and estimate the blocked torque that the actuators can generate
at different bending angles and the range of motion of a joint with antagonistic SMA actuators.
Assuming a simple bending beam model, a uniform radius of curvature along the actuators,
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Figure 3.5: Working principle of SMA actuators. (a) SMA actuator at low temperature in Martensite
state. (b) The crystal structure allows for large deformation at low temperature. (c) At high temperatures,
SMA actuator goes back to Austenite state and applies force to move the load. The figure is adopted
from [105]

and neglecting the twist in the tiles, (3.2) yields the following relation for the torque (7) in
each actuator.

and o =F(e, Temp) 3.2)

T3

—t/2
T:f yowdy, €=
~t2

=TI

In (3.2), t and w are thickness and width of actuator. € and o are strain and stress, y is the
distance from the neutral plane, R is the radius of curvature, L, is the length of the actuator
and 6 is the bending angle. Fig. 3.3 presents the design parameters of the SMA actuator. To
evaluate this equation, stress-strain data F (e, temp) is required. Here, we used data from [106].
F(e, temp) is dependent on many factors such as annealing process, number of actuation
cycles and grain structure of the metal, which are different from case to case. So using the
data from [106], will not give us accurate numbers for the torque, but it provides an estimation
which highlights the important design parameters and the overall behavior of SMA actuators
in antagonistic arrangement. Fig. 3.6 presents the torque generated by the active SMA actuator
and the torque that is needed to deform the passive actuator as a function of the bending
angle based on (3.2).

In Fig. 3.6, there are three lines for the blocked torque of each actuator. They correspond to
the torque that the active actuator (in Austenite phase) generates, the torque that is needed to
deform the inactive actuator (in Martensite phase) and the elastic relaxation in the passive
actuator around the equilibrium point when it is unloaded. The intersections of the lines
corresponding to the Austenite phase of one actuator and the Martensite phase of the other
determines the equilibrium angle of the joint. When the heater of the active actuator is
deactivated, the actuator cools down and the torque line drops to the Martensite phase line.
The torque in the passive actuator also drops along the unloading line till a new equilibrium
point is reached.
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Figure 3.6: Blocked torque in folding and unfolding actuators and the equilibrium angles. Blocked
torque of the unfolding actuator is presented by black lines which is zero at —90°, it corresponds to
the memory shape of the actuator. The schematics in this figure presents the corresponding shape of
actuators in each bending angle. Based on the temperature of the actuators (the phase of the material),
each bending angle corresponds to two values: one for active (heated) and one for passive (cold)
actuator. For folding actuator (red lines), the memory shape (zero torque point) is at 270° and its trend
is similar as before. There are two equilibrium points that correspond to the intersection of the blocked
torque of an active (heated) actuator with the other actuator in inactive (cold) state. After reaching the
equilibrium point and cutting off the current, the equilibrium point starts to shift along the green lines
(elastic relaxation of the passively deformed actuator) till reaching the new equilibrium where both
actuators are cold. The dimensions of the active part of the actuator (thickness, active length, and the
width) are: 0.1 mm, 4.5 mm, and 9 mm, respectively.

The range of motion for a joint with bidirectional actuation is determined by the length of the
actuator. According to the model, for 0.1 mm SMA, 4.5 mm long actuators will give a range
of motion slightly higher than 180° (Fig. 3.6). Here, we have chosen the annealed position
of the actuators in a way to get the equilibrium points at unfolded and folded states, 0° and
1807. In the model, we assumed 8% as the maximum allowed strain for the material. In the
remainder of this Section, we study the performance of the actuators in experiments and more
accurately investigate the accessible range of motion in a joint with bidirectional actuation.
The design of the actuators (their dimensions and annealed shapes) are based on the result of
the theoretical study presented here.
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3.2.2 SMA actuator characterization

To verify the behavior of SMA actuators and to estimate the range of motion, its blocked torque
at different joint angles was characterized. Fig. 3.7 illustrates a schematic of the blocked force
test setup. The rotating base in this setup allows us to measure the blocked forces in different
bending angles. One side of the actuator is fixed on the rotating base while the other side’s
motion is blocked by a load cell. The arm on the load cell side is designed to be long (five
times the active length of the actuator) in order to get a more uniform moment in the actuator
throughout its length.

The range of motion of the actuators in antagonistic arrangement is smaller than the bending
angle of the annealed shape of each actuator. This is caused by the opposing force needed for
deforming the second actuator, in the Martensite state. When activated without any opposing
force, SMA actuators have a high fidelity to their memory shape in repeated cycles. Blocking
the deformation of the actuator, however, changes their memory shape in repeated cycles
of actuation. Many factors such as the temperature gradient, the actuation time, and the
blocked shape contribute to the memory shape variation over time. These two factors limit
the range of motion of the bidirectional robogami joints driven by SMA actuators. So the final
annealed shape should account for a larger deformation than the goal angles. Here, the folding
actuator was annealed in cylinder shape with diameter close to 1.5 mm, Fig. 3.8a. For the
unfolding actuator, the annealed shape was a half cylinder with the radius of curvature close
to 3 mm, Fig. 3.8b. These annealed shapes produce large enough bending angles to enable
repeated motion in the range of 40° — 140°. This range of motion was determined based on
the requirements in the crawling motion of a meso-scale robot, Appendix A.

Activating the actuator and blocking its motion, results in decreasing blocked force output in
repeated cycles, due to the memory shape change. To be conservative with the estimation
of the blocked torque of the actuators, we activated them in the maximum deformation and

Tile fixed on

Rotating base rotating base

motion VAVAY

Load cell

Blocked force !
1]

Actuator
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Figure 3.7: Schematic of the test setup for measuring blocked torque of SMA bending actuators in
their whole range of motion. (a) The actuator is fixed to the rotating base on one side and is in contact
with the load cell on the other side. The tile in contact with the load cell is longer (its length is 5 times
the length of the active part of the actuator) in order to get a more uniform moment throughout the
actuator. (b) Free body diagram depicting the force measured by the load cell and its moment arm. We
report FL as the blocked torque of the actuator in different bending angles.
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Figure 3.8: Results of the blocked torque tests which corresponds to the theoretical study presented in
Fig. 3.6. (a) Torque generated by the actuators in motion toward 180° (the folded state) with the folding
actuator activated and passive unfolding actuator. (b) Torque generated by the actuators in motion
toward 0° (the unfolded state) with the unfolding actuator activated and passive folding actuator. The
elastic relaxation in both plots corresponds to unloading of the passive actuator which happens when
the current to the active actuator is cut off and it starts to cool down and its blocked torque decreases.

step by step relaxed the strain. This gives a conservative estimate because in the antagonistic
arrangement under a large strain, the opposing force of the other actuator, and hence memory
loss, is much smaller. Fig. 3.8 presents the results of the characterization test for folding and
unfolding actuators. The blue lines present the torque in the unfolding actuator with the
annealed shape of a half cylinder in the active region and the red lines represent the torque in
the folding actuator with the annealed shape of a complete cylinder. This figure also presents
the elastic relaxation of the inactivated actuator around its equilibrium point. The small slope
of this elastic relaxation implies that when the driving actuator starts to cool down, there
will be a rather large relaxation and change in the position. This makes the feedback control
for robogami modules a necessity. To keep the SMA actuated robogami joints in the desired
position, we need to activate the actuators and control the temperature constantly.

The conservative characterization of the blocked torque predicts around 100° range of motion
for the robogami joint with bidirectional SMA actuation, Fig. 3.8. This is enough for many
applications. If a larger range of motion is required, one could use a thinner or longer actuators.
According to (3.2), both of these decrease the strain level for a given bending angle. In the next
section, we use the SMA actuators to control the position of a single joint using feedback from
an embedded curvature sensor.

3.2.3 Feedback control of a SMA actuated Robogami joint

In this Section, we study the feedback controlled motion of a robogami joint. We used carbon
ink sensors presented in the previous Section (CI3) for measuring the joint angle and an on-off
controller to drive the joints to a desired position. First, we present the characterization results
for the curvature sensor and later study the results of the position control. Fig. 3.9 presents
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Figure 3.9: Mean value and standard deviation for normalized readings of a carbon sensor versus the
bending angle in 50 cycles. The results show good repeatability and a small hysteresis loop.

the sensor reading at different bending angles. For this test, we mounted the module with the
embedded sensor onto a motorized stage and tested the sensor with 18° increments between
folded and unfolded states. Sensor readings shows repeatable response and rather small
standard deviation in 50 cycles. At each sampling point, the mean of 50 measurements (with
100 Hz sampling rate) is recorded as sensor reading. The average standard deviations for this
sensor in this specific loading condition is 1.1? (as presented in the previous Chapter, the
loading condition significantly affects the sensor accuracy).

In the characterization tests, we deformed the sensors in pure bending. In the case of bidirec-
tional actuation using SMA actuators, the axis is defined by the shape of the actuator and can
vary based on the loading condition. Moreover we observed a small twist in the folding area
that is caused by offset between the the application point of the forces from the two actuators.
To study the feasibility of position control using the proposed arrangement of actuators and
sensor we tested repeatability of reaching three goal angles: 60° , 90° , and 120° in five cycles,
Fig. 3.10. The average of the standard deviations for these three angles was 1.4° which shows
an acceptable repeatability for this specific actuation sequence.

(@ (b) (©

Figure 3.10: Feedback control of a SMA actuated Robogami joint for reaching three goal angles: 60° (a),
90° (b), and 1207 (c). The joint was actuated to reach these three goal angles one after the other for five
cycles. The controller can position the tiles in the desired angles using the sensor feedback.
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In this Section, we studied SMA actuated robogami joints. Given their high energy density and
their compatibility with the layer by layer manufacturing, SMA bending actuator is a good
option for driving multiple DoFs in robogamis. In Appendix A, we briefly present the motion
of a meso-scale crawler robot that uses SMA actuators.

To produce a desired reconfiguration in a wearable device, a synchronized motion of multiple
joints are required in contrast to position control of an individual joint. The thermal activation
of SMA actuators and their relaxation around the equilibrium point complicate precise control
required for such a task. In the next Chapter, we introduce an alternative compliant actuation
method based on synchronized actuation of multiple robogami joints with adjustable stiffness
using an embedded tendon. In the next Section, the adjustable stiffness layers that allow us to
control the stiffness of robogami joints are introduced and characterized.
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3.3 Shape memory polymer for stiffness control in soft robots

In this Section, we introduce a method for controlling the stiffness of robogami joints based
on the variable stiffness of SMP around its glass transition temperature. In the following
subsections different iteration that has lead to the final design of the ASLs are presented and
the improvements made at each step are discussed. Like other thermoplastics SMPs show
significant stiffness variability around their glass transition temperature. Moreover, The high
recovery rate in these polymers helps preventing residual strain in repeated cycles of loading.
Fig. 3.11 presents the elastic modulus variability of SMP that we used in this research (MM5520,
SMP Technologies). According to the manufacturer, the modulus of elasticity changes from
2150 MPa in glassy to 2.1 MPa in the rubbery region.

3.3.1 SMP layer with embedded heater

In the first design, we study the feasibility of stiffness control of different segments of a SMP
layer using an embedded heater. At this stage, the shape recovery solely relies on memory
effect of SMP. Using external heaters, as done in [88, 108], does not allow independent acti-
vation of the ASLs and embedding heaters is necessary to activate different SMP segments
independently. Here we used the stretchable mesh structure previously introduced as stretch-
able circuit, Chapter 2, as heaters. The stretchable heater layer is made form Inconel, Ni-Cr
alloy, polyimide laminate (20 pm Inconel and 50 pum Polyimide) through laser ablation and
chemical etching. Fig. 3.12 presents an overview of the fabrication process of the heater and
the process for embedding it inside SMP. The gaps on the sides of the heater, Fig. 3.12g, are
added to prevent delamination and to ensure that the embedded heater would move with the
SMP layer. After preparing the heater, wires are connected to its terminals and it is pressed
between 2 layers of SMP (each 300 + 50 pm thick) in a heat press at 160 °C, Fig. 3.12e. The
outer frame of the heater is designed to prevent deformation during this process. We used two
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Figure 3.11: Variability of elasticity modulus of SMP MM5520, from the manufacturer’s website [107].
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Figure 3.12: Fabrication process of the SMP layer with embedded heater. For clarity, the dimensions in
the schematics are not to scale. (a) A serpentine path, which makes the heating element, is cut through
the etchant resist layer. (b) The stretchable pattern and the outline of the heater is cut through all
layers. (c) The Inconel in the exposed areas is etched and the etchant resist is cleaned. The red line
shows the conductive path of the heater. (d) The heater is sandwiched between 2 SMP layers. (e) High
temperature and pressure form the SMP layers around the heater. (f) The outline of the module is cut
and its ready for assembly. (g) The fabricated heater in its initial and stretched states.

spacers, each 500 pm thick, to control the overall thickness of the SMP layer. After integration,
the outline and the mounting holes are cut, Fig. 3.12f.

Stiffness adjustment of a SMP layer with embedded heater

Mechanical properties of SMP including its recoverable range of deformation, the stress-
strain characteristics and its dependence on the temperature have already been studied in
detail [109]. The test conditions in these studies are usually very well controlled and external
heating elements ensure a uniform temperature distribution throughout the sample. In
an actual application, however, there will be a considerable temperature gradient. So, the
characterization tests are necessary for understanding the behavior of a SMP layer that is
activated using an embedded heater. We tested SMP samples in a C42 universal testing system
from MTS Systems, Fig. 3.13, and used a thermal camera, FLIR A35, to monitor the temperature
of the sample and to regulate the heating power accordingly. The heating power was set to
achieve the mean temperature of 80 °C on the SMP layer to ensure that it has surpassed the
glass transition temperature. To characterize the stiffness in different initial deformations,
we deformed the SMP layer while it was in rubbery state (high temperature) and performed
the tensile tests around different initial displacements in glassy and rubbery states. After
each loading cycle, the memory effect of the SMP layer drives it back toward its initial shape.
However, in the range of strains tested here, up to 60%, the sample does not completely recover
its initial shape. The residual strain at zero displacement causes the SMP layer to buckle, Fig.
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Figure 3.13: SMP layer after loading cycles at zero displacement. The buckled shape caused by the
residual strain changes the loading condition in the hard state to bending which results in much smaller
stiffness compared to the stiffness of a straight layer.

3.13 shows the sample after the characterization tests at zero displacement. This residual strain
affects the response of SMP significantly. Most of the unrecoverable deformation happens in
the first cycle of loading. In Fig. 3.14, the test results for a sample after 10 cycles of loading,
when the layer has reached a rather stable state, is presented. We characterized the stiffness
modules in two states: at room temperature; and at 80 °C. We characterized the elastic
behavior in tension and compression. The stiffness of the layer is a functions of the the initial
shape and temperature.

In the experiments, the SMP layer is in the buckled state for most of the measurement points,
shaded part of the graph represents the section with buckled SMP layer. The buckled shape in
positive displacements, till 1 mm , is due to the residual strain in the SMP layer. In points with
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Figure 3.14: Linear stiffness of SMP layer in different initial deformations. This plot presents the
stiffness of a SMP layer with embedded heater in tension and compression in inactive and active states.
The stiffness changes significantly when the polymer enters the rubbery state. Using this, we can
control the compliance of joints and segments in soft Robots. The stiffness in compression is presented
with negative sign. The shaded area represents the measurement points with buckled SMP layer that
result in a lower stiffness compared to the rest of the measurement points.
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initial buckled shape, the displacement causes bending in the SMP layer which requires much
less energy compared to stretching or compressing the layer in its plane. In this region, the
stiffness of the layer both in compression and tension is lower compared to the points where
SMP layer is straight. The significant variation in the stiffness between cold and hot states con-
firms the feasibility of using SMP as the variable stiffness layer for compliance control in soft
robots. The variation of the stiffness depending on the initial position, however, complicates
the compliance estimation and control. This can be partially resolved by designing structures
that put SMP solely in tensile loading. But even in such loading conditions, the residual strain
still causes problems. In the next Sections, we present improved design of ASLs that provide a
higher recovery rate and a more repeatable response.

3.3.2 Improving shape recovery by embedding SMP in silicone rubber

To improve the shape recovery, we embedded the SMP layer in an elastic polymer. In this
Section, we study the compatibility of the SMP with the polymer and characterize the stiffness
change of the composite. At this stage we decided to test this solution in an application at a
larger scale which allows us to observe and resolve the design flaws more easily. To this end,
we designed a soft pneumatic actuator, SPA, that uses the SMP for modulating the stiffness
of the chamber walls. The study of the motion of the SPA is presented in Appendix B. Here,
we present the design and fabrication process of the test sample used in the characterization
experiments and report the stiffness variability of silicone embedded SMP.

The design of the heater and the process for embedding it in the SMP layer is similar to the
process presented in the previous Section. In the heater presented in Fig. 3.15, a mesh pattern
that is cut through all layers provides the stretchability. As presented in Fig. 3.15, the heating
area is slightly longer than the stretchable area. The unstretchable heating sections result in
amore uniform temperature distribution along the stretchable section of heater and hence
the active length of the SMP layer. We use three thermistors (SMD 0402 from Vishay) in this
sample for measuring the temperature and controlling the heating power accordingly. After
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Figure 3.15: Fabrication process of the ASL sample. The process starts with the fabrication of the heater.
It is composed of a serpentine path that makes the heater and a stretchable mesh pattern. After the
heater is fabricated using laser ablation and wet etching, it is embedded in SMP. In this design we used
three thermistors to control the temperature of the SMP layer. The SMP layer is embedded in silicone
rubber using the mold in the final step of fabrication. For clarity, the dimensions in the schematics are
not to scale.
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attaching the thermistors, the SMP layer is placed in a mold and is embedded in a silicone
rubber layer.

