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Abstract 
As the field of robotics continues to grow outside the manufacturing environment into 

our daily lives, the interactions between humans and robots are increasingly becoming close and 
dynamic. This type of environment requires robots to be less rigid, multi-functional, safer, and 
compliant with human bodies. These interactions can involve multiple modalities of information 
transfer to achieve a fully immersive experience with virtual reality (VR), auditory, olfactory or 
haptic feedback. Such robotics interfaces are ideally suited for medical rehabilitation, elderly as-
sistance, to at-home entertainment devices. However, the traditional rigid robotic devices fail to 
address some of the design criteria posed for safety, compliance, material functionality, physical 
limitations on the mechanical design. In some particular cases, the system design and complex 
control algorithms solve the problem of active compliance, but still, the solutions are generally 
non-adaptable, heavy, and costly. 

In the case of wearable technologies, the robotic device requires high interactivity with humans 
demanding requirements in terms of- (1) material properties as lightweight, compliant, and safe 
interface and (2) interface to provide smooth communication and interaction strategies with hu-
man and robot. The traditional robotic systems are fast, accurate, and can handle large torques. 
However, they are also, application-specific and not suitable as it is for the wearable scenario due 
to the contradictory design requirements. In the past decade, soft robotics has emerged as a 
novel approach to solve the complex problems faced by rigid robots using inherent softness and 
compliant material properties. The design for the future interactive wearable interfaces thus may 
lie in the intersection of developments in the fields of wearable technology and soft robotics. 

Although it is an attractive idea to use soft materials to solve the contradictory design needs 
faced by traditional wearable robots, there are challenges in finding the right materials, designing 
actuators, sensors, and their integration to fulfill the application requirements. In addition, soft 
robotics being a recently emergent field in robotics, the existing tools in terms of materials, math-
ematical modeling, and robot design limit the applicability domain of soft robots. These problems 
are tackled through rapidly emerging functional materials, finite element analysis (FEA) of soft 
materials, manufacturing techniques like 3D printing, smart composite manufacturing (SCM), and 
laser micro-machining. By relying on structural and compliance, the properties of soft robots 
greatly reduce the load on system design and control loop as far as safety in interaction is con-
cerned. 

Designing a wearable interactive interface with soft materials for wearability, portability, cost-
effectiveness, easy customization, and modularity as per the task requirement in mind would be 
one of the ideal solutions to tackle the wearability challenge. It can be a cost-effective solution 
for at-home assistive rehabilitation or a wearable interface for entertainment with high customi-
zation. It also allows developing novel methods of soft sensing, soft actuation, development of 
control strategies, and human in loop protocols to maximize the utilization of inherent material 
properties and environment around the robotic device. 

Hence, in my Ph.D. research, I develop and create hardware and software towards an immersive 
interactive soft virtual-tactile environment focusing on the wearability, portability, easy customi-
zation, and modularity aspects. I developed a low profile soft pneumatic actuator-skin (SPA-skin) 
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 Introduction 
 

1.1 Background 
As the field of robotics continues to grow outside the manufacturing environment into 

our daily lives, the interactions between humans and robots are increasingly becoming dynamic 
and physical. These interactions require robots to be less rigid, multi-functional, safer, and com-
pliant to interact with human bodies. These interactions can involve multiple modalities of infor-
mation transfer to achieve an organic and fully immersive experience with virtual reality with 
visual, auditory, olfactory, or haptic feedback. Such robotics interfaces are ideally suited for ap-
plications like medical rehabilitation [1], medical technologies [2], entertainment, telepresence 
and, virtual or augmented reality [3], further blurring the borders between humans and robots 
while extending human capabilities. However, the traditional rigid robotic devices fail to address 
some of the design criteria posed for safety, compliance, material functionality, physical limita-
tions on the mechanical design. In some particular cases, the system design and complex control 
algorithms solve the problem of active compliance but still, the solutions are generally non-
adaptable, heavy and costly [4]–[7]. 

In the case of wearable technologies, where the frontiers of physical human-robot interaction 
(pHRI [4], [8]) lies, the robotic device not only requires a high level of interactivity with humans 
but also demands- (1) material properties such as light weight, compliant and safe interfacing, 
and (2) interface to provide a smooth communication and interaction strategies with human and 
robot. The traditional robotic systems are fast, accurate, and can handle large torques. However, 
they are also, application-specific and not suitable, as it is, for the wearable scenario due to the 
contradictory design requirements. In the past decade, soft robotics has emerged as a novel ap-
proach to solve the complex problems faced by rigid robots using inherent softness and compli-
ant material properties. The wearability of soft technology can further be used to improve the 
traditional haptic communication devices that provide limited wearability due to their bulky and 
rigid-form factors [9]–[11]. The design for the future interactive wearable interfaces thus may lie 
in the intersection of developments in the fields of wearable technology and soft robotics. 