There are two openings on each side of the SMP layer in Fig. 3.15. This is in addition to the
holes for clamping the sample to the setup. These openings are designed to make silicone
connections inside the SMP layer in the integration process. The adhesion between SMP and
silicone is very weak and the silicone columns that are made during the integration process
exchange forces between the SMP layer and the enveloping rubber layer. The cross-section of
the columns should be large enough to prevent shearing failure:

F
W«%p/ns (3.3)
T

In (3.3), F is the force needed for deforming the SMP sample, d is the diameter of the silicone
column in SMP, and Sj), is the ultimate shear strength of the silicone rubber which according

S
to the distortion energy theory equals to —2, where S, is the ultimate strength of the silicone

rubber. Finally, n; is the safety factor. The column should also resist against bearing:

——<S,/n 3.4
2tsmpd 7 G4

In (3.4), tspp is the thickness of the SMP layer, 500 um. Based on the initial test on a SMP
sample, the required force to stretch the active sample (at high temperature) to twice its initial
length is around 8 N. A strain of 100 % is more than the expected work range in this study.
Based on (3.3) and (3.4), the openings in the SMP layer were designed to be 4 mm in diameter
which gives us a safety factor of 1.6.

Stiffness adjustment of a silicone embedded SMP layer

To characterize the stress-strain relation of the ASL in different temperatures, we used a setup
that automatically performs a series of characterization tests in different temperatures and
elongation ranges. Fig. 3.16 presents the test setup with a sample mounted. The temperature
is monitored and a proper input voltage is applied, to an embedded heater in the material for
keeping the desired temperature during the tests. The deformation is applied using a spindle
drive from Maxon motors with 10 pm accuracy. The force is measured with a Nano 17 force
sensor with 3 mN accuracy.

Fig. 3.17 illustrates the characterization test results for a silicone sample, and for an ASL sample
in active (in high temperature) and inactive (in low temperature) states. The temperature used
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Figure 3.16: Stress-strain test setup. The temperature of ASL strip is controlled through feedback
from the thermistors using an embedded heater. The linear stage applies a series of programmed
deformations at different temperatures while the load cell records the applied forces.

in active tests was 110 °C. We set the temperature so high to ensure that the whole SMP layer
surpasses the glass transition temperature. In the characterization of the ASL, we first cycled
the inactive sample 50 times, then cycled the activated sample 500 times and finally loaded it
10 times in active and inactive states (the test results presented in the figure are for the final
ten cycles).
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Figure 3.17: Result of the characterization tests on a silicone rubber sample and an ASL in active and
inactive states. The ASL is composed of SMP and heaters (500 um thick) that is embedded in 4 mm
thick layer of Dragon skin 30, from Smooth-on. The results suggest 4 times decrease in stiffness after
the glass transition of SMP. The stress strain behavior of silicone and ASL are approximated by a linear
function.
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The test results confirm repeatable deformation of ASL in more than 500 cycles and almost
4 times drop in its stiffness in active state. The ratio of stiffness in active and inactive states
can be controlled by using silicone rubbers with different modulus of elasticity and also by
adjusting the relative thickness of the SMP and silicone layers. Here, we have chosen a very
hard polymer and designed the ASL to have a rather thick silicone layer to maximize the
strain recovery of the SMP layer. An important feature of the characterization test results is its
linearity (especially for the complete ASL sample).

The proposed design in this Section resolved the problem of residual strain to a good extent.
The stiffness variability however is only 4 times, which is lower than the expected variation.
Also in the first 500 cycles there is still a significant residual stain, around 20%. Relative motion
between the SMP layer and the silicone rubber and difficulties in anchoring ASL onto the
test setup (due to the compliance of the silicone rubber) are among the reasons for under
performance of the current design. In the next Section, the design of ASL is improved by
adding a glass-fiber frame that provides better anchoring points. The thickness of the silicone
rubber is also reduced to half to increase the stiffness variability of the sample.

3.3.3 Glass-fiber frame for ASL

The stiffness variation reported in the previous Section, was lower than the expected stiffness
change. The stiffness of the ASL in the stiff mode was under estimated due to the deformation
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Figure 3.18: Overview of the fabrication process of the ASL with glass-fiber frame. (a) The schematic
of the stretchable heater layer. (b) The heater is embedded in SMP. (c) The SMP layer in the glassfiber
frame. (d) The final module with silicone rubber enveloping the SMP layer.
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of the silicone layer in the anchoring area and the relative motion of the SMP and silicone
rubber. To resolve this issues, a glass-fiber frame was added to the design of the ASL. The
overall design and the fabrication process of the ASL with glass-fiber frame is presented in
Fig. 3.18. The first two steps for embedding the heater in the SMP layer are the same as before,
Fig. 3.18a and 3.18b. In the third step, the SMP layer is embedded in a glass-fiber frame, Fig.
3.18c. The glass-fiber layers act both as the frame for attaching the ASLs to the robogami joints
and also as a mold for casting the silicone layer. Fig. 3.18d presents the final form of the ASL
which is easily glued onto the robogami using the anchoring points at the two ends. We also
decreased the overall thickness of the ASL layer from 4 mm to 2 mm with the same thickness
for SMP, 500 um. Decreasing the thickness of the silicone is also expected to increase the
stiffness variability of the sample.

Stiffness adjustment of the final ASL design

In this design of ASL, we removed the thermistors and used the heater’s electrical resistance
to estimate and control the temperature of SMP. This facilitates the manufacturing process
by reducing the components. Moreover, heater’s electrical resistance correlates with the
average temperature of the SMP layer which provides a closer estimation of the layer’s stiffness.
The stiffness of the ASL was characterized at different temperatures (30 °C to 110 °C with
10 °C increments). At each temperature, the sample was loaded three times up to 2.5 mm,
corresponding to 60% strain, or 15 N, the limit for the force sensor, whichever occurs first. Fig.
3.19 presents elastic behavior of the ASL layer at different temperatures. The overshoot in the
force at lower temperatures and in strain at higher temperatures are due to the acceleration
limits of the test setup which results in stretching the sample beyond the set points. At low
temperatures (30 °C — 50 °C) the ASL is stiff and its elastic behavior is rather linear. At higher
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Figure 3.19: Elastic behavior of the ASL at different temperatures. We estimated this behavior with a
linear function. The sample dimensions (w x I x t;oza1, tspp) are: 7 x4 x 1.6,0.5 mm.
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Figure 3.20: Stiffness of the ASL layer as a function of its temperature. The shaded area represents the
standard deviation of the data points.

temperatures (80 °C — 110 °C) ASL becomes more compliant. The elastic behavior at these
temperatures can also be estimated by a linear function. Due to the temperature gradient,
varying thermal boundary condition with strain, and a high temperature sensitivity of the
elasticity modulus, the behavior of the sample is quite nonlinear in the mid temperature range
(50 °C - 80 °C). Moreover, at these temperatures the behavior of the ASL is characterized by
significant visco-elastic effect. So large deformations of ASL in these temperatures are not
recommended.

We approximated the elastic behavior of the ASL with a linear function at each temperature and
reported the slope as the stiffness of the sample. This stiffness will be used in the next Chapter
for studying the energy distribution in under-actuated robogamis with adjustable stiffness
joints. Fig. 3.20 presents the average stiffness and the standard deviation at each measurement
point, 12 tests per point (two sets of tests on two samples with three measurements per
temperature setting in each set).

The SMP that we used in the ASLs has the glass transition temperature at 55 °C. In calibrating
the temperature sensors using the thermal camera, we used the temperature of silicone surface
which is lower than the temperature of the SMP layer. This is the reason for the abrupt stiffness
change between 40 °C and 50 °C in Fig. 3.20 instead of the expected sharp drop between
50°Cand 60 °C.

Due to the variation in the sample thickness, there is a discrepancy between the silicone
surface temperature, used in calibration, and the effective temperature of the SMP layer for
each sample. Moreover, we observed that the heater’s resistance of the same sample can have
a small drift over time which leads to errors in the temperature set point even for the same
sample in different cycles of loading. The inaccuracies in controlling the temperature along
with the high stiffness sensitivity to temperature variations around the glass transition point
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3.3. Shape memory polymer for stiffness control in soft robots

lead to a large standard deviation around the transition temperature. This problem can be
alleviated in future by using polymers with more gradual modulus of elasticity change with
temperature.

According to Fig. 3.20, the stiffness of the ASL changes more than 40 times in the entire
temperature range. The stiffness drops more than 15 times between 30 °C and 60 °C. Although
the rate of the stiffness change with temperature is considerably lower at temperatures higher
than 60 °C, this region is still useful for controlling joint stiffness and stable configuration of
robogamis.

3.3.4 Temperature feedback for controlling the stiffness of ASL

At different stages of research, we used different methods for setting the temperature of
ASL. In the most basic case, the heating power was set based on the measurements of a
thermal camera. Later we used measurements of a thermistor in contact with SMP layer.
Eventually, we used the electrical resistance of the heater to estimate the temperature of the
ASL. This method has three important advantages: there is no need for added components, the
estimated temperature will be an approximation of the average temperature (compared to the
point measurement using thermistors), and the response time is faster which results in more
accurate estimation in transient conditions. In this Section, we present the characterization
result of the heater’s electrical resistance at different temperatures.

We studied the relation between the electrical resistance of the heater and the temperature of
SMP surface at different set-points using a thermal camera. The test results, presented in Fig.
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Figure 3.21: ASL temperature vs. heater’s electrical resistance. The resistance has a linear correlation
with the temperature. In calibrating the reading from the heater, we used the maximum temperature
at each ASL. The photo from the thermal camera illustrates the temperature gradient on the ASL
surface. The maximum temperature of all three samples in this photo is around 110 °C and the average
temperature of each ASL is around 95 °C.
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Figure 3.22: Temperature estimation from the heater’s electrical resistance and the thermistors as the
temperature of SMP reaches different set-points.

3.21, show alinear relation between the resistance of the heater and the temperature of the ASL,
with R? of 0.99. We should point out that for each heater, we have a slightly different sensitivity
due to small fabrication differences. We calibrate the temperature sensitivity of each heater
using the thermal camera measurement by setting the desired temperature to the maximum
set point (110 °C) and varying the sensitivity factor till reaching similar estimation for the
temperature from the thermal camera and the heater. There is a considerable temperature
gradient in the ASL (as presented in Fig. 3.22) and we used the maximum temperature reading
from the thermal camera in characterization and calibration of the heaters.

Fig. 3.22 presents the transient thermal response of ASL as it reaches different temperature
set-points. Temperature estimation from the heater’s electrical resistance is compared with the
average measurement from two thermistors in contact with the surface of SMP and embedded
in silicone rubber. The heater’s electrical resistance in this experiment is calibrated using the
thermistor’s measurement and is used as the feedback in an on-off controller. The experiment
confirms the feasibility of using heater’s electrical resistance for controlling the temperature
of the SMP layer. Note that the different initial temperature is caused by the sudden increase
in the temperature of the heater at the every beginning of the experiment as electrical current
starts flowing. Another important aspect of the heater response is its faster response time
compared to the thermistors, more visible at lower temperature settings, which highlights one
of the advantages of using this method for closing the temperature loop.

3.4 Conclusion

In this Chapter, we studied functional materials for actuation of robogami joints and con-
trolling their compliance. The high work density of the sheet SMA actuators along with the
compatibility with the layer-by-layer manufacturing of robogamis make these actuators an
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attractive option for independently driving the robogami joints to perform a complex recon-
figuration. Given the level of conformity required in wearable devices, this soft actuation
method can be utilized in driving multiple DoFs of robogamis to conform to the shape of the
body and follow its motion or apply forces and displacements. In a wearable device after the
initial reconfiguration, many of DoFs would be required to keep their position. Implementing
a method of stiffness control in the joints simplifies this task and after reaching the desired
configuration, the joint can be locked in place by increasing its stiffness. This facilitates the
control problem and can potentially increase the load capacity of the robot. To this end we
proposed a compliance control method based on stiffness variability of SMP around its glass
transition. By embedding ASLs with SMP core in the robogami structure, we can keep the
position of the joints without energy consumption. This method of stiffness control also allows
us to control the overall compliance of a wearable device and the magnitude of the contact
forces it applies.

The slow response of SMA actuators complicates the synchronized actuation of multiple joints
for precise motions. In the next Chapter another actuation method is proposed which can
be used in conjunction with SMA actuators where synchronized motion of multiple joints
is required. In this method actuation from a single source drives multiple tendon-driven
robogami joints.The energy distribution between the joints is determined by the stiffness
assigned to each joint using the embedded ASLs. Integrating materials with adjustable stiffness
allow us to design soft robots with adjustable compliance and mode of operation for different
applications including wearable devices.
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Robogamis: trajectory planning and
compliance control

Robogami’s unique manufacturing method allows us to implement multiple DoFs in a con-
fined space. In many applications, synchronized motion of these DoFs is required for per-
forming a task. By controlling the joint stiffness in tendon-driven robogamis, we can activate
different actuation patterns and perform a desired reconfiguration using a single source of
actuation. To control the joint stiffness, we embed ASLs as one of the functional layers in
the robogami joints. The inherent softness of tendon-driven robogamis, originating from the
redundant and under-actuated DoFs, provides a soft method of actuation. The embedded
ASLs enable us to control the trajectory and the compliance of this soft actuation. In this
Chapter, different aspects of the under-actuated tendon driven robots with adjustable stiffness
joints are elaborated.

We used under-actuated manipulators and grippers as a platform to study the reconfiguration
of tendon-driven robogamis with adjustable stiffness layers. These applications have similar
geometrical features and are tested under similar loading conditions and range of motions
expected in a wearable device. The trajectory planning and control problem in these systems,
however, are far simpler than the expected ones for a wearable device which facilitates the de-
tection of design flaws and the development of models and control schemes. The application
of robogamis in soft robotic hands and grippers can also be of interest on its own. Robotic
gripper is one of the first applications of soft robotics that entered the commercial market

The material of this Chapter is from the following self-authored publications:
[31] A. Firouzeh and J. Paik, “An under-actuated origami gripper with adjustable stiffness joints for multiple grasp
modes”, Smart Materials and Structures 2017.
[72] A. Firouzeh, et al., “Soft pneumatic actuator with adjustable stiffness layers formulti-dof actuation”, IROS
2015.
[73] A. Firouzeh, et al., “An under actuated robotic arm with adjustable stiffness shape memory polymer joints”,
ICRA 2015.
[74] A. Firouzeh and J. Paik, “Stiffness control in under-actuated robotic origamis with shape memory polymer”,
TRO 2017.
[110] A. Firouzeh and J. Paik, “Grasp mode and compliance control of an under-actuated origami gripper using
adjustable stiffness joints”, T-Mech 2017.
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as a competitive product and we believe that the proposed robogami design with adjustable
grasp mode and compliance contributes to solving some of the current challenges in this field.
In the next Section, a brief overview of soft robotic hand and grippers is presented and the
advantages of the soft actuation using tendon-driven robogamis with compliance control are
highlighted. Next, different aspects of the design, the model, and the control are presented
through few examples of tendon-driven robogamis.

4.1 Introduction

The self-adaptability of soft actuators enables them to conform to the shape of the objects
and the environment in contact without the need for complex controller or actuation pattern.
Robotic hands and grippers are among the applications that can greatly benefit from this

40 mm

Cylindrical planar Serical

Figure 4.1: Examples of robotic grippers using different soft actuation principles. (a,b) present two
robotic grippers using pneumatic soft actuators, [111] and [112]. (c) an under-actuated soft gripper
with tendon-driven fingers [113]. (d) Tendon driven fingers actuated by SMA wired [95]. (e) Using
lockable joints for controlling the grasp mode in an under-actuated gripper [114]. (f) Different grasp
modes of a gripper with adjustable initial configuration [115].
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feature of soft actuation methods. Many examples of robotic hands and grippers using
different soft actuation principles have been studied in the literature, Fig. 4.1 summarizes
some of these. The first two examples illustrate the application of SPAs in robotic grippers.
The soft body of the actuator provides infinite DoFs that allows the distribution of the input
actuation, pressurized air, according to the shape of the object. Tendon-driven under-actuated
fingers are also used as a method of soft actuation in robotic hands, Fig. 4.1 (c)-(e) present few
examples of robotic grippers using this method of actuation. The redundant under-actuated
DoFs in these grippers provide inherent mechanical softness. Compared to the pneumatic
actuators, the finite DoFs in tendon driven grippers makes it easier to model and control the
behavior of these soft grippers.

As presented in Fig. 4.2, there is a compromise between the number of DoFs and compliance
on one side and the force magnitude and precision of grasp on the other. This compromise
between the compliance and force has started to gain attention as one of the limiting factors
for applications of soft methods of actuation for producing large forces [116]. A soft actuation
method with adjustable stiffness allows us to assign a proper compliance based on the task.
This is specifically important in application of soft robots dealing with different tasks and load
requirements, such as robotic hand and grippers. Engaging different set of joints in under-
actuated grippers is one way of changing the grasp and interaction mode of the gripper. Fig.
4.1 (e) present an example of a gripper that uses electrostatic locking for achieving the mode
transition. Other methods of mode transition through mechanism design [117,118], variable
transmission ratio [119, 120], lockable joints [121,122], and adjustable joint compliance [84]
were suggested in the literature. In hands with more than two fingers, the initial configuration
of the fingers can also change the grasp mode and the interaction forces of the gripper, Fig.
4.1.

Structural compliance

Precision
wopaaly Jo saa132(]

>y

Figure 4.2: Compromise between DoF and compliance on one side and the force magnitude and
precision of the robotic hands. The figure is adopted from [123].

Force exertion
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In this Chapter, we target a versatile light-weight robogami gripper with compliance control.
The ASL embedded in tendon-driven robogami joints of the gripper allows us to control the
stiffness of each joint and hence the actuation pattern and the overall compliance of the
gripper. Compared to the other methods, the proposed design has the following advantages

e Continuous control over the joint stiffness resulting in precise control over the grasp
mode and compliance of the gripper.

¢ Adjustable initial configuration of the gripper without requiring any additional actuators.

Scalable and adaptable design relying on material properties for stiffness control.

* Low cost and easy fabrication of complex sequence of joints.

We present the under-actuated robogami fingers and their application in robotic grippers. The
resulting technologies and design methodology will contribute specifically to the field of soft
grasp and manipulation but is also transferable to other application fields of soft robotics such
as human-robot interaction. We start by studying the motion and compliance of a single finger
and later in this Chapter will study grippers with two and three fingers. In the gripper with
two fingers, the main goal is to demonstrate the compliance of the fingers. In the gripper with
three fingers, the main objective is to utilize DoFs in different directions to achieve different
initial configurations and grasp modes.

4.2 Robotic manipulator with lockable joints

As the first step toward an under-actuated robogami with adjustable stiffness joints, we
designed a manipulator with redundant DoFs and lockable 3D printed joints, (Fig. 4.3), to
investigate the feasibility of mode transition using stiffness variability of SMP. The design was
made with interchangeable joints to allow more freedom in the initial stages of research. The
manipulator has four DoFs that are normally locked in place by two thin, 500 pn, SMP layers.
These layers are placed at a distance from the axis of rotation, 2 mm, to increase the moment
of inertia and hence the load bearing capacity of the joint. The joints are activated using the
stretchable heaters embedded inside the SMP layers. Two stepper motors pull and release the
tendons for actuating the activated joints.

To activate a single DoF, the temperature of the SMP layers in that joint are increased using
the embedded heaters. In the experiments on the current prototype, power transmission to a
single joint was studied. Reaching different points in the workspace by activating the joints
in sequence is demonstrated using this prototype. An algorithm was developed to find the
configuration of the finger with minimum active joints for reaching different points *.

IThe algorithm design and implementation was carried out in collaboration with LASA/EPFL and is not
elaborated in this thesis, the details are published in [73]
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Figure 4.3: Under-actuated manipulator with SMP joints. The tendons that run along the manipulator
actuate the joints according to their stiffness.

4.2.1 Joint design and actuation mechanism

In this Section, we present the joint design and estimate its stiffness at different temperatures.
Fig. 4.4 presents the schematic of the manipulator and the actuation of its second joint. To
actuate a joint, the tendon on its compression side is pulled by the motor and the otehr
tendon is released. The SMP layer in compression buckles under load and the layer in tension
stretches. The deformation of the SMP layers in each joint determines the joint stiffness. The
zoomed in view in Fig. 4.4 presents a more detailed schematic of the joint and deformations
of the SMP layers. The moment in each joint is calculated as:

t t
M(0,60, T) = F;(6y,50, T)Es +F.(00,00, T)Es (4.1)

In (4.1), M (69,60, T) is the moment required for changing the joint angle, 56, around its initial
state, 0y. F;(0y,60, T) and F.(0y, 66, T) are the forces in SMP layers in tension and compression,
respectively. These variables are dependent on the initial position of the joint, 6y, and the
temperature of the SMP layers, T. In this study, we considered joint properties at room
temperature and 80 °C which are bellow and above the transition temperature, respectively.
L5 is the distance between the joint axis and the mid section of SMP layer, Fig. 4.4a. Neglecting
the bending motion, we assumed the force in the SMP layers to be a function of their length
change. To evaluate these forces, we use (4.2) and (4.3) to calculate the length of the SMP
layers as functions of the joint angle.

13
Lpe= Lo+ 226 (4.2)
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Axis of rotation

Motor 1 releases tendon 1

SMP Jayer
Tendon 1

Tendon 2 P
Motor 2 pullg tendon 2

(a) (b)

Figure 4.4: Actuation of a joint in an under actuated robotic manipulator. a) Tendons are driven by two
stepper motors and can actuate each of the 4 folding areas based on their stiffness. b) By activating
the second fold while keeping the rest of the folding areas stiff, we are able to direct the actuation to
the desired joint. The zoomed in view presents the details of the joint design. Each joint consists of a
revolute joints and 2 SMP layers. In the folded state, the layer in compression collapses (buckles) and
the layer in tension stretches.

Under compression, the SMP layer buckles and the displacement would cause the buckled
arms of the SMP layer to bend. Nonetheless, the force in this layer is a function of the
displacement of the two ends that are anchored on the tiles. This displacement is calculated
as:

cos(a, +0/2)

=L,y————— 4.3
pe=po cos(ap) 4.3)

L

In (4.2) and (4.3), Ly, and L, are the length of the polymer layers in tension and compression,
respectively. L, is different from anchoring point distance since the deformation of the layer
is confined by the joint shape as presented in Fig. 4.4b. The joint stiffness is calculated by
differentiating (4.1) with respect to the joint angle:

oM
Kpena = %

_ OF: OLputs  OFc Olyets
" 0Ly 00 2 OL,. 00 2

(4.4)
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Figure 4.5: Joint stiffness in active and inactive states as a function of joint angle. The significant
stiffness change between active and inactive states allows us to actuate desired joints while locking the
rest of DoFs.

Using (4.2) - (4.4) and the elastic behavior of the SMP (characterized in the Chapter 3), we can
estimate the stiffness of the joints at different bending angles and temperatures, Fig. 4.5. The
considerable stiffness change between the locked and active states allows us to actuate any
desired joint while locking the rest of the joints in position. The variation in the joint stiffness
at different angles is caused by the residual strain in the SMP layer. This significant variation is
undesirable and complicates the control problem. In the next prototype, we use the silicone
embedded SMP layers with higher recovery rate to improve the shape recovery and hence
acquiring a more uniform joint stiffness at different angles.

4.2.2 Sequential actuation of joints for reaching points in the workspace

Fig. 4.6 depicts the actuation sequence of the arm to reach a point in the workspace. In each
step, the SMP layers of the active joint are heated to make the joint complaint. Fifteen seconds
was allocated between the steps for the activation of the new joint and cooling down of the
previous one. (4.5) and (4.6) were used in this experiment to estimate the required tendon
displacement and the motor rotation for reaching different configurations.

cos(a,—0/2)

Liy=Lyoy—————— (4.5)
cos(ay)
cos(ay, +60/2)
Lip=Ljy———— (4.6)
cos(ay)
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(a) (b) (c)

(d) (e)

Figure 4.6: Sequential activation of joints in an under-actuated manipulator. The shadowed area in
the background shows the work space of the arm (considering 45° joint limit). (a) The goal position is
[-26 44] mm which is accessible by moving the joints to the following angles [30° 45° —45° —45°]. A,
B, C, and D present the desired tip position at the end of each step. (b), (c), (d), (e) Shows first, second,
third and forth joints reaching their desired configurations.

In this Section the variability of the elasticity modulus of SMP was used for adjusting the
stiffness of the joints in an under-actuated robot. We estimated the joint stiffness at different
bending angles and temperatures which verified the possibility of locking in position and
activating the joints using material properties. We verified the feasibility of the stiffness adjust-
ment by sequential activation and actuation of the joints in an under-actuated manipulator
for reaching different points in the workspace. The current study revealed two design flaws:
the residual strain of the SMP, which significantly reduces the joint stiffness; the buckling of
the SMP layer in compression, which makes the contribution of the SMP layer in compression
to joint’s stiffness negligible. In the next Section, we present the robogami version of the
manipulator, which resolves these design flaws.
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4.3 Robogamis modules with adjustable stiffness joints

The 3D printed under-actuated manipulator of Section 4.2 confirmed the feasibility of joint
stiffness adjustment using elasticity modulus variability of SMP around its glass transition
temperature. In this Section, we study the integration of the ASLs in tendon-driven robogami
joints. Similar to the previous prototype, we use a modular design to have the option of
changing joints in case of malfunction and experimenting with different arrangements of
DoFs, Fig. 4.7. The ASLs that are used in the robogami joints comprise of a stretchable
heater, SMP, silicone rubber, and a glass fiber frame. The higher shape recovery of these ASLs
compared to SMP layer along with the robust anchoring points, provided by the glass-fiber
frame, allow reliable adjustment of the joint stiffness. In the experiments of this Section
the electrical resistance of the heater is used to estimate the temperature and to control the
joint stiffness. Here, we demonstrate gradual stiffness control in contrast to joint locking and
unlocking which was presented in the previous Section. We also embedded curvature sensors
as one of the functional layers in the robogami modules. The joint angle feedback is necessary
in under-actuated robogamis for adjusting the control parameters: temperatures of the ASLs,
and tendon displacement.

We designed the robogami joint, Fig. 4.7, to have one directional motion in 0° to 45° range
and placed the ASL only in the tension side of the joint, ASL layer on the compression side
buckles and would not contribute to the joint stiffness. We assembled three modules to form
the simple manipulator of Fig. 4.8 and studied the simultaneous actuation of the joints at
different stiffness settings. In this design, we used polyimide tendon which was integrated in

Glass fiber

Tendon chanel

Curvature sensor
~ Polyimide hinge
Glass fiber

endon chanel

« Stretchable heater
*SMP

= Silicone

« Glass fiber frame

ASL

Joint axis

(@) (b)

Figure 4.7: Robogami joints with adjustable stiffness. (a) Each joint is designed as a stand alone
module. The castellated pattern in the module places the axis of rotation on the polyimide sheet and at
a constant distance from the ASL. (b) Different functional layers are integrated using the layer by layer
manufacturing process to make each module.
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Tendon

(b)

Figure 4.8: Robogami manipulator with adjustable stiffness joints. (a) The finger consists of three joints
with adjustable stiffness and a tendon that drives the joints. (b) Schematic of the finger depicting the
joint positions, 8;, and their adjustable stiffness, K;.

the robot during the fabrication. These tendons are thin (125 pm) and wide (5 mm) and can
transfer up to 105 N force. There are two tendons running through the channels on both sides
of the hinge layer but we use only the tendon on the compression side for actuation and rely
on the ASL recovery force for the return motion.

4.3.1 Model and parameter characterization of a tendon-driven robogami with
adjustable stiffness joints

The stable configuration of the under-actuated robogami and its compliance are determined
by the joints’ stiffness. The stiffness of the robogami joints are adjusted through controlling
the temperature of the ASLs, Fig. 4.8. In this Section, we model the behavior of the robogami
which helps us in designing robots with compliance control for various applications. We begin
by finding the ratio between the input force and the torque transmitted to each joint. This
is the inverse of the ratio between the rate of tendon displacement and the rate of the joint
angle variation. According to Fig. 4.9, the contribution of each joint to the displacement of the
tendon is calculated as:

Xi=g—\/Xi,*+X;,* 4.7

In (4.7), X; is the contribution of the i " joint to the tendon displacement. X;_ and Xi, are the
components of X;, depicted in Fig. 4.9, which are calculated as:

Xi. =g/2(1+cosB;) — bsin0; (4.8)
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Figure 4.9: Schematic of the finger presenting the design parameters and the actuation of the second
joint. (a) The top view. (b) The side view of the cross section A-A depicted in Fig. 4.9(a). The schematic
of the finger with its second joint at an angle 0 is presented to highlight tendon displacement and
elongation of ASL. (c) The point of interaction between the tendon and the glass fiber layer is magnified
to show the contact forces that result in frictional losses.

X,-y:g/Z(sinB,-)+bcosH,-—b (4.9)

The geometrical parameters in (4.8), (4.9), and the following equations are depicted in Fig. 4.9
and their values are presented in Table 4.1. Using (4.7)-(4.9), the relation between the joint
angular speed and the rate of tendon displacement is calculated as:

X,’xb+Xiy§
dX;= ————2 gp, (4.10)

\ /)(l'x2 +Xiy2

The displacement X, from (4.7), corresponds to the effective displacement that results in the
configuration change. The input displacement, however, is the sum of this effective displace-
ment and the tendon elongation due to the tensile load. So for the total input displacement,
Xiotal, We have:

n n F[—Zi.:IZFf,
Jj=1
Xiotar= Y Xi+y ————

(4.11)
i=1 i=1 kti
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Table 4.1: Design parameters for robogami modules. The thickness of different layers in this table can
vary up to 10%. This is caused by the difficulties in controlling the thickness of different layers in the
composite.

Parameters | Value (mm) Description

l 34 Phalanx length

g 4 Gap size in the middle part
WASL 7 ASL width in the active part
last 4 ASL length in the active part

w; 6 Tendon width
tASL 2 ASL thickness
tspp 0.5 SMP layer thickness

h 2.4 ASL distance from the axis of rotation
Riot 6.8 The overall height of the module

b 2 Tendon distance from the axis of rotation

The first term in (4.11) accounts for the effective displacement and the second term for the
elongation of the tendon. k;, in this equation is the stiffness of a section of the tendon between
joints i —1 and i. Here we considered the decrease in the tendon force, F;, from the base
to the tip due to the friction forces at each joint, Fy;, and calculated the elongation for each
segment between the joints separately. There are two contact points per joint, Fig. 4.9 (c). We
considered the friction force for both contact points to be equal. This force, which depends on
the tendon force and the joint angle, is calculated as:

Ffi =,Uanl.+Cfl.Ft=(,UfZSiIl(ei/4)+Cfi)Ft (4.12)

In (4.12), pr is the friction coefficient and F;, is the normal contact force between the tendon
and its channel. The second term in this equation accounts for the friction forces due to the
misalignment in the tendon channel and is independent of the joint angle.

To study the stable configurations of the finger at different joint stiffness settings, the kineto-
static analysis of under-actuated fingers presented by Birglen and Gosselin [115] is adopted
and modified to account for the energy storage in the ASL and the friction losses. Equating the
input work and the work done by the finger on the environment and the stored energies in the
ASLs, we have:

n
F'X=Y &oli+Wasy (4.13)
i=1

In (4.13), the left side is the input work minus the friction losses. The elements of F; are
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the tension in the tendon at each joint and the elements of X are the rate of the tendon
displacement caused by the motion of each joint. The first term on the right side of this
equation is the reciprocal product of the screws corresponding to the twist, ¢;, and the wrench,
(i, at the contact point on each phalanx. The second term on the right, Wys;, corresponds to
the work done for deforming the ASLs. For the contact point with the object, we neglected the
friction forces and only considered the normal forces. So the work done by the contact forces
is calculated as:

di 0 .. 0

12 dyp .. 0

n ) d )
Y &oti=fTy0=f" 0 (4.14)
= . . . .

dln dZn dnn

In (4.14), f is the vector of the contact forces, d;; is the distance of the jth joint from the
contact force vector applied to the j* phalanx, and 6 is the vector of the joints’ rotational
speed. The tendon force at each joint, elements of F; in (4.13), is calculated by subtracting
from the input tension all the friction forces from the base to that joint:

FiT=|Fy~Fp Fo,—Fp—-2F; Fy—Fp-2Y% (Ff) .. (4.15)

The rate of the tendon displacement, X in (4.13), has the following relation with the angular
velocities of the joints:

10X, 0 0
46,
0 0X; 0
X=TO= a0, ] (4.16)
e
0 0
40,, |

0X;

6TOI in this equation is the transmission ratio between the input and the i’" joint. This is
i

calculated from (4.10) which corresponds to the relation between the tendon displacement

rate and the angular velocity of a desired joint when all the other joints are locked in position.
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The stored energy in the ASL, Wys;, is found as:

Woast=FastT A =(Kasp )T A (4.17)

In (4.17), A and F4g; represent the elongation and the force of the ASLs. K4g;, in this equation
is the matrix of the joint stiffness which has the following form:

Chy Frens (T1) 0 0
0 Cr, Fr,..(To) ... 0
Kasr= o ka2 (4.18)
0 0 v Cp, Fr g, (Ty)

In (4.18), Fy,,, (T) is the ASL stiffness which is a function of its temperature. This function is
determined using the tensile characterization test results presented in the previous chapter.
Fi,,, (T) provides the trend of the stiffness change with temperature. Due to the variation
between different ASL samples and robogami modules (mainly the variation in the thickness
of the layers), we expect some variation in the stiffness of the joints which is accounted for, in
(4.18), by the correction factors (Cy,). The ASL elongation, 4, is a function of the joint angle
and is calculated as:

tasr. . 0O
A=2(h+—= - 4.19
(h+ 3 )sm2 ( )

Replacing the stored energy in the ALSs in (4.13) yields the following set of equations that
correlate the tension in the tendon with the joint angles, their stiffness and the contact forces:

EIT=fT+((h+ %)Z(KASL sing)T) (4.20)

(4.20) determines the configuration of the robogami for a given joints’ stiffness and tendon
tension. This set of equations and (4.11) are used to evaluate the tendon displacement.
To use this model for predicting the behavior of the under-actuated robogami, we need to
determine the missing parameters in the model: the tendon stiffness, the friction forces, and
the correction factors for the joint stiffness, Cy, .

There are two sources of friction loss in the robogami finger: 1- the friction between the
castellated features of the adjacent tiles, 2- the friction between the tendon and its channel.
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Figure 4.10: Tension in the tendon as a function of its displacement. We test each joint in the finger
individually at the maximum temperature in order to characterize the friction force. The sudden
drop in the tendon tension when the direction of motion is reversed corresponds to the change in the
direction of friction force between the tendon and the glass fiber channel. The corresponding bending
angle for each displacement is found from the video of the tests. A snapshot of the video corresponding
to the characterization test for the second joint is presented in this figure. The markers on each phalanx
are to facilitate the video processing.

The first source of friction is independent of the force in the tendon and based on the tests
on a sample without the ASL, is negligible. The second source of friction is significant and is
accounted for in the model as presented in (4.12). The magnitude of this force depends on the
joint angle and the tendon tension. To study this force and to find the friction coefficient for
each joint, we activated one ASL in the finger at 110 °C and left the other two ASLs at room
temperature. After reaching the thermal equilibrium, we applied tendon displacements in
the range of 0 —4 mm with 0.5 mm increments. As presented in Fig. 4.10, when the direction
of the motion reverses, there is a sudden drop in the tendon tension. This drop is caused
by the friction force changing direction. Due to the elasticity of the tendon, this drop is not
completely vertical. The slope of this change depends on the tendon length and it varies for
different joints. The drop in tensile force (AF;) is due to the accumulated friction forces from
the base to the active joint and is calculated as:

i
AF, =2[F(us2sin(0;/4)+ ) Cy)] (4.21)
j=1

The friction force changes direction when the direction of the motion reverses. So the drop in
the tendon tension is twice that of the friction force which is accounted for by the factor of
two in (4.21). Based on the characterization results, the parameters of the friction force were
found as 0.23 for prand 0.01, 0.011, and 0.014 for Ch, Cr,, and Cy, respectively. To find these
parameters, the joint angles corresponding to each displacement were determined from the
video processing.
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Figure 4.11: Characterizing joint stiffness correction factors. The bending angle for the three modules
at different temperature settings with 15 N tenon tension (each module was tested separately). The
model was corrected based on the experimental results by applying a correction factor to the ASL
stiffness (Cy,) that accounts for the variation of different layer’s thickness.