Although it is an attractive idea to use soft materials to solve the contradictory design needs 
faced by traditional wearable robots, there are challenges in finding the right materials, designing 
actuators, sensors, and their integration to fulfill the application requirements. In addition, soft 
robotics being a recent field in robotics the existing tools in terms of materials, mathematical 
modeling and unconventional robot design approaches limit the applicability. Soft materials usu-
ally exhibit complex mechanical behavior due to the hyperelastic nature of the silicone materials. 
Such a behavior makes it complicated to accurately predict actuation amplitude or output 
blocked forces with analytical or linear material models. The use of finite element analysis and 
integration of sensing elements to acquire information about the actuation state is hence neces-
sary for a controlled actuation [12]–[14]. It is difficult to control distributed motions in high speed. 
A completely active approach to control is not practical. Passive characteristics of device materials 
and mechanisms should be utilized [47]. 
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Subsequently, human haptic perception, which in addition to visual and auditory feedback, plays 
a key role in understanding and exploring our local environment, needs to be well understood 
while developing such interactive interfaces. Sense of touch, haptics, has evolved as a medium of 
human-robot communication over the past few decades, where communication via haptic inter-
faces is used to deliver tactile cues for applications such as alert messages [15], [16] augmented 
feedback for sensory substitution in prosthetics [17], [18] or for the visually impaired [19]. Addi-
tionally, a versatile user interface can optimally utilize the limitations of the human sensory system 
to simplify its design: The knowhow from haptics research along with the unique challenges for 
wearable interfaces motivate to further investigate possible solutions that not only combine rich 
haptic feedback with a wearable interface but further expand their applicability and effectiveness. 

1.2 Wearable interactive interfaces: requirements and challenges 
Human haptic perception, in addition to visual and auditory feedback, plays a key role in under-
standing and exploring our local environment [1]. Desktop-scale haptic devices specifically ded-
icated to providing tactile stimulation have proven their efficacy in various applications [1]–[3]. 
More compact vibratory haptic actuators have been integrated into the system for human-ma-
chine interactions such as, car steering wheels, and joysticks [5],[6]; However, these implementa-
tions provide limited physical feedback such as in mobile phones and joysticks that can mainly 
modulate its frequency. Furthermore, this frequency and amplitude modulation are not feedback-
controlled. The recent advances in linear resonant actuator (LRA) based and voice coil based 
actuation are able to generate the much-needed finer control over modulation for a range of 
frequencies. Even though in most of the cases open-loop operation of tactile actuators is suffi-
cient to provide basic tactile feedback cues, for wearable technology to have accurate physical 
feedback to the wearer, it needs to be like any other robotic device, produce feedback-controlled 
actuation. As such, the requirements for wearable devices, which include adaptability and con-
formability to the body of a human wearer, extend to the haptic technology itself. Existing haptic 
technologies, however, do not meet the physical requirements necessary to achieve these de-
manding characteristics. These unique requirements and challenges posed for the wearable in-
teractive interfaces can be summarized as below (Figure 1.1): 

 

 

 

Figure 1:1 General requirements and challenges towards designing wearable interactive interfaces. 
 

Physical interface: Interfaces that are conformably interacting with human skin should be made 
of thin elastic materials that have moduli similar to skin, 0.3 - 2 MPa [10],[21]–[24]. This way, the 
interface can conform to the body. They shall still be able to operate over a wide frequency range 
(10 - 400 Hz) and forces up to 1 N [27]. Currently available tactile feedback devices primarily rely 
on rigid piezoelectric elements or electromechanical eccentric mass motors.[4],[6] Compliant actu-
ators can be developed with elastomeric materials such as soft silicones that have elastic moduli 
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similar to human skin [23], [24], [26]. The softness and compliance of the soft robotic systems 
have been useful in many wearable applications ranging from assistive technologies, medical 
rehabilitation to entertainment.[11], [28]–[32]. Vibrotactile displays using electro-active polymer 
(EAP) based soft actuators have tackled many of the challenges associated with conventional, 
rigid vibrotactile devices, but provide limited wearability as they require high-voltages [33]–[36]. 
Soft material-based pneumatic actuators, composed of elastically inflatable fluidic chambers, 
have demonstrated their benefits in robotic applications through large-scale deformation and 
high compliance, and have the potential to be adapted for wearable haptic applications [13], 
[37]–[43]. However, the pneumatically powered actuators though are suitable for wearable sys-
tems, have a limitation due to the requirement of external pump that limits the portability. 

At the same time, as the most commonly used vibration motors function by exploiting the reso-
nance of the vibration motor, so their output bandwidth is limited around the resonant actuation 
frequency of 10 Hz centered around 120 - 250 Hz. That had resulted in limited work has been 
done for interfaces at relatively low frequencies (in the range 10 to 100 Hz) [44]. One reason for 
this is while voice coil actuators can be used to meet this requirement, they suffer from their bulky 
size and hence limited wearability of the system [45]. Furthermore, there is no available tactile 
platform with integrated sensors to modulate actuation force, frequency, and stimulation pattern 
accurately, which limits the quantitative measurement of the stimulation parameters in this range. 
These all challenges and requirements get further stringent with electromagnetic interference or 
compliance (EMI/EMC) rules when the interfaces need to be functional in fMRI or BMI environ-
ment. 