The second set of parameters to be determined is the correction factors for the joint stiffness.
In the model, we use the stiffness-temperature correlation presented in Fig. 3.20 (Fy,, (1)) to
determine the stiffness of the joints at different temperatures. The correction factor for the
stiffness of the ASL (Cy,) which is introduced in (4.18) accounts for the differences between
the ASLs and the height of the modules. To find the correction factors, each joint of the finger
was tested individually at different temperature settings (from 30 °C to 110 °C with 10 °C
increments). At each temperature, the tendon was pulled until 15 N, the force sensor loading
limit. Fig. 4.11 presents the maximum bending angle at each temperature setting. The first
and the third joints in the finger have similar behavior but the second joint bends less for the
same tendon force, which indicates that the second joint is stiffer than the other two joints.
Based on the test results we found the following correction factors: 1.14, 1.48, and 1.12 for the
first, the second, and the third joints, respectively.

The elongation of the tendon under tensile load is not negligible and is accounted for in the
model, (4.11). To evaluate the stiffness of the tendon, we used the force displacement relation
in the test with all ASLs at 30 °C. The results confirmed linear elastic behavior for the tendon
with the stiffness coefficient of 10.7 N/mm for the full length of the tendon, 142 mm. We use
this to calculate the stiffness of the segments of the tendon between each two joints, ky,, which
isusedin (4.11).

The model presented in this Section allows us to study the behavior of different arrangements
of joints in robogami in the design process and to control the stiffness of the joints in the pro-
totype for achieving desired behavior. In the next Section, we verify the model by comparing
simulation predictions with the results of free motion and blocked force experiments.
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4.3.2 Experimental result and model verification

In this Section, we verify the model using a tendon-driven robogami with three modules. In
the first part, we study the free displacement of the robogami at different stiffness settings. In
this study, we also compare the curvature sensor estimation and the actual configuration of
the robogami. Next, the compliance of the manipulator’s end-effector at different stiffness
settings is characterized in blocked force experiments.

Configuration control in free motion

The stable configuration of the robogami finger can be controlled by assigning proper stiffness
to the joints. Here, we compare the model prediction and the sensor estimation with the
actual configuration of the finger at different temperature settings for the ASLs. In total 15
temperature settings were tested. Fig. 4.12a presents three examples of these experiments. In
each experiment, the tendon was pulled up to 15 N, the force sensor loading limit, or 4.5 mm
displacement, resulting in motions within the joint limits (whichever happened first). We
started the tests with the ASL of all joints at 110 °C. The configuration of the finger at this
temperature setting is presented in the first plot of Fig. 4.12a. At each temperature setting
the finger was actuated twice. The return motion to the straight configuration as the tendon
is released after each actuation is powered by the elastic force of the ASLs. With the same
stiffness setting (i.e. all the ASLs at the same temperature) the model predicts a decrease in the
joint angles from the base to the tip, which is confirmed by the results of the first experiment.
This is due to the friction force between the tendon and its channel. Next, we decreased the
temperature of the base joint to 40 °C with 10 °C increments. Reducing the temperature of
the first joint results in a smaller bending angle for this joint and larger angles for the other
two joints (with the same tendon displacement). The second case in Fig. 4.12a shows an
intermediate step, with the first joint at 60 °C and the other two at 110 °C, which illustrates
the decrease in the bending angle of the first joint and increase in the angles of the other two.

After the temperature of the first joint was decreased from 110 °C to 40 °C, the tests were
continued by decreasing the temperature of the middle joint to 40 °C with 10 °C increments.
As expected, the second joint angle decreases as it becomes stiffer at lower temperatures.
The third case in Fig. 4.12a shows the test result for one of the settings with the first joint
at 40 °C and the second and third joints at 80 °C and 110 °C, respectively. Fig. 4.12a also
presents the comparison between the sensor estimation (dashed line) and the actual phalanx
angle (solid line). The curvature sensors are able to estimate the configuration of the finger
with high accuracy. The RMS error between the estimated and the actual joint angles at the
maximum deformation for the three joints in the 15 tests with different temperature settings
(2 repetitions for each test) was 1.8°, which guarantees reliable feedback from the embedded
Sensors.

The model predictions for the configuration of the robogami finger were also compared to the
actual configuration of the finger in the 15 tests. The model is able to predict the trend in the
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Figure 4.12: Configuration control in the robogami manipulator in simultaneous actuation of all joints.
(a) The angles of the three phalanges of the finger from their initial position at different temperature
settings, the results of three experiments from the overall 15 tests are presented. The dashed lines
represent the curvature sensors’ measurements and the solid lines are from video processing. The
joint angles (the difference between the angles of two adjacent phalanges) are marked in the plot. The
configuration of the finger for each temperature setting with the temperature corresponding to each
joint is also presented in this figure. (b) Model prediction for each of the three phalanges and their
actual position. The temperature set points in this case are 80 °C for the 1°! joint and 110 °C for the
27?4 and 37 joints. (c) Tendon tension predicted by the model and the actual tension. The temperature
set points are the same as part (b).

configuration change at different temperatures. Fig. 4.12b presents the comparison between
the model prediction and the actual configuration for one example. The RMS error between
the model prediction and the actual joint angle for the 15 tests is 4.6 .

Fig. 4.12c compares the tension in the tendon with the predicted value from the model which
shows around 7% error at the maximum load. The trend for the force displacement relation
predicted by the model is rather linear since we have adopted a linear model for the elastic
behavior of the ASL. However, the actual force displacement relation is nonlinear. To have a
better prediction in the future we need to use a more accurate model for the elastic behavior
of the ASL.

The test results confirmed the feasibility of the configuration control by modulating the
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temperature of the SMP layers. The model is able to predict the configuration of the finger
at different temperature settings and can be used to assign the temperature of the ASLs
in the joints to reach a desired configuration. The errors caused by model inaccuracies
can be corrected by adjusting the control command for the tendon displacement and ASL
temperature set points using the curvature sensors’ feedback.

Robogami compliance control

We can control the overall stiffness of the finger by modulating the stiffness of its joints. Using
this feature, we can operate it in its soft mode in sensitive environments with limited applied
contact forces and in its stiff mode, for handling heavy loads or performing precise motions.
Here, we study the motion of the under-actuated finger with different joint stiffness as it
conforms to the shape of a fixed object and apply contact forces. We considered three different
cases. In the first case, all three joints are activated at 110 °C and the finger is in its softest state.
Next, all the joints are activated at 55 °C. We expect the ratio of the stiffness of the joints and
hence the motions of the finger to be similar in these two cases, with the only difference being
the contact force magnitudes. Finally we study the case where the first two joints are fixed in
position and only the tip joint is moving. In this mode of operation, the initial deformation
puts the tip phalanx at the desired position and orientation. By activating only one joint in
this state, we expect larger forces compared to the other two cases.

Fig. 4.13a-4.13c present the simulation results for the finger in the three cases. We considered
one contact point per phalanx. We placed the contact point at 2 mm distance from the tip
when the finger initially conforms to the object. We study the forces that the robogami applies
before the deformations in the first and second joints cause the third phalanx to lose contact
with the force sensor.

For the first and the second cases, as the tendon is pulled, the finger conforms to the shape
of the object, starts applying force to the force sensors, and finally loses its contact with the
tip force sensor. The configurations of the finger in the first two cases, Fig. 4.13a-4.13b, are
very similar. The estimated maximum contact force from simulation, however, changes from
0.23 N to 0.7 N by increasing the stiffness of the finger. In the third case the finger is initially
actuated in its soft mode to conform to the shape of the object and then the first and second
joints are locked in this position. The third joint is the only active joint and as demonstrated
by the simulation results, Fig. 4.13c, the maximum force before the finger loses its contact at
the tip increased to 0.95 N.

To verify the simulation results, a 3D printed stand with one-directional force sensors (FSS0O15WNGX,
Honeywell) in the same orientation was fabricated and the same scenarios of simulation were
replicated. Snapshots from the experiment corresponding to the first temperature setting, Fig.
4.13d-4.13f, illustrate the initial contact and the retracting motion of the tip. The maximum
contact forces for the three cases were measured: 0.17, 0.32, and 0.75 N, respectively. While
the measured forces confirm the trend observed in the simulation, their values are smaller in

99



Chapter 4. Robogamis: trajectory planning and compliance control

0.23N

i K

’////\
\ ‘ 10°C
7 7

Load cells\% . §110°C

iy

W
Y

» > et
Conforming The tip The tip loses
110 °C to the contact contact with
shape of force the object
the object increases
(a)
. 0.7N
iy iy iy Wy
55 °C
2» 1 55°C 2z »
55 °C
(b)
‘ 0.95N
K iy iy iy
110 °C
K. % K,
u30°C 4 2
30°C
(©

Figure 4.13: The contact force study. (a)-(c) The simulation results for the contact forces between the
finger and the object at different stiffness settings. (a) In this case the temperature of all joints is set to
the maximum, 110 °C, and the finger is in its softest state. By pulling the tendon, the finger conforms to
the shape of the object and starts applying contact force. Increasing the tendon displacement increases
the contact force at the tip and finally causes the finger to deform at the first and second joints which
results in losing contact at the tip. (b) In this case the temperature of all joints is set to 55 °C. The
motion of the finger in this case is similar to the previous case but the contact forces are larger. (c) In
the third case only the third joint is activated. The other two joint angles are set to put the last phalanx
at a desired position and orientation. The maximum contact force in this case is larger since the first
and second joints are stiffer compared to the other two cases. (d)-(f) Snapshots from the contact force
experiment with all the joints at 110 °C. (e) The robogami conform to the shape of the object. (f)
Increasing the tendon tension results in the retracting motion of the finger which causes the tip to lose
contact with the force sensor.

comparison. This difference is caused by the combination of positioning errors for the object
and the deformation in the force sensors’ 3D printed stand.
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Controlling the overall compliance of an under-actuated system allows us to adjust the magni-
tude of the maximum contact force for safe interaction, which depends on the application.
In the remainder of this chapter, we focused mainly on application of robogami as a soft and
programmable actuation platform with compliance control in under-actuated grippers.

4.4 Two-fingered robogami gripper with compliance control

One of the main motivations for using robogami structures is the ease of miniaturization and
feasibility of packing multiple DoFs in a confined space with minimal structural complexity
in the hardware, thus in the manufacturing. In the previous Section, we refined the joint
design and the manufacturing process of the robogami modules. Here, we present a robogami
with eight joints that is manufactured in one piece to highlight the ease of extension of the
concept to more complex structures. Using this prototype, we also present the concept of
soft actuation with compliance control in robogamis with adjustable stiffness joints. We use
two robogami fingers with a similar design in a gripper and demonstrate its task versatility in
soft and stiff modes by assigning model-based stiffness settings for performing different grasp
modes.

4.4.1 Tendon-driven robogami finger with adjustable stiffness joints

Fig. 4.14 illustrates the schematic of the robogami studied in this Section. All joints in this
robogami have parallel axis of rotation and the motion of the robot is limited to the plane
which simplifies the analysis and experiment design for studying the soft actuation with
compliance control. The first and the last joints in this design are actuated in the opposite
direction compared to the rest of the joints. The range of motions of these two joints are set to
[-45° 0°] and for the rest of the joints, joints 2-6, the range of motions are set to [0° 45°]. In
general activating more joints makes the structure more compliant. The activation of the first
or the last joint, however, has more significant influence on the compliance which originates
from their opposite direction of actuation. This allows us to switch between different modes
to achieve either higher forces or more adaptable and compliant actuation. We assigned a
smaller tendon distance from the joint axis for the first and the eighth joints to use more
effectively the soft mode of these joints by limiting their displacement in the free motion of
the finger. The design parameters for this finger are presented in table 5.1.

We use a model similar to the one presented in the previous Section, (4.20), to study the
behavior of the robogami. Here, we are concerned with the contact forces at the end-effector.
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Figure 4.14: Overview of the robogami design with high compliance variability. The tendon path
depicts how it changes side around the neutral plane to actuate joints in different directions. The ASL
is placed on the opposite side of the tendon in all joints to be on the tension side.

So the force matrix, f T and the Jacobian matrix, J, are rewritten as:

SO LsinEL, 00 X, sin(TL,00) .. Lysin(XL, 0)

J= Z;’zl lj cos(Z{ZIQi) ;7:2 lj cos(Z{ZIBi) e Ipcos(Xl,0;) (4.22)
1 1 1
fT= Fx,Fz,My] (4.23)

J correlates the Cartesian and the rotational velocities of the end-effector to the rotational
velocity of the joints. The elements of f are the components of the contact force in x and z
directions and the moment in y direction.

We use model to study the effect of joint stiffness on the reconfiguration of the finger and the
compliance of the end-effector. The activation of different joints changes the free motion tra-
jectory of the end-effector. The compliance of the finger for each trajectory can be controlled
through the joints stiffness. Joints 1 and 8 of the robogami finger, with their opposite direction
of actuation, influence the compliance of the finger significantly. Here, we study the effect of

Table 4.2: Design parameters for the two-fingered robogami gripper.

Parameters | Value (mm) Description
lon 8.2 the length of 2"7-6"" and 87" Phalanges
Ipi 11.4 the length of 15" and 7*" Phalanges
g 4 Gap size in the middle part
WASL 14 ASL width in the active part
LasL 4 ASL length in the active part
tAsL 2 ASL thickness
h 3.25 ASL (mid-layer) distance from the axis of rotation
by 35 Tendon distance from the axis of rotation for joints 2 - 7
b -2.5 Tendon distance from the axis of rotation for joints 1 and 8
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Figure 4.15: Displacement of the end-effector with three different stiffness settings under 1 N load
in z direction. (a) In the first case, joints 4 and 5 are at high temperature (110 °C) and all the other
joints are at room temperature. (b) In the second case, the first joint is activated at a lower temperature
(65 °C). Given the higher stiffness of the joint and its smaller actuation moment, the free displacement
of the finger is similar to the previous case. The trajectory of the end-effector under load, however, is
significantly different. (c) In the third case, the eighth joint is activated at 65 °C. The activation of this
joint also does not considerably change the free displacement but the rotational compliance of the
end-effector is remarkably increased compared to the first case.

(a)

activation of these joints. For each simulation, we report the trajectory of the end-effector and
the final configuration of the finger which is estimated by the model. To verify the simulation
results we tested the finger with the same stiffness setting and contact load and compared the
final configuration of the finger with the simulated configuration.

The motion of the robogami finger under load in z direction is simulated with three different
stiffness settings, Fig. 4.15a-4.15c. In simulation, the contact force increases with the motion
of the end-effector in the z direction at the rate of 50 N/mm and is saturated at 1 N. The linear
compliance of the end-effector in z direction and its rotational compliance are dependent on
the stiffness assigned to different joints. The first simulation, Fig. 4.15a, is the reference to
verify the effect of activation of the first and the last joints. In this case, joints four and five
are active at their most compliant state, 110 °C. For this setting, the motion of the finger is
not effected by the load and it is characterized by high linear stiffness for the end-effector in z
direction and high rotational stiffness. Activating the first joint makes the finger considerably
more compliant in the z direction, Fig. 4.15b. In this case, the first joint is activated at 65 °C
and the setting for the other joints is similar to the previous case. The activation of the first
joint at this temperature does not significantly affect the free displacement of the finger.
However, the trajectory of the end-effector changes considerably under load and the position
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Figure 4.16: Configuration of robogami under load with different stiffness settings. The overall behavior
follows the one predicted in simulation. The main reasons for discrepancy are: the neglected effect of
the tendon friction with its channel; and the slight differences between different joints and ASLs.

of the end-effector in z direction stays without much change during the actuation. Note that
actuating the first joint in the opposite direction is more effective for changing the compliance
of the finger compared to having a passive joint. The increased tendon tension amplifies the
moment applied to the first joint by the contact force and makes the finger more responsive,
compliant, to the contact forces. In order to limit the deformation of the base joint in free
displacement, to have similar free motion, the tendon is placed closer to the neutral plane for
the first joint and this joint is activated with a lower temperature, higher stiffness, compared
to the rest of active joints. This design for the tendon distance and temperature setting for the
first joint, results in similar free motion trajectories for the first two cases of Fig. 4.15. The
compliance of the end-effector, however, is significantly different for these two cases which
results in different trajectories and final configuration under load.

The activation of the last joint also affects the compliance of the end-effector as presented in
Fig. 4.15c. Given the small distance between this joint and the end-effector, the compliance
in z direction does not change much in this case. The rotational compliance of the last link,
however, significantly changes when this joint is activated. As was the case for the first joint,
activation of the last joint at 65 °C does not affect the trajectory of the free motion. Under load,
however, the orientation of the last link remains almost constant. By increasing the lateral
and rotational compliance, the manipulator becomes self-adaptive in these directions to an
assigned degree. This is desirable for safe interaction with sensitive environment. Compared
to a fully actuated system, this approach is superior since it requires much less computation
and control effort and only high level control on the joint stiffness and the overall behavior is
required.

To verify the simulation results, we tested the robogami finger with the similar settings used in
the simulations, Fig. 4.16a-4.16c. In the experiments the duty cycle for the heaters were set
based on the readings from a thermal camera for reaching the desired temperature at each
joint. The tendon displacement corresponding to the displacement used in the simulation is
applied using an electric motor, Dynamixel MX-28. The final configuration of the finger with
different temperature settings are presented in Fig. 4.15 for comparison. The overall behavior
is similar to the one predicted by simulation. The main discrepancy reasons are: the slight
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differences between different joints and ASLs; and the neglected tendon friction in simulation
(in this study we considered constant tendon tension for all joints).

In this Section, we demonstrated the compliance control of a robogami finger in different
directions through joint stiffness adjustment. In the next Section we demonstrate the grasp
versatility of a gripper with two fingers similar to the one studied here.

4.4.2 Under-actuated robogami gripper with compliance control

Tendon-driven robogamis provides a platform for designing compliant robots. The compli-
ance in these robots originate from their under-actuated and redundant DoFs. Here, we study
the application of tendon-driven robogamis in a gripper. The conformity of such a gripper
allows it to orient its contact points to apply forces in a proper direction for a robust grasp.
By implementing the adjustable stiffness joints such a gripper can perform different grasp
modes based on the assigned stiffness setting. The design of the gripper with two fingers
is presented in Fig. 4.17. The actuation from the slider is divided between the two fingers
through the tendon and the pulley. The tendon displacement drives different joints in the
robogami according to their stiffness. In the schematic of the gripper, Fig. 4.17b, the active
and inactive, soft and stiff, joints are marked. In this Section, we demonstrate two different
grasp modes: power grasp and precision grasp. For power grasp the object is enveloped by
the fingers and is secured between the fingers and the palm of the gripper. In the precision
grasp, the object is secured between the finger tips. These two modes of grasp require the
activation of different joints. In each mode, the compliance of the fingers can also be adjusted
by setting different levels of joint stiffness. In the last part of this Section, we compare the
grasp of a soft object in two different modes to showcase the effect of the activation of the first
joint on the finger’s compliance.

® | : Inactive joint
® A : Active joint

(@) (b)

Figure 4.17: Overview of two-fingered robogami Gripper. The gripper consists of two fingers similar to
the one of Fig. 4.14. (a) A single input actuates both fingers through a pulley. (b) The schematic of the
gripper and its motion with the setting for power grasp. The green and red dots represent the active
and inactive joints, respectively.
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Figure 4.18: Power grasp mode. In this mode all joints except for J1 and J8 are active. (a) Initial state.
(b) Free motion. (c) Grasp of an egg. The redundant DoF of the fingers in this mode of operation allows
the last link to orient itself for applying the contact force at the proper direction for a stable grasp.

Power grasp

In the power grasp mode, the gripper secures the object between the fingers and the base. To
perform the power grasp, joints 2-7 are activated at their most compliant state. The schematic
of Fig. 4.17b presents the stiffness assignment and the actuation overview. The redundant
DoFs of the fingers and the inherent softness of the under-actuated gripper, allow the last link
of each finger to adapt its orientation to apply forces in the the proper direction for a robust
grasp of the object as presented in Fig. 4.18. For larger objects, the fingers compliance allow
them to conform to the shape of the object and envelope it. For the smaller object, like an egg,
the self-adaptability of the last link illustrates the conformity of the gripper and the softness of
the grasp.

Precision grasp

The second grasp mode of the gripper we study is the precision grasp of small objects between
the finger tips. In this case, large displacement and small orientation change at the tip are
required. So, joints 2 and 3 are activated for performing the precision grasp, the first schematic
of Fig. 4.19d. The orientation of the end-effector for grasping small objects has to be adjusted
based on the contact force and the size of the object. One approach is to reconfigure and lock
the tip joint of the finger in the proper orientation based on the object. Here we use a different
approach and activate the tip joint at a lower temperature (65 °C) to increase the rotational
compliance of the end-effector. The schematics of Fig. 4.19d present how the activation of
the last joint helps with the self-adaptability of the last link’s orientation. Fig. 4.19a - 4.19c
presents the free displacement and the grasping of a 5 CHF coin (¢ =2.4 mm, ¢ =31.5 mm,
m=13.2 g). We should point out that the compliance setting for the tip is a delicate task since
excessive rotational compliance can diminish the grasp stability.
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Figure 4.19: Precision grasp mode. Only three DoFs are active in this mode which results in less
compliant and more controlled motion of the end-effector. (a) Initial state. (b) Free motion. (c) Grasp
of a5 chf coin(31.5 mm in diameter and 13.2 g in mass). (d) To facilitate the precision grasp, the
eighth joint is also activated at 65 °C. This increases the rotational compliance of the end-effector
which improves the orientation self-adaptability of the last link.

Grasp compliance

The compliance of the robogami fingers can be adjusted by changing the stiffness of the active
joints and also by activating additional joints. In the present design, the activation of the first
joint significantly increases the compliance of the finger. The increased compliance is desired
in grasping soft and delicate objects since the contact forces are limited in this mode without
the need for any feedback control. To illustrate this, we compare the grasp of a foam with two
different compliance settings. In the stiff mode, joints 2-7 are active. For the soft mode, we
activate the same joints, 2-7, and to increase the compliance, we also activate the first joint
but at higher stiffness, 65 °C. The schematics of Fig. 4.20a illustrates the temperature setting
and the motion of the gripper with these two compliance settings. The free motion of the
gripper in these two modes are similar, Fig. 4.20c, but when the gripper comes in contact with
an object the increased tendon tension along with the moment from the contact forces push
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Figure 4.20: Grasp compliance control using the robogami’s adjustable stiffness joints. (a) Activation
of the first joint considerably increases the lateral compliance of the fingers which is desirable for
handling soft and sensitive objects. In grasp with the soft setting, the force that the end-effector can
apply is limited. To contrast the behavior of the gripper in soft and stiff modes, the grasp of a soft foam
is studied. (b) Initial state. (c) Free motion. (d) Grasp of a foam. With the stiff setting, the gripper can
apply large enough forces to deform the foam but with the soft setting the contact force is limited and
the end-effector does not deform the foam. Given the higher stiffness of the base joint and its lower
actuation moment, the free motion of the gripper in similar in both settings.

back the first joint. This results in limited contact force and hence inherently soft performance
as presented in Fig. 4.20d. In the grasp with stiff setting, the end-effector applies large enough
forces to deform the foam. However, with the soft grasp setting, the contact force is limited
and applying more input displacement causes the contact points to come closer to the base
but their distance and hence the applied force to the foam does not change considerably.

In this Section, we presented a robogami with multiple joints and demonstrated soft actuation
with compliance control. The prototype highlighted the ease of design and manufacturing
of robogamis with multiple joints in confined space. We used fishing wire (Fireline from
Berkley-Fishing with 53 kg load limit) as tendon in the current design which simplified the
routing of the tendon. The gripper design presented here illustrated the feasibility of driving
two robogamis and multiple points of actuation using a single source. This can be used in
applications where synchronized motion of multiple points of actuation is required. The
motion of the robogami presented in this Section was confined to 2D trajectories. In the next
Section, other arrangements of DoFs capable of following 3D trajectories are presented. We
also examine the feasibility of driving more points of actuation using a single source in the
prototype of the next Section.
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4.5 Three-fingered robogami gripper with multiple grasp modes

The robogamis studied so far all had DoF with parallel axis and could cover a desired workspace
in a plane. By using other types of robogami joints, presented in Chapter 1, more complex
reconfiguration and trajectories can be produced. In this Section, we use different arrange-
ments of these joints in fingers of a robogami gripper. The design allows us to actuate the
gripper from completely flat state into different configurations for performing various grasp
modes, Fig. 4.21. Note that the 3D motion of the robogamis in this study are utilized for initial
reconfiguration and afterwards motions similar to the one studied in the previous Section
produces the main actuation. Generalizing the same model for producing 3D trajectories with
adjustable compliance in different directions is possible and will be studied in future.

The details of the joint design and their fabrication are presented in Chapter 1. Design
parameters for the joints in different directions are chosen so that all joints would have the
same stiffness in the initial state, Table 4.3. Fig. 4.22 presents the schematic of the actuation
system and the sequence of the DoFs in fingers of the gripper. The input sliding motion drives
four tendons using a seesaw and pulley mechanism. The deformation of each joint depends
on the stiffness assigned to that joint and all the rest of the joints.

The first two joints in each finger are used for changing the initial configuration of the gripper
and the main grasping motion is performed by the last three y axis joints of each finger. The
first y axis joint in each fingers has the opposite actuation direction compared to all the rest
of the y axis joints. This allows the fingers to start from entirely flat state, Fig. 4.21a, and
transform to the cylindrical grasping mode, Fig. 4.21b. For the two side fingers, we added a
rotational DoF along the x axis. This allows us to orient these fingers for grasping objects with
different shapes in the spherical grasp mode, Fig. 4.21c. For the middle finger we added a DoF
along the z axis. Using this DoE we can move the tip of the middle finger to face one of the
side fingers, Fig. 4.21d. This mode of operation is preferred for handling small objects using
only two fingers.
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Figure 4.21: Three-fingered robogami gripper multiple grasp modes. (a) The fingers start from com-
pletely flat state. (b) Cylindrical grasp mode: in this mode all of the active joints have parallel axis of
rotation. (c) Spherical grasp mode: in this mode we orient the side fingers of the gripper depending on
the shape of the object. (d) Two fingers pinching grasp: in this mode we orient the middle finger to face
with one of the side fingers for handling small objects.
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Table 4.3: Design parameters for the three-fingered robogami gripper.

Parameters | Value (mm) Description
l 8.8 Tile length
g 1.4 Gap size between the tiles
WASL-x,y 7 ASL width for the x and y joints
WASL-2z 4.4 ASL width for the z joints
w 0.6 ASL distance from the z axis
wy 2.6 Tendon distance from the z axis
LasL 4 ASL length in the active part
LASL 1.6 ASL thickness
h 24 ASL distance from the x and y axis
b 1.1 Tendon distance from the x and y axis

The joint stiffness and the state of the locked joints depends on the desired motion from each
finger. Here, we propose an algorithm to determine the initial configuration of the gripper
and the stiffness of active DoFs depending on the contact points on the object and the desired
contact forces. The goal here is to establish an approach for effectively using the DoFs of each
finger and their adjustable compliance for grasping objects with different sizes and shapes.
Depending on the stiffness setting for the joints, the under-actuated gripper has some degree
of self adaptability and exact control over the stiffness or positioning of the gripper’s base
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Figure 4.22: Schematic of the actuation mechanism and the DoFs in each finger. The input force
is divided through the seesaw mechanism and the pulleys between the three finger. Neglecting the
friction, the tendon tension in each finger is equal to a quarter of the input force. The displacement of
the tendons in each finger will be dependent on the joint stiffness assignment.
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4.5. Three-fingered robogami gripper with multiple grasp modes

would not be necessary. However, the study of the inverse kinematics and stiffness setting for
the joints, through kinetostatic model for each finger, provide a general framework for setting
the initial configuration of the gripper and the joint stiffness.

The overview of the grasping algorithm is presented in Fig. 4.23. Here, we consider only one
point of contact for each finger. In an iterative process, we find the relative position for the
object and the gripper in which we can choose points of contact on the surface that yields
feasible configurations for the fingers. To simplify the problem, we considered only positions
of the object along a fixed axis, step 1 in Fig. 4.23. The forward kinematics for the position and
orientation of the last link of each finger are presented in (4.24) and (4.25).

[ l19 ]:eéleleézeze$303eé464eéses :

Po ] (4.24)

End-effector
position and orientation

Positioning Step:
Choosing the points
of contact.

Reconfiguration step:
Solving the
inverse kinematics
and determining the
initial configuration.

The stiffness of the
active joints for each
finger is determined
based on the required
contact forces.

Initial
configuration

Actuation step:

Actuation of the
active joints for per-
forming the grasp.

Figure 4.23: Control scheme for determining the initial configuration and the actuation pattern. Based
on the shape of the object, the points of contact are chosen and the feasibility of the grasp is confirmed
in an iterative process. Based on the position and the orientation of the contact points the inverse
kinematics for each finger is solved. Finally, based on the desired contact force and the configuration
of the finger the stiffness of each joint is assigned by solving the equilibrium equations for each finger.
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In (4.24) and (4.25), &; is the 4 x 4 matrix representation of the twist corresponding to the
i'" joint and 6; represents the joint angle. e$i0i calculates the homogeneous transformation
corresponding to the motion of each joint. In (4.24), py and p are the initial and final positions
of the contact point on the last phalanx. In (4.25), ny and n represents the initial and the
final normal to the last phalanx which corresponds to the direction of the force applied to the
object. For a given position and orientation, we numerically solve these equations to find the
appropriate configuration for each finger. Since there is the possibility of multiple solutions,
other optimization goals, such as equal joint angles for all active joints, can be considered to
choose the best among the possible solutions.

The first two joints in each finger are utilized for reconfiguration of the gripper from its flat
state into one of the initial grasp states presented in Fig. 4.21c. We refer to this step as
reconfiguration step. The last three joints in each finger are the active joints that perform the
grasping in the actuation step. The input displacement from the tendon is divided between
these joints depending on their stiffness settings.

In order to showcase the feasibility of the different grasp modes, we prototyped a manually
actuated gripper based on the proposed design. As mentioned, using the model for determin-
ing the initial configuration and the joints stiffness requires more detailed studies including
motorizing the gripper and incorporating sensors. These remain as topics for the future
research. Here, we present few basic grasp modes that utilize different DoFs in each finger.
The initial reconfiguration is done based on the shape of the object. For the actuation step, the
last three joints in each finger are activated at their maximum compliance. Table 4.4 presents
the initial configuration, the free motion and the object grasp in three basic modes: cylindrical
grasp, spherical grasp, and two finger grasp.

In this Section, we presented the design of a gripper with robogami fingers and studied a
control scheme for assigning the initial reconfiguration and active joints’ stiffness for grasping
different objects. Applying the proposed control scheme requires further studies. The under-
actuation of multiple fingers, as presented in the prototype of this Section, allows us to
distribute the input energy between few points of actuation. In practice the friction forces
complicates the transmission in these systems and further study into designing a more efficient
transmission between the input and the actuation tendon of each finger would be necessary.

112



4.6. Conclusion

Table 4.4: Three grasp modes which illustrate the use of joints along the three axis of rotation.

Grasp mode Initial Free Grasping
p configuration displacement the object
Cylindrical
Spherical
Pinching

4.6 Conclusion

In this Chapter, we utilized SMP layers for controlling joint stiffness in under-actuated robots
with multiple DoFs. Depending on the stiffness setting, different synergies are activated
resulting in different motions and interaction forces. The inherent softness of the actuation
method, which originates from the multiple and redundant DoFs, allows safe interaction
with the environment without the need for a complex control scheme. The simplicity of
the actuation hardware along with the scalable stiffness control method, which is based on
material properties, facilitate designing and manufacturing of robots with multiple DoFs in
confined space. The adjustable stiffness of the joints in such a robot enables us to change the
power transmission to different joints and to control the compliance of the robot depending
on the task.
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To determine the important design parameters and correct the design flaws, we started
by studying the behavior of two under-actuated manipulators with modular design. The
interchangeable modules allowed us to consider different sequence of joints and to change
the joints in case of failure in the early stage of the research. Using these manipulators, we
confirmed the feasibility of configuration and compliance control using elastic modulus
variability of SMP. The detailed model developed for these manipulators assists us in designing
tendon-driven robogamis for performing different reconfiguration with a desired level of
compliance.

After refining the design and verifying the model, we investigated the design scalability and
monolithic fabrication of joints in under-actuated robogamis with more complex joint se-
quences. We used soft grippers as a platform to demonstrate the potentials of the proposed
tendon-driven robogami joints with adjustable stiffness. The robogami grippers have similar
geometrical features and were tested under similar loading conditions and range of motions
expected in a wearable device. The trajectory planning and control problem in these systems,
however, are far simpler than the expected ones for a wearable device. Through these pro-
totypes, we refined different functional layers for effective integration in robogami joints of
future generation of wearable devices.

We investigated different aspects of the design in two gripper prototypes. The first gripper with
two fingers was designed to mainly highlight the self-adaptability of the fingers with redundant
DoFs and their compliance control through joint stiffness adjustment. The second prototype
was designed to illustrate the feasibility of complex 3D reconfiguration and simultaneous
actuation of multiple fingers using one input.

The results of this Chapter enable us to design robogamis for different applications and to
control the joint stiffness for performing different tasks. In the the next Chapter, we investi-
gate soft actuation using a tendon-driven robogami as a first step towards developing a soft
wearable robot for facial rehabilitation.
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] Robogamis: towards wearable devices
for robot-assisted facial rehabilitation

Novel stretchable sensors and soft actuators allow more compact wearable robots that are
easier to wear and safer for human interaction. The new manufacturing processes for these
sensors and actuators have also contributed to their popularity as they make the design
and fabrication of customized actuators and sensors cheap and fast, which allows effective
iterations towards design improvements. In this Chapter, we study the applicability of soft
actuation and sensing methods that we proposed in the previous Chapters for next generation
wearable devices. The proposed technologies are specifically appealing for complex and less
explored fields of complex robot-assisted rehabilitation tasks such as facial neuromuscular
reeducation. The complexity of motions, the required DoFs, and the geometrical constraints
are the main obstacles for implementing the existing technologies in this application. In
the next Section, a brief overview of the current actuation and sensing methods used in
facial devices are presented. Our main focus is on facial assistive devices for helping with
rehabilitation of facial palsy. We implement the actuation and sensing methods suggested in
the previous Chapters for preliminary feasibility studies.

5.1 Introduction

The inherent softness, low cost manufacturing of customized robots, versatility of the design,
and ease of control (given the self-adaptability of the robot) are among the main advantages
of using novel sensing and actuation technologies in field of robot-assisted rehabilitation
[7-15, 28, 125-128]. In applications targeting wearable devices for large limbs (arm, legs,
fingers) with defined joints and limited DoFs, these novel technologies are in competition with
conventional methods of sensing and actuation. Here, we aim for a wearable device for the
face, where multitude of DoFs, complexity of motions, safety, and strict requirements on the

The material of this Chapter is from the following self-authored publications:
[124] A. Firouzeh and J. Paik, “Soft actuation and sensing toward a wearable device for robot assisted facial
rehabilitation”, IROS 2017.