Control environment: Wearable haptic devices need to ensure that the force imparted on the 
wearer is consistent with respect to the perceived performance: this depends on how the interface 
fits and moves with the body. The effective tactile feedback also requires accurate and coherent 
force transfer from the actuator to the wearer regardless of the external loading or manufacturing 
variations. This requires embedded sensing of the actuator state and corresponding corrective 
measures through closed-loop control. There has been significant development in entirely soft 
and stretchable physical sensors to measure crucial parameters as strain and pressure are expe-
rienced.[28], [30], [46]–[49] Advanced manufacturing technologies like soft 3D printing have com-
bined soft sensing within soft actuation.[50] Such integration of soft sensing with soft actuation 
creates the possibility of closed-loop control, which is essential to adapt to the external loading 
conditions suitable for wearable scenarios. The use of a distributed network of localized sensors 
cannot only correct for actuation but also helps to understand the surrounding environment for 
a better model of the world for the robot. However, no wearable haptic device has demonstrated 
closed-loop control capabilities with embedded sensing. It has been particularly difficult to de-
sign soft stretchable sensors, which can perform under high strains and high strain rates needed 
for state estimation of high-speed vibratory actuation. 

Extending further toward applications in virtual reality, the control environment needs an under-
standing of the state of the human body in virtual for the robotic interface to generate respective 
audio, visual or tactile feedback. Special care needs to be taken in system design and integration 
to enable zero latency while providing corresponding tactile feedback through a lower-level con-
trol system for seamless human-robot interaction.  

Human-in-loop considerations: To have effective communication via human skin, the limita-
tions of human somatosensory perception beyond mechanical grounding, play a key role in de-
termining how much information can be transferred. These have been studied by delivering 
bursts of vibration onto the forearm using an array of actuators [9], [10], [44]. Notably, the vi-
brotactile sensitivity and localization thresholds of the non-glabrous skin of the forearm have 
been measured along the entire forearm, from elbow to wrist, using seven equally-spaced piezo 
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ceramic tactors [10]. The haptic perception is responsive over a range of 20 to 400 Hz, with de-
creasing skin sensitivity at higher frequencies [51]. In this range, we have two major mechano-
receptors, the rapidly accelerating type –I (RA-I), the Meissner corpuscles and rapidly accelerating 
type–II (RA-II), the Pacinian corpuscles that are responsible for the perception of tactile feedback. 
The RA-I type mechano-receptors offer high localization sensitivity as they are located just below 
the surface of the skin, whereas RA-II type mechano-receptors, targeted by most vibratory tactile 
interfaces, have low localization sensitivity and higher amplitude sensitivity [10], [52]. This differ-
ence in the mechanical properties of mechano receptors make their study interesting and im-
portant for the development of a stimulation-rich tactile feedback platform. Such displays shall 
also cater for the two-point threshold detection and distribution density of as high as possible 
for stimulation points, ranging from 2 mm for a fingertip to 18 mm at the forearm, respectively. 
To better adapt this for future tactile displays, we not only need a test platform but also human-
in-loop testing protocols that can quantify the somatosensory thresholds of actuation amplitude, 
traveling wave delay, and the frequency difference perceived by real human skin, particularly in 
its most sensitive range, 10-100 Hz.  

Finally, the way humans perceive a physical object is a mix of six different properties associated 
with the object namely: rough texture, fine texture, lateral friction, size, temperature, or weight 
[7–9]. To successfully recreate a realistic feeling of touch, a tactile feedback device should be able 
to integrate more than one of these multi-modal sensations [9]. Researchers have characterized, 
modeled and rendered tactile properties such as surface texture and hardness on tabletop inter-
faces [7,8,10]. It is particularly challenging to develop a wearable tactile-feedback device able to 
generate for example: texture feedback, as this requires delivering a wide range of actuation fre-
quencies. Recent technological efforts in wearable prototypes relied heavily on the use of vi-
brotactile electromechanical actuators; however, their localization capability and the range of ac-
tuation frequencies remain restricted. The use of voice coil actuators at the fingertips [11–13] or 
the proximal phalanges [14] helped to improve the actuation range; however, this actuator solu-
tion is impractical in terms of size and weight needed to achieve a reasonable spatial resolution. 
Dielectric elastomer actuator (DEA) – based haptic devices combined with a wearable platform 
supply the much-needed mechanical compliance with human skin [15,16]. However, they have a 
high voltage requirement and provide limited actuation forces in the range of 0.3 - 0.6N.  

In conclusion, existing solutions for haptic feedback are compelling for a defined range of fre-
quencies and forces in the present format of a tabletop or for a few wearable platforms. However, 
currently, there is no comprehensive solution or design that allows rendering a rich set of tactile 
feedback and verify the effectiveness of this physical feedback, especially in a wearable format. 
In fact, what is lacking is a low-profile platform, mechanically transparent, capable of 
providing high fidelity tactile feedback. 
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Figure 1:2 Human to robot interaction interface, and virtual physical user environment interaction interface 

Finally, the multi-modal nature of the feeling of touch itself needs to be explored for the gener-
ation of a realistic and rich sensation through understanding the possible ways to recreate the 
haptic sensations like texture, size, and shape of an object. Specifically, for a wearable scenario 
where proper mechanical grounding and generation of a wide range of stimulation is a challenge. 
Most available wearable devices are limited to a single tactile mode, we attempt to integrate 
multiple tactile sensations to study the possibility of such a design and overall benefits.  