115



Chapter 5. Robogamis: towards wearable devices for robot-assisted facial rehabilitation

(d)

~ ~—Clamping straps

Tubing

Actuators
Head Supporter

Pulling wires

Transparent
pulling strips

-

Tensioning
machanism

Pulling strips

Figure 5.1: Examples of sensory and rehabilitative devices for the face. (a) Arrays of EMG sensors for
measuring facial muscle movements for application in silent speech [129].(b) A compliant array of
sensing elements for measuring facial muscle movements [130]. (c) A robotic system for massage
therapy [131]. (d) A wearable rehabilitative device driven by soft actuation of SMA wires [126].

size and conformity of the robots necessitate the application of novel sensing and actuation
methods. Fig. 5.1 presents a few examples of wearable and stationary devices for the face with
different functions. Wearable EMG sensors for silent speech and facial gesture recognition,
Fig. 5.1 (a,b), are two examples of wearable devices with sensory functions. A wearable device
based on SMA actuated robogami can effectively be used for placing electrodes in contact with
the face for these applications. The active platform can reconfigure to provide good quality
measurements from the sensing elements, embedded as one of robogami’s functional layers.

Examples of different sensing methods for measuring facial muscle activities and facial move-
ments are more abundant compared to active robotic devices. Fig. 5.1 (c,d) presents two
examples of robots developed for massage therapy and synchronized motion of the paralyzed
side of the face in patients with facial palsy, respectively. Facial neuro-motor disorder can be
caused by infections, accidents, strokes or tumors. The most common cause for facial paralysis
is Bell’s palsy which affects 20 people out of 100,000 of the population annually [132]. Physio-
therapy is often prescribed as a treatment for facial palsy and studies suggest its effectiveness
along with other methods of mime therapy [133]. Often the disability affects one side of the
face and the goal in rehabilitation is to restore the motion of the paralyzed side [134]. The
compliant sensing and actuation methods introduced in the previous Chapters can be utilized
in a wearable device for robot-assisted rehabilitation. Such a robot will provide a desired level
of assistance for regaining synchronized and symmetric motion. Also, the repeatability of
the robot’s motion and the feedback data on the recovery rate make it possible to perform
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organized studies on the effectiveness of the treatment which is a subject of ongoing research
in the rehabilitation field [126].

Here, we use the model and design framework of stretchable sensors and soft actuation
methods, developed in the previous Chapters, in prototyping a preliminary example of a
facial rehabilitative device. By studying this prototype and its interaction with the face, we
validate the applicability of the enabling technologies for measuring facial movements and
applying soft actuation with programmable trajectory and compliance. The proposed soft
sensing methods allows us to directly measure the displacement of points of interest on the
face, rather than translating muscle activation patterns into the facial movements [28, 126],
which is expected to simplify the calibration and data analysis steps. This sensing methods
can also provide complimentary data alongside EMG readings. As for the proposed actuation
method, a robogami platform with multiple DoFs can theoretically produce more complex
trajectories for recreating natural face movements compared to other available methods such
as direct actuation with tendons [28, 126].

5.2 Stretchable sensors for wearable devices

Mechanical transparency, large range of motion, customizability, and reliable readings despite
the variation in ambient conditions, e.g. temperature, are the main requirements of sensing
technology for a wearable device. The method that we use to measure facial movements is
based on the electrical resistance variation of a metal path laminated on a polymer sheet. A
pattern that is cut through the composite produces a stretchable mesh structure. The large
range of motion; up to 40%, mechanical transparency, and thin profile (under 100 um) of
this sensing technology make it a desirable choice for measuring displacement of points
of interest on the face. Moreover, the control over sensitivity allows us to use gauges with
opposite sensitivities for measuring displacement and to cancel out the electrical resistance
variation due to the change in ambient conditions.

A network of soft sensors on the unaffected side of the face can measure the displacement of
selected points with a minimal effect on natural motion. The sensor reading is then used to
actuate a robogami with multiple points of contact with the face to restore the same motion
on the affected side of the face.

Fig. 5.2, presents the design of a stretchable sensor consisting of two gauges with opposite
sensitivities, which allows built-in temperature compensation. The differential reading of
these two gauges, which is insensitive to temperature variations, is transferred to the terminal
of the sensor using a stretchable pattern with no sensitivity to elongation. When stretched, the
micro beams that construct the mesh structure in each gauge twist out of plane and bend. This
motion requires less energy compared to the in-plane bending deformation since the bending
happens around the axis with the minimum moment of inertia. The twist direction of the
micro beams determines the sections in tension and compression and hence the resistance
change of the sensor. This twist direction for the mesh structure with symmetric metal layer,
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Figure 5.2: Stretchable sensor for measuring facial movements. The sensor has three sections with :
positive, negative and no sensitivity to elongation. By controlling the twist direction and modulating
the width of the electrical path, we can control the resistance change when the sensor is stretched.
In the current design the two sensitive parts have opposite twist directions and sensitivity to stretch.
This allows us to compensate resistance change due to temperature variation. The middle section has
almost constant resistance under stretch and is used to read the voltage of the intersection of the two
gauges.

similar to the middle part, is random. For the parts with asymmetric metal pattern, however,
the twist direction is not random and always happens from the flat state towards the axis of
minimum inertia as presented in Fig. 5.2. So in the proposed design, the micro beams of the
top gauge always twist in the direction that puts the narrow metal section in tension, resulting
in positive sensitivity to elongation, and the micro-beams of the bottom gauge twist in the
opposite direction, resulting in negative sensitivity to elongation.

The sensing method presented here can be used in a network of sensing elements for wearable
devices. The thin profile of the sensors and their high mechanical transparency make them
specifically appealing for demanding applications such as measuring facial movements. PCB
manufacturing methods can be adopted for cheap and low cost fabrication of the proposed
stretchable sensors. Highly adaptable design, thin profile, and mechanical transparency are
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among the main advantages of this sensing solution. In the next Section, we illustrate the
feasibility of using a single sensor, similar to the one presented in Fig. 5.2, for measuring the
relative displacement of two points on the face.

5.3 SMA actuated robogami platform for soft actuation in a wear-
able device for face

The first conceptual design for a wearable rehabilitative device was based on a robogami
platform with SMA actuated joints. The prototype presented in Fig. 5.3 was manufactured
to study the feasibility of the design. This robogami with independent soft actuation of the
joints is ideal for conforming to the shape of a complex surface. However, it has significant
drawbacks for application in rehabilitative devices.

The main issue we encountered in the prototype of the conceptual design was the complexity
of the actuation of the joints. In a device with multiple joints in series, we require synchronized
motion of certain joints for performing a desired reconfiguration. Given the slow response
time of SMA actuators, performing such a task would require a complex control scheme and
sensory data. Even with a controller to produce the desired trajectory, the contact forces
that an SMA actuated robogami can provide are rather limited. The multitude of DoFs in the
present design comes at the price of smaller actuation torque available at each joint, which
reduces the load capacity of the robogami. These limitations make SMA actuated robogamis
ill-suited for the main actuation in a rehabilitative device. However, this platform with added
ASL layers is well suited for conforming to the shape of complex surfaces and can be used
effectively for performing the initial reconfiguration of the device. It can also be used as a
platform for placing elements such as EMG sensors and electro-stimulation electrodes in
contact with desired points on the face.

(a) (b)

Figure 5.3: SMA actuated wearable robogami. (a) The conceptual design of a SMA actuated wearable
device based on a robogami platform. (b) The prototype of a SMA actuated robogami. The prototype
was manufactured to study the feasibility of the initial conceptual design with SMA actuated joints.
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Given the need for synchronized actuation of multiple joints rather than independent actu-
ation of every single joint in a rehabilitative device, the under-actuated robogami platform
is a more viable solution, providing a higher load capacity. In the next Section, we study
tendon-driven robogamis for soft actuation with programmable trajectory and compliance.

5.4 Tendon-driven robogami platform for programmable soft actu-
ation in rehabilitative devices

Tendon-driven systems are desirable for applications with demanding geometrical constraints
where smart materials cannot meet the actuation requirements, i.e. band width, range of mo-
tion, and load capacity. We propose an under-actuated robogami platform for soft actuation
applicable to rehabilitative devices. In this approach, we use a single input to drive multiple
DoFs and points of actuation to achieve synchronized motions. Under-actuated robogamis
can generate complex trajectories with adjustable compliance in different directions.

Fig. 5.4 presents an early conceptual design for the robogami with 3 points of actuation. The
joints with adjustable stiffness allow us to distribute the input energy from a single source
between the different fingers and the joints in each finger in order to produce desired trajecto-
ries for the multiple points of actuation on the face. Based on the desired motion, a sequence
of joints for producing a 3D trajectory can be designed. The joint stiffness control also allows
us to control the compliance of the end-effector of each finger along different directions.
This soft actuation method with compliance control can be utilized in rehabilitation where

Figure 5.4: The conceptual design of an under-actuated robogami for facial rehabilitation. The power
distribution between the joints, hence the reconfiguration of the fingers, is determined by the stiffness
assigned to each joint. The initial reconfiguration of the fingers is performed using the first joint for
rotation along the normal direction to the plane of robogami and the fourth joint for coming into
contact with the face. After the initial reconfiguration, these joints are locked in place and the other
joints are activated for applying displacements with a desired level of compliance.
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devices

synchronized motion of multiple points of actuation and many joints are required for training
certain muscle groups. The multiple DoFs of Robogamis allow for initial reconfiguration and
activation of different actuation patterns for adapting to the needs of each patient and the
requirements of the specific training. In this Section, we study the motion of a single sequence
of joints which is presented in Fig. 5.5. This is a simple robogami with only five joints. We
use this design to demonstrate the initial reconfiguration and soft actuation with adjustable
compliance.

5.4.1 Compliant actuation using tendon-driven robogami

Tendon-driven robogamis with their redundant DoFs and adjustable stiffness provide soft
actuation with programmable trajectory and compliance. This makes robogamis an attractive
platform to develop a low profile wearable device for robot-assisted rehabilitation in which
the compliance level and the trajectory of the actuation points are adjusted according to the
training and the severity of the patient’s condition.

In this Section, we study the compliance control of the end-effector of a simple robogami
with 5 joints, presented in Fig. 5.5a. We use the first joint of this robot to adjust the main
direction of actuation. Using the other DoFs, we apply force and displacement along the main
direction of actuation and control the compliance in the lateral direction. The schematic of
Fig. 5.5b presents the tendon routing, the joint axis position, and the ASLs. Upon activation,
the opposing direction of actuation for the second joint results in significant increase in the
lateral compliance of the end-effector. In this Section, we model and simulate the motion of
the last four joints of the robogami and illustrate the compliance control of the end-effector in
the lateral direction. We also verify the simulation results in experiment and demonstrate the
soft actuation with high lateral compliance and self-adaptability.

Main actuation direction

(@) (b)

Figure 5.5: Under-actuated robogami with programmable trajectory and compliance. (a) The first joint
allows us to orient the remaining links along the desired direction and the rest of the joints are activated
at the proper temperature so that the end-effector follows a desired trajectory. (b) The schematic of the
robogami illustrating the tendon routing. The opposing direction of motion and actuation for second
joint enables us to significantly change the lateral compliance of the end-effector.
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Table 5.1: Design parameters for the robogami for soft facial actuation.

Parameters Value Description
L 8.2mm J1 and J, distance
Ir_y 15.6 mm Ji and J;,; distance
Is5 12.8 mm Contact and J5 distance
kasL 108.0-2.6 N/mm ASL stiffness [74]
h -3.25mm ASL distance from the axis J»
h3_5 3.25 mm ASL distance from the axis J3-5
by —-2.5mm Tendon moment arm J»
b3_s 3.5mm Tendon moment arm J3_5
Model and simulation

The trajectory of the end-effector in the tendon-driven robogami and the compliance of the
robot are determined by the joints’ stiffness. Here, we study the 2D motion of the end-effector
of the robogami of Fig. 5.5 resulting from the actuation of J2-J5. The design parameters for the
robogami are presented in Table 5.1. The contact forces at the end-effector depends on the
tendon tension, the configuration of the robogami, and the stiffness setting of the joints. To
determine the stable configuration and the contact forces of the robogami at a given joints
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Figure 5.6: Compliance of the end-effector along different directions. The vectors represent the
projection of the end-effector’s displacement along the direction of the force. For each direction, 1.5 N
was applied at the end-effector. As expected the compliance is dependent on the configuration of
the finger. For each stiffness setting, the compliance is reported in four configurations. (a) In the
first case, the robogami has small compliance in different directions. (b) Activating J2 increases the
compliance significantly. The present design has a larger compliance in the lateral direction, the design
is based on the requirement for the rehabilitative device. The thicker arrows in the last plot represent
the experimental results for comparison.
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5.4. Tendon-driven robogami platform for programmable soft actuation in rehabilitative
devices

stiffness setting and tendon tension, we used the same model and equations presented in
Chapter 4.

Fig. 5.6 presents the stable configuration of the robogami at different tendon displacements.
The arrows at the end-effector represent its displacement along the direction of 1.5 N contact
force which provide a measure of the compliance in different directions. In the first case, Fig.
5.6a, J2 is at room temperature and the stiffness of J3-J5 are set to the lowest, 110 °C. In the
second case, Fig. 5.6b, the second joint is also activated but with a higher stiffness, 65 °C. The
higher stiffness setting for J2 along with the smaller moment arm of the tendon from the axis of
rotation results in similar configurations in free displacement in both cases. The compliance
of the end-effector in the two cases, however, are significantly different. Activation of J2 makes
the robogami considerably softer in the lateral direction. Note that in the first case, the joints
reach their limit, 45, at higher tendon displacement which reduces the compliance of the
robogami.

Fig. 5.7 presents the compliance along the two main directions of interest, the main actuation
direction and the lateral direction. Note that the sudden changes in the slope of the plots in
Fig. 5.7 is caused by the joints reaching their limits. For a device similar to Fig. 5.4, we would
like to have low compliance in the actuation direction. In this direction, the contact force is
determined mainly by the tendon tension. Some degree of compliance in the lateral direction
is required, however, so that the robot can self-adjust the lateral position of the contact
point. The proposed design, allows us to control the lateral compliance without affecting
considerably the compliance of the robot in the main actuation direction as presented in
Fig. 5.7. The free motion trajectory of the end-effector in both cases are similar. The self-
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Figure 5.7: Comparison of the compliance in different directions at different stiffness settings. The
compliance of the end-effector in the main direction of actuation, x, is comparable in both cases but
the lateral compliance, along z, is significantly higher in the second case. The low compliance along x
direction is desirable since it allows us to apply large forces in this direction. The high compliance in z
direction allows the end-effector to auto-adjust its position.
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Chapter 5. Robogamis: towards wearable devices for robot-assisted facial rehabilitation

adjustment of the end-effector in the lateral direction, however, is more significant in the
second case. The proper compliance of the robogami depends on the required contact forces,
the mechanical properties of the object in contact, and the configuration of the robot. Once
the desired compliance is determined, the model presented here is used to assign the joints’
stiffness.

Experimental verification

To verify the simulation results, we tested the compliance along the main actuation direction
and the lateral direction. We used 160 g mass to apply the load. Fig. 5.8a-5.8d presents
the free motion of the robogami and its configuration under load. We tested the robogami
with the same stiffness settings as the ones used in Fig. 5.6. As predicted in the simulation,
the free motion trajectory of the end-effector in both cases are similar. In the first case, the
configuration change under load is rather small, around 2 mm in each direction. The trend

(a) (b)

(© (d)

(e 0

Figure 5.8: Compliance control in the tendon-driven robogami. To verify the simulation results, we
compared the configuration of the robogami at different stiffness settings and loading conditions. We
considered loading along the main direction of actuation and the lateral direction. (a,c) In the stiff
mode, the end-effector has low compliance in both directions. (b) In the soft mode, the end-effector
is significantly more compliant in the lateral direction. (d) The compliance along the direction of the
finger also increases but not to the same extent as the lateral compliance. (e) In the stiff mode, the
robogami has low self-adjustment capability. This limits the motion of the robot in the presence of
constraints. (f) Increasing the lateral compliance of the robogami, by activating J2, allows the end-
effector to auto adjust its lateral position and increases the range of motion in the presence of the
constraint.
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5.5. Soft sensing and actuation for facial rehabilitation

of the compliance change in the second case, where J2 is activated, is also similar to the
simulation prediction. The lateral compliance increases significantly and the end-effector
moves 29 mm in the direction of the force, compared to 32 mm from simulation. In the
direction of actuation, the compliance is much lower and under load, the end-effector moves
10 mm in the direction of force, compared to 11 mm from simulation.

To highlight the importance of the lateral compliance and self-adjustment, we tested the
robogami in contact with a soft object, a piece of foam. The objective here is to move the
foam along the main actuation direction. The first case in Fig. 5.8e, presents the actuation
result when only the last three joints are active, low compliance mode. The lateral constraint
prevents the large displacement in this mode. As discussed before, activating J2 at 65 °C does
not change the free motion trajectory of the finger but it makes the robogami significantly
more compliant in the lateral direction. In this mode, Fig. 5.6b, the end-effector auto adjusts its
lateral position and the robogami can apply larger displacement. Note that if the compliance
is increased too much, the robogami would move along the foam without applying any contact
force or displacement to the foam. The proper compliance setting depends on the mechanical
properties of the object in contact and the required contact forces.

Tendon-driven robogamis provide soft actuation with programmable trajectory and compli-
ance. In Section 5.5, we study the feasibility of using this early prototype for applying force in a
desired direction. The self-adjustment of the end-effector in this actuation method, simplifies
the control problem and the hardware required for the actuation.