How can we close the tactile virtual reality loop with human feedback? 

It is essential to understand the human factors affecting the effectiveness of the feedback deliv-
ery, to help to optimize the tactile interfaces further and decide on the interface design paradigm. 
One way to close the loop with humans is through human-centric interface design that enables 
discovering the human cognitive and somatosensory thresholds that will be guidelines to device 
future interfaces. These thresholds will be a key data point to determine the mechanical perfor-
mance requirement as well as to tune the tactile interface further to better match the expected 
feedback. The sensory thresholds like minimum amplitude (or force) detected over a range of 
actuation frequencies, the two-point threshold to determine the minimum distance between ad-
jacent actuators and the maximum rate at which the information can be transferred to the device 
are a few of the important design parameters. Meanwhile, the available tactile feedback devices 
have mainly relied on electromagnetic components, even the ones used in understanding the 
nature of somatosensory feedbacks; this has been a limiting factor for actuation range in 100-
350 Hz. While voice coil actuators can be used to meet this requirement, they suffer from their 
bulky size and hence limited wearability of the system [45]. However, there is no available tactile 
platform with integrated sensors to modulate actuation force, frequency, and stimulation pattern 
accurately, which limits the quantitative measurement of the stimulation parameters. 

Similarly, we not only need to qualitatively measure the effectiveness of tactile feedback given to 
the body with user feedback, but the methods like fMRI imaging allow us to record a respective 
tactile stimulation in the sensory-motor cortex area of the brain and then use this information to 
tune the feedback modes. Specifically, we benefit from the use of soft silicone-based materials 
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and pneumatic actuation that can be used in fMRI or brain-machine interface (BMI) environments. 
This makes SPA-skin an ideal platform to expand the horizons of studying the human brain 
through novel high-fidelity tactile feedback cues derived based on stimulation duration, location, 
actuation level, and stimulation frequency. This also invites close collaboration between research-
ers in neuroimaging and roboticists to develop user studies and protocol designs for qualitative 
and quantitative measurement of somatosensory thresholds using fMRI and soft interactive dis-
play.  

The modular, adaptive and highly configurable nature of the soft actuator skin interface helps in 
developing a plug-n-play platform to extend the capabilities of VR platforms, brain-machine in-
terface, or fMRI imagining applications through a wearable interactive display array and a porta-
ble augmented feedback device. 

The main contributions of this thesis hence can be summarized as: 
1. Design and development of a novel soft pneumatic actuator (SPA)-skin interface. 

The SPA-skin acts as a single bi-directional input-output platform with distributed sens-
ing and actuation capabilities, generating a wide range of tactile feedback at a variety of 
frequencies. 

2. Modeling, characterization and closed-loop control of SPAs with integrated sens-
ing. The dynamic performance characterization of SPA conducted to optimize the design 
geometry, material selection, and prediction of expected force/amplitude using Finite 
Element Analysis tool. Similarly, presenting an integrated low latency, high-speed control 
environment for virtual reality interactions to provide an immersive experience. 

3. Portable pneumatic control system and soft valve design. The pneumatic flow control 
system and peripheral components, including tubing, valves, pressure regulator and con-
troller inputs are optimized for the given application force and tubing length require-
ments to achieve maximum fidelity and portability. 

4. Validation of SPA-skin as a versatile wearable platform with human-in-loop system 
design. Study of diverse vibrotactile feedback and protocol development to obtain var-
ious human somatosensory thresholds using brain-machine interface and fMRI in 10-100 
Hz range. 
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1.4 Thesis Outline  
In my PhD research, I develop and create hardware and software technologies towards an im-
mersive interactive soft virtual-tactile environment focusing on the wearability, portability, 
easy customization and modularity aspects (Figure 1:3).  

 

Figure 1:3 Development framework of soft robotic technologies and core science for immersive human-
machine interactive environments. 

In the following chapters, I discuss the design of soft wearable tactile transducers (Chapter 2), 
control strategies for soft interactive interfaces (Chapter 3), system-level integration (Chapter 4), 
work towards human-in-loop tactile feedback design (Chapter 5), and conclusions and outlook 
(Chapter 6).  

In Chapter 2, I first describe my work in creating soft pneumatic actuators aimed towards an 
intimate human-robot interaction, and sensors for tactile interaction. The integration of these 
two types of transducers to create a novel low-profile soft pneumatic actuator-skin (SPA-skin) 
with distributed sensing and actuation is then presented, with details on design selection, mate-
rial characterization, and dynamic performance characterization. Lastly, I discuss Modeling as-
pects of the SPA design using FEA tools aimed at improving the actuator performance and opti-
mizing actuator design for different applications. 

 In Chapter 3, the control strategies for soft interactive interfaces are presented. I present first the 
potential to use piezoelectric transducers as an embedded sensing mechanism in the SPA-skin, 
given their desirable high-frequency responsiveness. Following this, I discuss the considerations 
for using soft sensors for an entirely soft SPA-skin. Finally, I present work on generating virtual 
environments for incorporating multimodal haptic feedback in a wearable system. 
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In Chapter 4, the system integration of the wearable tactile array is presented. I first discuss the 
SPA-skins tactile array design, material selection, characterization, and control. A mesoscale valve 
for pneumatic control and a discussion of the pneumatic flow path optimization is then discussed; 
Finally, I describe the peripheral interfaces for creating a fully port-able system compatible with 
fMRI environments for the future human-in-loop studies. 