5.5 Soft sensing and actuation for facial rehabilitation

In this Section, we present the result of some preliminary tests to illustrate the applicability
of the actuation and sensing methods in facial assistive devices. Fig. 5.9a presents the initial
reconfiguration of a simple robogami for orienting the main actuation along a desired direction.
Fig. 5.9b presents soft actuation of the face along this direction. In this experiment, the fist
joint is locked in place and the other four joints are activated with the same setting as the one

(a) (b)

Figure 5.9: Preliminary experiments using a single robogami finger. (a) Performing the initial reconfig-
uration. (b) Soft actuation on the face.
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Figure 5.10: Coupling of the soft stretchable sensor and the robogami actuation. The sensor measures
the displacement of the point of interest on the face and the robogami finger is actuated accordingly.
The readings from the two stretchable sensors and the subtracted value are also presented in the figure.

used in Fig. 5.8f. Multiple points of actuation with a more complex sequence of joints, capable
of following 3D trajectories and compliance setting in other directions, will be studied in the
future for recreating natural motions of the face.

To demonstrate the mechanical transparency and the feasibility of measuring the facial move-
ments, we placed a sensor to detect and measure the displacement of a point of interest for
the smiling motion. We used the sensor reading to drive the robogami as presented in Fig.
5.10. In the future, a network of similar sensors could be used to detect the motion on the
healthy side of the face and drive the rehabilitative device on the paralyzed side.

5.6 Conclusion

The emerging soft actuation and sensing methods are transforming the hardware used in robot-
assisted rehabilitation from stationary and bulky systems to wearable and portable robots.
The inherent safety, ease of control, and customizability of the novel methods of actuation can
be used in less studied and complex tasks such as rehabilitation of the face. In this Chapter,
we presented soft actuation and sensing methods with low profile and adaptable design that
meet the requirements of wearable assistive devices. For the actuation, we considered two
methods: robogami with SMA bending actuators, and tendon-driven robogami with thermally
controlled adjustable stiffness joints. The SMA actuated robogami is capable of complex shape
transformations by independent actuation of each joint in the robogami. In applications where
synchronized motion of many joints is required, methods of simultaneous under-actuation of
series of joints using a single energy source can provide larger load capacity and also facilitate
the control problem. This motivated the study on the second actuation method that is based
on tendon-driven robogamis with trajectory and compliance control. The central actuation,
powered by an electric motor, provides significant loading capacity with fast response that
makes this platform a more suitable option for a rehabilitative robot. The compliance of the
end-effector in this method of actuation can be controlled along different directions. So a
tendon-driven robogami with proper design and stiffness assignment can be used for applying
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force and displacement along a trajectory, the main actuation trajectory, while maintaining a
desired level of compliance in other directions. Multiple points of actuation in robogamis can
be driven using a single source to achieve a synchronized motion. The inherent softness, the
ease of actuation, and the low profile of the tendon-driven robogamis make this family of soft
robots an attractive choice for light-weight wearable assistive devices with multiple DoFs.

To measure the movements of the face we used metal mesh stretchable sensors. The accuracy;,
thin profile, high mechanical transparency, and controllable sensitivity make metal mesh
sensors ideal for designing a network of sensing elements for measuring facial movements. By
coupling gauges with positive and negative sensitivity, we can cancel out the effect of ambient
conditions on the sensor reading for more accurate estimation of the motion. We briefly
studied the applicability of the sensing methods by measuring the relative displacement
of two points on the face when smiling and demonstrated the feasibility of using the soft
actuation method for applying large enough forces to make comparable motions.

In this chapter, we validated the model and design criteria for stretchable sensors and tendon-
driven robogamis by prototyping an early example of wearable components for measuring
facial movements and applying soft actuation with programmable trajectory and compliance.
The next steps of the research include the study of the motion of the face to design the
required trajectories for rehabilitation and characterizing the mechanical properties of the
facial muscles to estimate the required forces. Using these and the proposed model and
design frameworks for different components, a robogami platform with the proper number of
actuation points and joint sequences will be designed to reproduce the desired trajectories
and contact forces.
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Concluding remarks and future direc-
tion of research

This PhD thesis is a collection of efforts in addressing crucial and essential functional com-
ponents of wearable and interactive robotic technologies. The importance of this thesis lies
in creating this collective work toward a comprehensive robotic solution. Many emerging
robotic fields rely on new manufacturing, actuation, and sensing methods to achieve levels of
safe and effective interaction with sensitive environments that was previously inaccessible.
These novel methods require careful examination of the fundamental technologies to best
define their potentials, drawbacks, and design criteria. However, making such effort is arduous
and is often overlooked due to the lack of global understanding of the challenges facing the
design, fabrication and control of multi-DoF systems. It was my goal to build a groundwork
for the enabling technologies; the presented work categorizes the state-of-the-art solutions of
diverse "soft" technologies while pushing the limits of the existing solutions by introducing
their immediate applications on a wearable robot platform, robogamis. In my concluding
remarks, I present a summary of the scientific and practical achievements of this thesis and
provide guidelines for their effective future applications.

6.1 Concluding remarks

The novel layer-by-layer manufacturing of robogamis allows precise positioning of multiple
DoFs in thin robotic sheets applicable to a few hundred microns to a few millimeters-sized
robots. This scalable and adaptable design and manufacturing results in cheap and fast fab-
rication of customized robots. The inherent compliance of the robogami, originating from
its multitude of DoFs driven by soft actuators, make it a desirable platform for design and
development of wearable devices. The prevailing application of robogamis was in the field
of meso-scale mobile robots where cheap and easy manufacturing was utilized for fast and
effective iterations on robot designs. Applying this framework to the field of wearable robots
required modifications of the joint design and actuation principles to provide the required
loading capacity as well as development of sensing solutions to meet the particular require-
ments of a robot interacting with a human. For loading requirements, based on reported
values for wearable devices, Newton range loads with moment arm in the ten centimeter range
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was considered. The design parameters can of course be adjusted to specific applications but
the range of forces and moments provide the general design guidelines for the joint structure
and actuation principle.

The first design concept we developed for wearable robogami was based on previous research
on SMA actuated robogami joints. The loading capacity of these joints is directly determined
by the bending moment of the actuators, embedded in each joint. For SMA actuators with
a centimeter width scale, the output moment was characterized to 15 mNm range. This is
an order of magnitude smaller than the desired loading capacity, in the farthest joint from
the force application point. The active joints, however, are not necessarily the farthest from
the force application point. This motivated research towards developing a locking mecha-
nism to increase the loading capacity of joints after performing the initial transformation.
This effort led to the design of robogami joints with controllable compliance based on the
adjustable stiffness of SMP layers embedded in the structure. We confirmed in experiments
up to 240 mNm load capacity, 3 N at 80 mm distance from the joint, for robogami joints with
adjustable stiffness, 14 mm in width, in their locked state. This loading capacity is compatible
with the design goals.

SMA actuators provide independent actuation of joints in robogamis. In many applications
including potential rehabilitative devices synchronized actuation of multiple joints is required.
Independent actuation of joints in such a case would be unnecessary and result in a limited
load capacity and control complexity. According to this an alternative actuation method
of tendon-driven robogamis with adjustable stiffness joints was proposed in this thesis. In
this platform, all joints are actuated via a single source of actuation. The energy distribution
between DoFs is controlled by adjusting their stiffness. The ASL design was modified in a few
steps to reach the final design providing more than 40 times stiffness variation in repeated
loading cycles, 108.0 N/mm at room temperature to 2.6 N/mm at 110 °C for a sample size
(wx I x tioral, tsmp): 7x4x 1.6, 0.5. In the final design, the electrical resistance variation of
the embedded heater in the SMP was utilized as feedback to control the temperature, hence
the stiffness of the ASL.

To control the configuration of robogamis it is necessary to embed joint angle sensors in the
tiles. The requirements on the size and range of motion, along with the demanding working
conditions of robogamis (the significant temperature variation) compelled us to design and
develop customized sensors for robogami joints. Sensors based on two physical principles,
piezo-resistivity of carbon polymer composites and metal film resistance variation under
strain, were developed and embedded in robogami joints. Carbon-based sensors provide fast
and cheap manufacturing but their accuracy and repeatability of measurements are not as
good as metal based sensors, which were characterized with an error band of +2.4° containing
data from 25 loading cycles with different amplitudes (with the maximum of +50°). Based on
the same physical principles, I developed stretchable sensors for measuring body movements
in wearable devices. In the proposed stretchable sensors, a mesh structure transforms the
linear displacement of the sensor into the bending of micro-beams. The proposed design
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for the metal based stretchable sensors allows for sensitivity adjustment. Using this feature,
networks of sensing elements with integrated temperature compensation can be designed.
The repeatable response, with a standard deviation of 2% in 80 loading cycles of different
amplitudes, and high mechanical transparency guarantees accurate measurements with
minimum effect on the natural body movements for a wearable device.

A manipulator with three joints and a single source of actuation was designed and manu-
factured to study the energy distribution in under-actuated robogamis. Joint stiffness was
adjusted to control the configuration of the manipulator in the synchronized actuation of
joints. The accuracy of the model and joint position sensors was confirmed with an average
RMS error of 4.6° and 1.8, receptively, for measurement points in 30 experiments at different
stiffness settings. In a wearable device with multiple joints and points of actuation, the model
will be used for assigning proper joint stiffness to reach a desired configuration and sensor
readings will allow fine tuning of temperature assignment and tendon displacement. Multi-
fingered robogami grippers were then used as platforms to further study reconfiguration of
robogamis with multiple points of actuation. The robogami grippers have similar geometrical
features and were tested under similar loading conditions and range of motions expected
for a wearable device, but trajectory planning and control problems in these systems are far
simpler than those expected for human interaction. Through these prototypes, the designs of
the different functional layers were refined for effective integration into robogami joints.

As an early feasibility study of the proposed technologies for wearable devices, a stretchable
sensor with two parallel gauges with opposite sensitivity, for temperature compensation, was
designed and fabricated for measuring the distance between two points of interest on the face.
The measurements were used to assign tendon displacement in a robogami with adjustable
trajectory and compliance. The stretchable sensor can be used to measure facial movements
with minimal effect on the natural motion. The trajectory of the robogami, which consists
of a series of five joints, can be controlled by initial reconfiguration and activation of a select
group of joints. Moreover, in tendon-driven robogamis with multiple and redundant DoFs, the
compliance of the robot in different directions can be adjusted by the stiffness assigned to the
joints. By changing the compliance, a desired degree of self-adjustment in different directions
can be assigned to the robot. The robogami with a proper lateral compliance, self-adjustment,
produces enough force and deformation to move the face along a desired trajectory while
accommodating for lateral movements.

In this thesis, I focused on developing the enabling technologies required for a low profile wear-
able robogami for robot-assisted rehabilitation. For each component, I studied the general
requirements and chose the proper physical principle accordingly. Then the behavior of the
component was characterized and modeled. Based on the performance of the components
and the requirements of the task, a design methodology for each component was developed
and in the case of tendon-driven actuation, a control scheme was proposed according to
the developed actuation model. The knowledge produced and the design framework for the
components were used to develop different robogami devices. These design principles are
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transferable to other design platforms for human-robot interaction as well as other fields
requiring soft methods of actuation and sensing.

6.2 Future directions of research

In this thesis, I focused on developing enabling technologies, integrating them into functioning
robogami joints, and utilizing the joints in robots for different applications. The future steps
in this research can be divided in similar categories: component, integration, and application
levels. In what follows, I briefly mention the ongoing and envisioned research in each of these
areas.

Component level

One of the main advantages of using polymers for adjusting mechanical properties is the
possibility of fine tuning material properties [135]. Currently, one of the challenges in fine
stiffness control is the sharp variation in mechanical properties of the SMP around its glass
transition temperature. An influential future step in component level research would be to
collaborate with material scientists to engineer SMPs with more gradual transitions.

Another important future step at this level is a more detailed characterization of the proposed
technologies which would help in their translation to other applications. One interesting
example would be use of soft elements with adjustable mechanical properties in bio-inspired
robots [136, 137], which requires a detailed characterization of materials’ dynamic behavior
and visco-elastic effects. Elements with adjustable mechanical properties would allow bio-
mechanic researchers to study the effect of different segments’ compliance on the behavior of
robots and to control the stiffness of segments for achieving optimum response.

One of the limiting factors in activation of SMP and SMA layers in robogamis is the significant
temperature gradient that diminishes the performance of these functional layers. Ongoing
research effort in the lab is focusing on utilizing conductive carbon-polymer composites as
stretchable heaters that would reduce production time and cost and provide a more uniform
temperature distribution.

Integration level

One of the features of the layer-by-layer manufacturing of robogamis is the potential to
embed additional functional layers in the robot’s structure. This can be challenging due to
the size requirement and the demanding working conditions of robogamis, e.g strain level
and temperature variations. In what follows we mention the ongoing and future steps in
integrating additional functions in robogami joints.

The piezo-resistivity of carbon-silicone compound can be utilized for manufacturing pressure
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Figure 6.1: Conductive silicone pressure sensors. (a) The base for the sensor is fabricated by laminating
conductive fabric and glass-fiber layers. (b) The grated electrode allows casting of conductive silicone
between the fabric layers.

and force sensors as presented in Fig. 6.1. Durability, ease of manufacturing networks of sens-
ing elements, and high sensitivity to strain are among the main advantages of these sensors
that can provide important information on the tiles in contact with the environment and the
magnitude of forces. Effective integration of these sensors and their required connections in
each tile is a subject for the further studies.

One of the main challenges of increasing the number of DoFs in robogamis is the required
connections to each joint for activation of ASLs and gathering sensory data. Integrating a low
level controller as one of the functional layers in the tile area can simplify the communication
and the required connections for power and signal transmission significantly. Designing
robogami modules with integrated control circuit is a necessary step towards the effective
application of this platform in demanding applications such as rehabilitation. This would
require design and implementation of small circuits to replace the current bulky hardware
including: digital multi-meters, data acquisition cards, and amplifying circuits.

Applications level

The most immediate future step of this project would be the design and manufacture of a
motorized robotic hand with multiple fingers for adjustable grasp and interaction modes. Fig.
6.2 presents early result of an ongoing project towards such a motorized robogami gripper.
Adaptable robotic grippers are a subject of interest in the soft robotics community and is
one of the first applications of these robots entering the market. We believe that addition of
compliance control would make a significant impact on their range of possible applications.

The compact design of the under-actuated robogamis with adjustable compliance is attractive
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Figure 6.2: Example of a motorized robogami gripper.

for applications where multiple DoFs in a confined space is required. One such application
is in minimally invasive surgery. Based on the results of this thesis, a conceptual design of
a retractor for minimally invasive surgery was developed, Fig. 6.3. The multiple DoFs and
conformity of the tool in soft state allows the surgeon to safely insert the tool and envelope
organ of interest for relocation. Next, the retractor stem is transformed to stiff mode for
keeping the organ in the desired position while the tip of the tool can be active for providing
additional functions and hence decreasing the required number of entry ports.

Rehabilitative wearable devices as the main motivation for this thesis and the most demanding
application for the proposed technologies would also be pursued. Rehabilitation of limbs with
fewer DoFs and more defined joints and motions, such as fingers, would be a good starting
point. An attractive approach would be integrating the proposed technologies into the existing
devices [12,127,128] to demonstrate their potential and to refine their design. The next step
would be to manufacture fully integrated wearable devices based on the robogami platform
for more intricate tasks such as robot-assisted facial rehabilitation.

3D shape reconfiguration

Soft interaction
with organs

Figure 6.3: Conceptual design of a surgical tool based on robogami platform with adjustable compli-
ance (design by Dr. Marco Salerno for research collaboration with an industrial partner).
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.\ SMA actuated robogami crawler

In this Appendix, we present the design and locomotion of a crawler robot that uses SMA
actuated robogami joints. Embedded curvature sensors are used to control the position of
the joints for performing the desired stepping motion. This robot is used as a platform to
study and to improve the design of different layers: actuators, heaters, sensors, and controller.
We studied different versions of the crawler with conductive silicone sensors, carbon ink
sensors, and metal curvature sensors. Also the design of the heater was improved from the first
prototype that used heaters embedded inside the tiles to later versions that used stretchable
heaters in contact with the active part of the actuators. The controller circuit was also modified
in different versions to be compatible with the sensors and actuators. Here, we present the
motion of a version using carbon ink sensors and stretchable heaters.

A.1 Crawler design and stepping sequence

Intelligent robotic systems that can react to un-programmed tasks and unforeseen envi-
ronmental changes require augmented softness. Low-profile robogamis address intrinsic
(material-wise) and extrinsic (mechanism-wise) softness with their multi DoF body driven by
soft actuators. The unique hardware of the robogami and its sub-millimeter thick construction
enable diverse transformations as those achievable by the paper Origami. Fig. A.1 shows
the first fully integrated version that has all the essential components including its controller
within a thin sheet. Construction of this robot is possible via precise, repeatable, and low
cost planar fabrication methods often reserved for micro scale fabrications. In this research,
we aim at expanding the capabilities of robogamis by embedding bi-directional actuation,
sensing, and control circuit. To assess the performance of the proposed sensors and actuators,
we report on the performance of these components in a four-legged Crawler robot presented

The material of this Chapter is from the following self-authored publications:
[30] A. Firouzeh and J. Paik “Robogami: A fully integrated low-profile robotic origami”, ASME Mechanisms and
Robotics 2015.
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Figure A.1: SMA actuated robogami Crawler. (a) Schematic of assembled robot. (b) Exploded view of
the functional layers. Actuators are in layer (i), (ii) and (v) are glass fiber layers that make the body.
Layer (iii) contains the heaters and layer (iv) contains the sensors. Layer (vi) is the controller circuit. (c)
The final prototype.

in Fig. A.1.

Fig. A.2 presents the stepping sequence of the robogami crawler. There are four phases in the
Crawler locomotion as presented in Table A.1. The angles in this table are those between the
legs and the center tile. Bold entries in the table indicate legs that bear the weight of the robot
in each phase while the other two legs have no contact with the surface and can move without
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Figure A.2: Stepping sequence of the crawler. A Schematic of the goal configuration for the robot in
each phase and the equivalent mechanisms for different phases of locomotion. (a-d) Represent the
phases number 1-4 introduced in Table A.1. The 2D schematic in (a) and (c) are the view of the robot
along the locomotion direction (y axis) which presents the motion of active legs in these two phases
(leg 1-3). The 2D schematic in (b) and (d) show the view of the robot from the side (along x axis in
negative direction) to present the motion of active legs in these two phases (leg 2-4).
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Table A.1: Crawler’s joint set points for performing the stepping motion. The bold entries indicate the
legs in contact with the ground.

Phase1l Phase2 Phase3 Phase4

Leg#1  90° 90° 45° 45°
Leg#2  135° 45° 45° 135°
Leg#3  90° 90° 45° 45°
Leg#4  45° 135° 135° 45°

any contact force. In phase 1, legs 1 and 3 lift the robot up so in the second phase, legs 2 and 4
can move forward without touching the ground. Next, in phase 3, legs 1 and 3 open so legs 2
and 4 touch the ground. Finally, in phase 4, actuators on leg 2 and 4 push the body forward.

A.2 Crawler motion

In this Section, the results of the experiment on the robot are presented. The controller
decides the goal angles for each leg based on the Robot’s locomotion phase and using the
feedback from the sensors, determines when the goal configuration is achieved and switches
to the next phase. In each phase, based on the actual and desired goal angles, an on-off
controller activates the actuators to reach the desired angle. Due to the fluctuation around the
equilibrium point in each leg, reaching the goal angle on all legs might not happen at once.

e f g h
i j k I

Figure A.3: Snapshots of crawler’s motion. (e,i) Phase 1. (b,f,j) Phase 2. (c,g k) Phase 3. (d,h,]) phase 4.
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Each phase is considered complete if all legs have reached their goal once from the beginning
of that phase. It is worth mentioning that in our experience running the robot in open-loop
by assigning fix timing for stepping was not successful and the feedback data is necessary for
successful locomotion. The main reason is that the stiffness and thermal conditions of the
actuators would never be the same in two consecutive cycles. Fig. A.3 presents series of the
snapshots taken from the Crawler as it moves three steps.

The series of the snapshots of Fig. A.3 indicates that the bidirectional folds activated by the
SMA actuators, the feedback from carbon ink sensors, the controller and the overall design of
the robogami are all effective. Also, the controller circuit successfully closes the loop using the
sensor reading and generates the appropriate command.
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SPA with adjustable stiffness layers
for multi-DoF actuation

Compliance control method presented in this thesis is applicable to other fields of soft robotics.
In the process of refining the design of the adjustable stiffness layer, we used a pneumatic
actuator as a platform for comparing the performance of different designs and to resolve the
design flaws. In this Appendix, the design of a SPA which used adjustable stiffness walls for
activating different modes of actuation is presented and its performance is characterized.

B.1 Actuation concept and fabrication process

SPAs are manufactured from soft materials and are inherently compliant. Customizability,
light weight, and low cost and fast manufacturing make SPAs an attractive alternative to
conventional methods of actuation in different applications such as wearable rehabilitative
devices and search and rescue robots. In applications that require a high compliance for safety
and a fluid interactivity, the SPAs’ material-based softness returns an inherent compliance.
The complexity of miniaturization and addition of DoFs in a single actuator are among the
challenges that limit the application range of SPAs. We present a novel design and manufac-
turing method for a SPA with different modes of actuation using ASLs. Unlike conventional
SPA designs where one independent chamber is needed for each mode of actuation, in this
design a single chamber drives three different modes of actuation, which are activated by
changing the elastic properties of the chamber walls. Using customized stretchable heaters
and thermistors we controlled the temperature and the stiffness of ASLs in increments, which
allows us to broaden significantly the workspace of a SPA with a single chamber. The actuation
concept is presented presented in Fig. B.1. The actuation mode can be decided by controlling
the stiffness of the chamber walls. By adjusting the stiffness of the walls, this actuator with a
single chamber can deform in three major modes (bending in opposite sides and elongation).

The material of this Chapter is from the following self-authored publications:
[72] A. Firouzeh, et al., “Soft pneumatic actuator with adjustable stiffness layers formulti-dof actuation”, IROS
2015..
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Pressure inlet

Air chamber

Activation of Actuation of Activation of
mode A mode C mode B

Mo activation

KRSH = KhSL 2 KASL1 < KASLZ K,qs|_1 = KASLZ KASH < KASL 2
Both in glassy state Both in rubbery state

Figure B.1: SPA with a single chamber and multiple modes of operation. Depending on the stiffness
setting, the actuator moves in 3 different modes: bending toward the opposite directions (mode A and
B), and elongation (mode C). Different modes are activated by controlling the stiffness of the two ASLs
(Kasr)-

The ASLs in this design are composed of SMP embedded in silicone rubber.

The fabrication of a SPA with embedded ASLs starts with embedding stretchable heaters
in SMP, explained in detail in Chapter 3. Two thermistors are attached to each SMP layer
to provide temperature feedback. The SPA is composed of two half sections that make the

SMP layer with embedded heater

Curing the sikcone and
attaching the two hatves
for making e chambes

Placing the SMP layer an:
the tube in the moid and

embeddng in sdicone rubber

Figure B.2: Fabrication process of SPA with embedded SMP layers. The fabrication starts with making
two halves of the actuator with embedded ASL. After curing the silicone, the two parts are glued together
with silicone adhesive and a thread is wrapped around the actuator to confine its lateral inflation under
pressure.
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chamber as presented in Fig. B.2. The holders in the mold keep the SMP layer in the proper
distance from the chamber wall to prevent leakages in the actuators. After the two halves are
cured, they are attached together using silicone adhesive. Finally, we wrap a thread around
the actuator using the teeth marks, left by the features designed in the mold, as the guide. The
thread confines the lateral expansion of the SPA.

B.2 Actuator design and its model

Actuator design parameters are determined using the characterization test results (Chapter 3)
and the requirement to achieve 90 ° angle in actuation in mode A and B, Fig. B.1. We consider
the maximum strain applied in the characterization test (36%) as the maximum allowed strain
in the ASL. Fig. B.3 presents a schematic of the actuator as it bends. Considering a uniform
radius of curvature throughout the length, we have the following relation for the strain in the
ASLs (e, and €,), the bending angle (0), and the length and height of the chamber (I.,amper
and Repamper):

(€n—€c)lchamper = hchamberegoal (B.1)

Based on (B.1), smaller the chamber height, shorter its length needs to be for reaching a goal
angle while staying in the ASLs allowed strain range. On the other hand, a chamber with
smaller height generates smaller blocked force (since the cross section area is smaller). Since

Heated ASL
Lo(1 + &) 3 -
1 hChamber+ €4SL
Air : P
A Cold ASL ! ASLI
Lo(+2) ! Filicon,
0 - » : PA FSiIt'cone
)/ : Fsi
Compressed air

Figure B.3: Schematic of a SPA actuator with embedded ASLs. The figure shows the actuator in the
deformed state and its design parameters. Also, forces applied to the cross section of the actuator are
presented. In free deformation of the actuator, the force generated by the compressed air is trans-
formed to stress and hence strain in the chamber walls. Different stiffness (controlled by temperature)
determines the strain in different walls of the chamber and hence the overall deformation.
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Appendix B. SPA with adjustable stiffness layers for multi-DoF actuation

we do not have any requirement on the blocked torque of the actuator in this design, the
height of the chamber remains an open parameter.

Based on the previous experience, we often put the sum of the wall thickness on the two sides
of the chamber as the lower limit on the chamber height. We confirmed through experiments
that to have a leak-free chamber, the wall thickness should be more than 4 mm. Based on
these, we designed the chamber height to be 9.5 mm which places the SMP layers 12.5 mm
apart, given the thickness and placement of the SMP layers in ASL. For a chamber of this size
and given the maximum allowed strain in the ASL, the minimum chamber length for reaching
the desired range of motion is calculated according to (B.1) to be 73 mm.

The width of the chamber is also dependent on the required blocked force and in this research
remains an open parameter. The only limitation on the chamber width is that it should be
smaller than the width of the SMP layer. We used the same width for the SMP layer as used
in the characterization tests (20 mm). Through experiments, we confirmed that making the
chamber 2 mm slimmer on each side prevents leaks (that makes the overall width of the
chamber 16 mm).

Fig. B.3 presents the forces in a cross section of the actuator. Here, we estimate the pressure
needed for generating the desired deformation, given the chamber size and ASL stiffness. In
an actuator with free displacement, the force generated by the compressed air is entirely spent
on deformation of the chamber walls.

PAcp=Fasi1+Fasi2 + Fsijicone (B.2)

Based on (B.2) and the characterization results presented in Chapter 3, the pressure required
for reaching the maximum deformation angle is estimated to be 330 kPa. We should point
out that the contribution of the thread that is wrapped around the actuator and the lateral
expansion of the actuator has been neglected in this study.

The workspace of a normal SPA is limited to a 1 D trajectory. In the case of the actuator
introduced here, the workspace covers three major lines corresponding to: activation of each
individual ASL (bending in mode A and B) and activation of the both ASLs (elongation in
mode C). Moreover, by incremental control of the temperature (hence the stiffness difference
between the two ASLs), deformation in the intermediary modes between the three major
activation modes is possible (a combination of bending and elongation in the actuator). Fig.
B.4 presents the estimated workspace of the actuator based on the following relation between
the length of each ASL (L sz11), the bending angle (0), and the curvature radius (p) of the
actuator:
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Figure B.4: Workspace of the SPA actuator with controllable mode of operation. The red line represents
the initial state of the actuator, the green lines represent actuator as it bends to the side. The shaded area
represents the overall workspace of the actuator. the solid blue lines represent the 3 major activation
modes (bending to the opposite sides and elongation). The dashed lines present the intermediary
activation modes.
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In Fig. B.4, the three solid blue lines present the main modes of actuation: bending toward
sides and elongation. When compressed air flows into the chamber of an actuator with one
ASL in soft and the other one in completely stiff state, the actuator bends along line A or B
(depending on which ASL is activated) according to the input pressure. By activating the
cold ASL partially, the actuator elongates and bends at the same time. The dashed lines (D
and E) in Fig. B.4 present the possible tip points when SPA is actuated at maximum pressure
and the inactive ASL is heated incrementally to completely active state. In this figure, line C
corresponds to the workspace of the SPA with both ASLs in active state which causes elongation
in the actuator. Theoretically, with a controlled and uniform temperature throughout the SMP
layer, all the points in the shaded area of Fig. B.4 can be accessed.

B.3 Experimental results

In this section, the result of the performance tests on the SPA with ASL are presented in two
parts. First, we study the effectiveness of the temperature control and temperature distribution
in the SMP layer and then, the results of actuating SPA in different modes are presented.
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B.3.1 Temperature gradient in SMP and its transient response

One of the critical aspects in thermally activated polymeric materials is the heat distribution.
Nonuniform temperature distribution results in mixed behaviors such as plastic deformation
and over-strain in segments of the SMP layer causing unrecoverable strain. As presented in
Fig. B.5, there is a considerable temperature gradient for the sample with the present heater
design. To study the temperature distribution, two thermistors in contact with each SMP layer
were embedded in the actuator. The use of the sensors at the border, is useful for ensuring
that the rubbery state is reached all over the SMP layer. Moreover, studying the temperature
distribution using multiple embedded sensors helps with heater design for having a more
uniform temperature distribution. A temperature gradient of 20 °C was observed and taken
into account for defining the target temperature of the central part for the tests on the SPA in
order to ensure complete transition into rubbery state everywhere in the SMP layer.

The feedback from the thermistors allows us to close the loop for maintaining a desired
temperature. Adding feedback has the advantage of compensating any change in the ambient
temperature or heat exchange rate. Moreover, a simple proportional-integrative (PI) controller,
reduces the rise time considerably. Fig. B.6 presents a comparison between the temperature
transient response of a SMP layer for two cases: first when a fixed voltage needed to maintain
a certain steady state temperature is applied to the heater, and second when a PI controller
with feedback from thermistors controls heater’s driving voltage. The results clearly shows the
advantage of using the feedback control by reducing the rise time from around 120 s to around
5 s. This figure also presents the transient temperature of a SMP layer embedded in silicone.
Embedding the SMP layer in silicone increases the rise time considerably (from 5 to 20 s),
given the higher energy required for heating up the silicone in contact with the SMP layer. We

Themistors

Figure B.5: Thermistors’ position on the SMP layer and temperature distribution on the SMP surface.
The thermal image shows considerable temperature gradient in the SMP layer. To ensure that the
whole material has entered the rubbery state, we need to put the set temperature higher than the glass
transition temperature.
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Figure B.6: Thermal time response of ASL. Temperature of the SMP layer for 3 experiments: SMP layer
with and without feedback, and SMP layer embedded in silicone with temperature feedback. Using a
PI controller with the temperature feedback reduces the rise time from 120 second to around 5 seconds
for the SMP sample outside the silicone. Embedding the sample in silicone increases the rise time since
more energy is required to heat up the silicone in contact with SMP.

confirmed through experiments that embedding the SMP layer in silicone does not affect the
accuracy of the temperature control and precise (with standard deviation of less than 0.5 °C)
and accurate (with less than 1 °C steady error) operating temperature was achieved which
guarantees a fine control of the SMP temperature and its stiffness. This is important since it
enables us to activate SPA in intermediary modes.

B.3.2 Different actuation modes of a SPA with embedded ASLs

To study the performance of the SPA with embedded ASLs, we tested the actuator under
different thermal conditions with different input pressures. The goal is to determine the

Table B.1: Test conditions to characterize the main modes of operation and the borders of the
workspace. The pressure increased in 40 kPa increments from 100 kPa to 300 kPa to character-
ize the main modes of operation (A, B, and C). For intermediary modes, the pressure was set to the
maximum and the temperature was increased in 10 °C steps from 40 °C to 70 °C (E). The last test is
applying pressure to the inactive actuator.

Actuation mode || T(°C) || Tr(°C) || P(kPa)
A 110 30 100-300
B 30 110 100-300
C 110 110 100-300
E 40-70 110 300
F 30 30 100-300
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Figure B.7: SPA motion at different temperature settings and input pressures. (a) Actuation of SPA
with one ASL activated (at 110 °C) and the second one inactive causes bending in the actuator with
bending angle being a function of the input pressure. (b) Actuating the SPA at maximum pressure with
one ASL active, causes pure bending. As we gradually increase the temperature of the second ASL, the
actuator starts to elongate. (c) The workspace of the actuator covers an area similar to the expected
workspace, a faded view of the estimated workspace is overlapped for comparison. In high pressures,
due to the lateral expansion of the actuator which increases the force generated by the compressed
air, the length is longer than expected which causes the discrepancy between the experimental and
estimated workspaces. This effect is more noticeable when both ASLs are active (lines C and E) (c).

workspace of the actuator and to compare it with the estimated workspace. Table B.1 presents
the test conditions used in actuator characterization. These tests are designed to determine
the borders of the workspace. The maximum pressure in these tests was determined by
increasing the input pressure in bending mode (mode A and B) till reaching 90° angle (the
goal in the design section). The required pressure for this deformation was 300 kPa which is
lower than the expected pressure from Section B.2. The pressure in the design section was

-~ Actuation in mode A —————
——Actuation in mode B ‘ ‘ ‘
~Actuation in mode C
= Inactive actuator (F) | ‘ ‘
~Intermidiary actuation modes (E)| .~ "~ ys0°C

o]
S

()}
oS

N
S

N
S

Actuator’s bending angle (°)

0 50 100 150 260 25 300
Input pressure (kPa)

(=]

Figure B.8: Characterizing SPA’'s bending angle in different modes of actuation. The small difference
between the bending angles for the two sides is caused by small differences in geometry of the two

halves of the actuator caused by fabrication errors such as differences in the thickness of the SMP
layers.
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overestimated due to neglecting the lateral expansion of the chamber.

Fig. B.7a presents the overlapped snapshots taken from actuator in mode A. in this test, the
input pressure changes from 100 kPa to 300 kPa in 40 kPa increments while the temperature
is fixed at 110 °C and 30 °C for the left and the right ASLs, respectively. Fig. B.7b presents
the snapshots from intermediary modes of operation (E) in which the pressure is fixed at
300 kPa, the temperature of the right ASL is fixed at 110 °C, and the temperature of the left
ASL changes from 30 °C to 70 °C in 10 °C increments. Using a tracker software, we determined
the overall workspace of the actuator from these tests (Fig. B.7c). The shape of the workspace
is as expected (Fig. B.4), but compared to the estimated workspace, the actuator is longer.
This is more significant in higher pressures and specifically in tests where both ASLs are active
(lines C and E). In the elongation test (C), the actuator length increases 52% of the chamber
length. This is substantially higher than the expected 36%. This extra increase in length
can be attributed to the lateral expansion of the actuator which increases the force from the
compressed air and hence the strain and elongation in the chamber walls. This is also the
reason of the increasing slope of the angle and length graphs at higher pressures (Fig. B.8, B.9).
Based on the rather linear stress-strain behavior of the materials (Fig. 3.17), we expected a
linear relation for bending angle and length of the actuator versus the input pressure. But
as the pressure increases, so does the area of the chamber which causes nonlinear relation
between the force exerted to the chamber walls and the input pressure. The thread that wraps
around the actuator confines the lateral expansion considerably but the chamber still expands.

Ideally, we expected the actuation in mode A and B to give identical result. But because of
the discrepancies in the manufacturing (such as the variation in the thickness of the SMP
layers), the results of actuation in these two modes are asymmetric. This is also the reason for
small bending angles in actuation in mode C. Such issues can be accounted for in future by
adjusting the activation temperature of the two ASLs.

120 e ‘ ; ‘ ; 170°C
- Actuation in mode A ‘ ‘ ‘ : ¥ 60 °C
— —Actuation in mode B I N A 4 509G
§ 110|~Actuation in mode C [N RO 7¢O ]
= Inactive actuator(F) P | 40°C
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Figure B.9: Characterizing SPA’s length in different modes of actuation. The length of the actuator in

different modes of activation shows increasing rate of change as the pressure increases (e). The reason
is the lateral expansion of the chamber which amplifies the effect of the pressure increase.
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