In Chapter 5, I discuss my work on using the SPA-skin as a platform for exploring human-in-loop 
tactile feedback design. I present work on using an SPA-skin to study the effect of stochastic 
resonance on proprioception. I then discuss work on using SPA-skins to characterize human so-
matosensory thresholds. This includes work on observing brain activity as a function of tactile 
feedback using functional magnetic resonance imaging (fMRI), a challenging environment due 
to its electromagnetic interference compliance greatly constraining the material selection. 

In Chapter 6, I summarize the work presented in this thesis and discuss their impact on the field 
of wearable interactive interfaces and beyond. Lastly, I discuss potential avenues of future work 
in this field. 
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Figure 2:2: State of art technologies using novel soft material based novel actuation mechanisms for 
wearable tactile feedback. (A) Shape memory polymer based high-density tactile display[67] (B) Shape 
memory alloy based wearable finger-tip haptic device[68]. (C) Soft pneumatic actuator based haptic glove 
for at home rehabilitation [69]. (D, E) DEA/EAP based wearable haptic feedback devices [66], [70]. The use 
of stiff pillar in the middle of DEA film allow for high force generation around resonant frequency in (E). 
(F)Haxel, uses hydraulically amplified zipping electrostatic actuation for EAP filled with a dielectric liquid for 
high-bandwidth, multimodal tactile feedback. [65] 

In this chapter, we introduce the concept of a low-profile soft pneumatic actuator (SPA) based 
skin-like interface to tackle these challenges. The SPA-skin prototype allows for bidirectional tac-
tile feedback for an intuitive and responsive wearable interface. We describe the design and fab-
rication of the first version of SPA-skin integrated with piezoelectric sensors. The integrated sens-
ing facilitate for better understanding of external environment on the robot side for producing 
an adaptive and coherent tactile feedback. The sensor-actuator integrated SPA-skin is character-
ized for system identification and understanding the ability of this new interface for a covering 
range of human haptic sensations. The PZT based sensing layer is suitable for active distributed 
sensing but is not entirely soft and can only detect dynamic interactions. To tackle this, we de-
velop another SPA-skin design with an entirely soft monolithic design using liquid metal mean-
ders as sensing elements. We examine in detail the mechanical performance compared to the 
SPA model and the sensitivity of the sensors in both cases for the application in vibrotactile feed-
back.  

The integration of sensing and actuation in SPA-skin paves the path for a more sophisticated 
tactile feedback actuation through closing the loop with the sensor layer. To enable this, we thor-
oughly characterize the sensor, SPA and integrated system performance for both static and dy-
namic behaviors. The system identification and robust performance metrics obtained in chapter 
2 help in further development of more sophisticated control algorithms to provide a coherent 
tactile feedback over a broad range of actuation frequency and also, to integrate the SPA-skin 
with multimodal interactive control environment in chapter 3.  

The SPA and soft sensing technologies are further extended to more environmentally friendly 
edible SPA development as well as developing pressure localizing soft sensor skin to cover inter-
active surfaces in section 2.4. Use of gelatin based SPA design allow to demonstrate the flexibility 
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human fingers. We obtained a sufficient blocked force of 0.3 N with a 3 - 4 mm diameter bub-
ble shaped actuator with 0.4 mm silicone thickness for this application. The distributed actuator 
single input channel SPA-skin is capable of generating tactile feedback for a variety of actuation 
frequencies ranging from 5 - 100 Hz.  

Sensor design: Sensors for the SPA-skin need to be distributable over an area, thin and flexible 
to be wearable. For our application, we focused on achieving a high-level of sensitivity as well. 
Soft material matrix - based sensors are often considered for wearable devices but display high 
drift and slow response that are not suitable for our goal. Piezoelectric ceramics (PZT) are known 
to be highly sensitive to normal forces applied, and can be embedded into silicone substrates[74]. 
A PZT element can measure dynamic forces by converting the applied mechanical stress into 
electrical voltage. Our sensors have multiple pixels of PZT elements discretely distributed over a 
surface area in the form of grid. The PZT elements are connected using flexible circuit tracks 
manufactured by laser cutting the copper plated kapton (polyamide) material. The construction 
is then embedded inside silicone material for additional support and electrical insulation as 
shown in Figure 2:1(A).  

 

Figure 2:4 Pixel PZT Sensor Layer Composition. The copper-kapton sheet is engraved using a micro-UV 
laser to facilitate electrical contact with PZT material (A). Conductive adhesive tape is attached to bond the 
PZT crystal (B). The same process is repeated for another copper-kapton sheet and then both electrodes are 
placed on top of other with PZT crystal sandwiched in between (C). Schematic view of the sensor construc-
tion (D). 

The sensors for SPA-skin use 2×2 mm2 size PZT element sandwiched between flexible copper-
kapton circuit track. Initially the copper-kapton sheet is finely engraved with a low power laser to 
remove the kapton layer and make the copper layer visible for connection with PZT element as 
shown in Figure 2:2 (A). After the engraving process the copper-kapton sheet is cut into the spe-
cific shape required to form electrodes. A two way Z-direction conductive adhesive tape (3MTM- 
9705) is used to bond individual PZT element with the copper-kapton electrodes as shown in 
Figure 2:2 (B). This sensor manufacturing procedure enables both signal conducting electrodes 
to be placed on top of the other without causing a short circuit. The Kapton layer between the 
electrodes acts as an electrical insulator as depicted in Figure 2:2 (D). This helps reduce the area 
required for electronic tracks and also improves the sensor density for distributed sensing. For 
our prototype design we manufactured three sensors, evenly distributed on a 6 mm circular pe-
riphery to sense both the internal and external interactions with the SPA-skin, as shown in Figure 
2:2 (C).  
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Sensor actuator integration The critical challenge for multi-layer based sensors is their integra-
tion in parallel. The integration process is simplified by independently manufacturing the sensors 
and SPA-skin. Additionally, this helps to reduce the failure modes as both sensing and actuation 
components can be tested before final integration. The layerwise construction of SPA-skin and 
the integrated PZT sensors is depicted in Figure 2:1 (A). The sensitivity of vibration feedback is 
maximized by placing the sensing elements exactly below the bubble shaped actuator. The flex-
ible circuit tracks are then designed and laser cut, based on the distributed configuration of the 
sensor elements. The integration process of the PZT sensors into SPA-skin starts by spin coating 
a thin layer of uncured Dragon Skin 30 onto a cured 400 µm thick layer for bonding purpose. A 
properly connected working sensor is then placed on this uncured silicone. The SPA-skin proto-
type is then aligned with the sensors and placed on the uncured layer. A small weight is placed 
on this setup to avoid air bubbles forming inside the bonding layer and the assembly is cured at 
60oC for 1 hour to ensure seamless bonding. Figure 2:1 (B) shows the final SPA-skin prototype 
with integrated sensors consisting three sensors and three actuators distributed over the soft 
surface. Using this design procedure, we obtained following parameters for sensor integrated 
SPA-skin as shown in Table 2:1:  

 

Table 2:2Geometric and functional specifications of the fist SPA-skin prototype 

 

2.2.2 SPA-skin: embedded sensing mechanism and dynamic model 

The sensorized, tactile SPA-skin prototype focuses on two main functionalities; it not 
only detects vibrotactile feedback amplitude but also measures external interactive forces. Even 
with high sensitivity PZT sensors it is challenging to accurately estimate the dynamical forces on 
the system as the real world interaction forces the human body experiences are small (in the 
order of 0.1 - 3 N) [72]. Also, the wearable application requires raw sensor signal to be carried 
along relatively long wires from application area to the electronics unit, which adds extra capac-
itance and external signal noise. These issues in combination lowers the signal to noise ratio, 
which requires external amplification and active filtering of noise to improve PZT signal quality. 
In this Section, we discuss the embedded sensing mechanism for SPA-skin to obtain the opera-
tional specifications for the embedded PZT elements both mathematically and experimentally. 
These specifications are then used to design the electronics for the distributed sensing system. 
This is followed by the design of the control system for augmenting the SPA actuation amplitude 
with sensor data.  









Soft wearable interfaces: design, characterization, and Modeling 

45 

 

Figure 2:7 Block diagram for SPA-skin interfaced with the control environment for a single sensor and 
actuator. The SPA-skin interface receives pneumatic input and produces piezo electric output. The control 
environment performs signal acquisition, amplification, conditioning, control and output actuation tasks 
from the raw PZT signal. Microcontroller based signal processing reduces the circuit area required for mul-
tiple sensors, as only a new charge amplifier is added per sensor. The long connecting electrodes from PZT 
sensor capture external line noise, which gets amplified through charge amplifier block. 

Dynamic force sensing and filtering: The SPA-skin is ultimately aimed at measuring and ana-
lyzing the various interaction forces with the human skin in everyday life. The distributed PZT 
sensors are sensitive to dynamic forces producing electric charge spikes proportional to the im-
pact force. The actual interaction forces exerted on PZT crystals are proportional to the peak value 
of the electrical voltage generated. Therefore for the detection of the impact force, the micro-
controller tracks the maximum value of the PZT signal over a complete on-period for the given 
PWM frequency, f. This peak value is then updated for the next timing cycle and thus, the system 
has a delay of 1/f . Also, the forces exerted in this case are expected to be less than 3 N/finger 
[82]. The maximum force exerted by the SPA-skin upon actuation is around 0.3 N at actuation 
pressure of 70 kPa. This produces a raw signal peak of 75 mV with the given sensitivity of 0.25 
V/N. The signal has low amplitude and is susceptible to electrical loading if driven directly through 
a low impedance circuit. Therefore, a charge amplifier was designed to act both as a buffer circuit 
and an amplification stage. The PZT signal is amplified and low-pass filtered by the charge am-
plifier. The amplification factor of 3.9 allows a maximum external force detection up to 10 N with 
a 2.5 V amplifier output swing, and a cut off frequency of 86 Hz allows filtering of high-frequency 
noise harmonics. The conditioned signal is then converted into 10 bit digital signal sampled at 
1000 Hz for further analysis and recording, as shown in Figure 2:5 . Every PZT sensor requires an 
analog signal amplification before it can be connected to a low impedance A/D converter pin. 

Distributed Sensor Noise Cancellation: A high density of distributed sensing elements comes 
with an added cost of increased electrical track and wire lengths. These long wires act like an 
antenna and capture the noise from a variety of AC sources in their environment. Low amplitude 
PZT signal and noise signal are amplified to the same extent through charge amplifier; to mitigate 
this effect, we used a second-order digital notch filter Figure 2:6A and B show the components 
of 50 Hz noise compared to the PZT sensor generated values at 20 Hz and 70 Hz respectively. A 
separate second-order digital Butterworth filter is implemented for every sensor to remove the 
50 Hz signal component. The dashed lines in Figure 2:6A and B show the signal spectrum after 
removal of the AC noise and display the clear acquisition of the repeated actuator signal. A digital 
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Figure 2:9 Characterization of SPA-Skin. (a) An SPA-skin prototype before and during inflation. (b) Actua-
tors of the same thickness with and without laminated sensors show little change in performance. (c) Sensor 
performance over a million cycles. (d) SPA-skin response for variation input pressure set points from 5 kPa 
to 30 kPa at 5 Hz. (e) SPA-skin response for variation of actuation frequency from 5 Hz to 100 Hz at 25 kPa 
pressure set point. (f) SPA-skin amplitude response for variation in actuation frequency. 

 

2.3.3 Analytical model  

The static and dynamic characteristics of SPA-skin show the integrated system is repeatable and 
stable over a range of actuation frequencies and amplitude. The sensor feedback therefore can 
be used to actively control the SPA inflation height if the relationship between actuation ampli-
tude and measured resistance can be developed. It is also important to note that the soft actua-
tors exhibit complex mechanical behavior upon inflation due to the hyper-elastic nature of the 
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Figure 2:10 Experimental setup and model. (a) Experimental setup for validating the sensor embedded 
SPA model upon actuation, overlaying the geometric parameters used in the analytical model. (b) Images 
showing the SPA inflation over a range of actuation pressures are used to measure the inflation radius (r) 
and the inflation height (h) for geometrical model validation. The measured inflation radius is compared 
with the geometric model assuming the SPA inflation geometry as a part of a scooped sphere. (c) Average 
measured and computed strains for given inflation heights. (d) Average strain as a function of input pressure 
(red dots: model, blue dots:  
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Figure 2:11 Experimental validation of the analytical model.(a) The analytical model predicting uniaxial 
strain over each sensor meander using the measured inflation height. The mean value of the sensor strain 
determines the measured change in the resistance of the sensor. (b) The measured average strain from the 
analytical model is plotted with respect to the actuator input pressure. Each colored (*) marker maps to the 
corresponding mean value of the strain in Figure b and is then used to validate the strain model with meas-
urements from sensor resistance (Figure 2:8c). 

This confirmed the integrated strain sensor could effectively be used to measure the actuator 
inflation height, eliminating the dependency of actuator performance on the manufacturing var-
iations and input pressure. Next, we developed a strain controller to have the strain sensor for 
active closed-loop control, which is discussed in detail in the Chapter 3. 
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Discussion 
The edible material used for the actuator, the gelatinglycerol composite, shows similar mechani-
cal properties to those of silicone elastomers. Assessment of other characteristics such as dura-
bility and viscoelasticity with varied composition ratios will provide more insight about applica-
bility of the composite material for robotic applications. Environmental conditions such as hu-
midity and temperature, are also important aspects of robots that operate in uncontrolled envi-
ronments. The gelatin-glycerol composite appears to reach an equilibrium water content, sug-
gesting that the mechanical properties may (Figure 2:11), suggesting that the mechanical prop-
erties may change corresponding to humidity of the surrounding air. However, this is not a major 
problem because edible coatings to preserve the water content are already available [102]. Tem-
perature may also effect to the mechanical properties because the melting temperature of gelatin 
is around 35oC. The melting point can be higher once plasticizers and other proteins are added. 
For example, a composite of gelatin, chitosan (a polysaccharide), and glycerol has a melting point 
of 67oC [103]. Investigation of above mentioned characteristics will contribute towards the im-
proved design of the actuators and robots, and their applicable tasks 

To demonstrate the possibility soft pneumatic actuator towards robotic application, we inte-
grated the two actuators into a form of two-finger gripper and performed grasping test for vari-
ous objects. The versatile nature of the gripper illustrates high performance of our edible actua-
tor. Higher performance may be expected if the actuator is designed with aid of analytical Mod-
eling [104] or FEM [13] where the material properties obtained from the characterization are in-
corporated. This will also enable the design of actuators of different geometries and sizes. For 
the future generation of the edible actuators, further characterization of cycles and repeatability 
should be performed. Given the melting feature of gelatin, our actuator could be capable of self-
healing and become re-usable, which are added capabilities that existing soft pneumatic actua-
tors usually do not exhibit. The edible robotic gripper described here shows possibility of creating 
edible robots based on these materials. Given the simplicity of the actuator design, it could be 
implemented to many different types of robots. Along with all the functionalities—biodegrada-
bility, biocompatibility, environmental sustainability, digestibility, metabolizability, selfheal ability, 
and re-usability—those edible robots could bring novel applications. For example, as discussed 
in the literature [105] about the animal navigation in the wild, fully edible robots would help to 
study how wild animals collectively behave. The robots could also take a role of animals prey to 
observe their hunting behaviors or to train protected animals to do predation. Once medical 
components are mixed into the edible composition, the robots could help the preservation of 
wild animals or heal inside of the human body. When edible robots can be metabolized, they also 
function as energy storage providing an advantage in terms of increased payload with respect to 
non-edible robots that must be loaded with a food payload. This would be effective in rescue 
scenarios where the metabolizable robots can reach survivors in isolated places like inside a crev-
ice or up on mountain. Last, but not least, since edible materials can generate electric energy [90], 
[106]–[108], one could envisage autophagy (self-eating) function, like that of octopus [109], to 
extend their lifetime. 

 

2.4.2 Capacitive soft sensor skin for distributed pressure localization [56] 

Robotic systems that interact with their surroundings need to detect and localize the 
contact with an object. Pressure sensor arrays are a well-developed technology with multiple 
commercially available devices (TakkTiles, Sensitronics, Tekscan, Sensing Tex, BodiTrak, Sure-
Touch). However, the majority of these commercial devices incorporate materials that are stiffer 
or more strain-limited than those commonly demanded by softer interfaces, hindering their in-
tegration. Researchers have developed various approaches to “soften” pressure sensing for soft 
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robotics, human-computer interactive system, and wearable applications. Two common ap-
proaches for measuring pressure are by measuring the resistance of a deformable, soft, or fluid 
conductor or by measuring the capacitance of a deformable capacitor. Some resistive sensing 
approaches include the use of conductive polymer composites [110]–[112] or embedding liquid-
metal microchannels in silicone elastomer [98], [113]–[115]. Capacitive sensing approaches use a 
variety of materials for both the conductive electrodes and the dielectric layer. Electrode materials 
can be broadly classified into metal thin film [77], [116]–[118], liquid metal [119], [120], , conduc-
tive silicone composite [121]–[124], conductive fabrics [125]–[127], hydrogels [128], carbon nano-
tubes [129], and carbon grease [130], [131]. The dielectric layers have been composed of silicone 
foam [77], [116], [125], native silicone [41], [118]–[120], [122], [124], [128], [129], polyurethane 
[117], and acrylic foam tape [130], [131]. Though the transduction means to convert pressure to 
a signal may differ, the majority of these devices utilize a single sensor to make a single meas-
urement of pressure. In order to distribute sensing capability over larger areas, researchers have 
patterned multiple pixels individually [74], [77], [113], [126] ] over the sensing region at the de-
sired spatial resolution. However, as the number of sensors increases, so does the number of 
interfaces to the electronics. For the practice, the sheer number of wires can become unwieldy, 
prone to breakage, increasing the stiffness of the system, and therefore, higher resolution uni-
form surface systems are difficult to design and implement. One way to mitigate this issue in 
scalability is to use the electrodes on the top and bottom of the substrate in orthogonal rows 
and columns to create pixels at the intersections [110], [116]–[119], [124], [127]–[129]. This ap-
proach reduces the number of interfaces for an n-by-n grid from O(n2) to O(n), a further improve-
ment is to leverage the frequency-dependent characteristics of large-area capacitors to reduce 
the number of interfaces to two for an n × n pixel array. Interrogating a capacitor at multiple 
frequencies effectively creates multiple sensing regions within the area of a single capacitive sen-
sor body [130]–[132]. Another interesting way to reduce the number of electrodes for touch-
sensing applications is to use electric field tomography on a large conductive film [132].  

In this work, we present a pressure sensing methodology for localization of point pres-
sures on a monolithic, soft capacitive sensor (Figure 2:10(A).) by interrogating the sensor at mul-
tiple frequencies to modulate the effective length of the capacitive sensor “seen” by the meas-
urement system. Using the resistance and capacitance values of a physical sensor prototype, we 
developed an analytical model for the 1D representation of the capacitive sensor. Using this 
model, we calculated the frequency response of the sensor at different effective sensor lengths 
to find their corresponding cutoff frequencies. We then used the calculated cutoff frequencies as 
the interrogation frequencies in experimental tests. Experiments were performed by pressing at 
various locations on a 1D sensor strip and a 2D sensor sheet wherein the series resistance (Rs) 
and parallel capacitance (Cp) of the sensor were measured using an LCR meter at the interroga-
tion frequencies. Because the sensors are monolithic, with no pre-determined measurement lo-
cations, we discretized the sensors into different sized pixels to attain different levels of spatial 
resolution. We then input the Rs and Cp values into a multi-class kernel support vector machine 
(KSVM) to create a classification model for localizing the point pressures. Through evaluation of 
the SVM using a confusion matrix, we found that we achieved between 90-100% accuracy in 
predicting the location of the applied pressure which is discussed in detailed in Chapter 3. 
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