
 

 

Dielectric Elastomer-based Multi-location 

Capacitive Sensor 

 

Yuting Zhu 

 

Supervised by: 

Associate Professor Kean Aw, Dr Tim Giffney 

 

A thesis submitted in partial fulfilment of the requirements for the degree of Doctor of 

Philosophy at the University of Auckland 

 

 

Faculty of Engineering 

The University of Auckland 

New Zealand 

 

December 2021 

  



Abstract 

Dielectric Elastomers (DE) are a promising technology for sensing and actuation particularly 

well suited to diverse applications in soft robotics. Developing a sensor that can measure the 

force and location simultaneously could be useful for robotic and bio-instrument applications. 

This thesis describes the development of a DE based multi-location capacitive sensor 

techniques that have tactile sensory functions. The soft DE sensor developed in this work can 

measure pressure and multi-location contacts simultaneously. The sensor design is targeted at 

applications such as robotic fruit picking, a bio-instrument for the diabetic insole, etc.  

Modelling of DE sensors conducted in this work indicated that choosing the optimum substrate 

thickness that bonds the DE sensors to the rigid frame is an important to ensure DE sensors 

have sufficient sensitivity. Unique methods presented in this thesis, validated in simulated and 

experiments, overcome some of the limitations of the dielectric elastomer (DE) based sensor. 

A method is proposed to increase the sensitivity of DE force sensors using a flexible substrate 

and it is demonstrated how the finite element method (FEM) could be used for identifying the 

optimum substrate thickness for improved performance of compression sensors in specific 

applications, such as robotic grippers for picking hard and soft objects. This study explores the 

design of a compliant substrate and its influence on the contact mechanics and the effect of 

substrate thickness on the sensitivity of the dielectric elastomer capacitive sensors. Sensor with 

different substrate thicknesses were studied. The capacitance change also was investigated 

under a range of forces when indented with spherical objects of different stiffnesses ranging 

from hard metal to compliant fruit.  

A unique capacitance-based multi-location sensor designed to measure the pressure of any 

touch location is presented. This multimodal sensor is a soft, flexible, and stretchable dielectric 

elastomer (DE) capacitive pressure mat composed of a multi-layer soft and stretchy DE sensor. 

The top layer measures the applied pressure, while the underlying sensor array enables location 

identification. The sensor is placed on a passive elastomeric substrate to increase deformation 

and optimise the sensor's sensitivity. This DE multi-location capacitive sensor with pressure 

and localisation capability paves the way for further development with potential applications 

in bio-mechatronics technology and other humanoid devices. 
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Chapter 1 Introduction 

Sensors, as the component that allows a system to react to its environment, are an essential component 

of any sort of device. Without high-quality information from sensors, a system driven by artificial 

intelligence (AI) will not be able to achieve advanced functionality. In robotic and biomedical 

applications, sensing ability is one of the fundamental factors for accessing environmental awareness 

fully. Sensing robots have become more realistic and human-like; many are now used in our everyday 

lives, even though we may not realise this. Many humanoid robots are now used in healthcare or even as 

companions to help people with different tasks. The following section describes examples of different 

soft robotic application and requirements.  

1.1 Soft robotic application : an overview 
Robots have played an important role in today’s industry, for instance medical robots [1];  they have 

been widely developed in different fields and are increasingly used in our day to day lives. The early 

robots designs did not consider or gather information about their surroundings but today robotics 

developments have higher awareness for safety, flexibility, and the capability to explore and interact with 

humans and the environment in which they operate, especially for healthcare robots and the companion 

robot that needs to use its arms and hands to transfer objects and interact with humans. Therefore, robots 

have a great potential to assist humans such as elderly and workers. Researchers aim to develop and to 

improve and duplicate a robotic surface to mimic a human’s tactile sense, so they are able to serve in 

roles from hazardous operations to direct human contact and interaction tasks.  

Many robot applications have been developed and are now used in healthcare, biomedical and companion 

robots as shown in Figure 1-1. The healthcare robot MOXI (Figure 1-1(a)) and companion robot Romeo 

(Figure 1-1(b)), both have hard surface frames body and hands which have present the potential safety 

risks of breaking objects, or harming human beings during interactions. Currently, aging is an issue in 

both the Eastern and the Western world populations; therefore developing human-like companion and 

healthcare robots which are able to support an increasingly aging population is seen as a very desirable 

future resource.  

Most existing robots not only have hard surface/frames but are complex and very expensive. A solution 

is that robots that interact with humans in everyday living should be soft and more human like and have 

the ability to sense touch. To do this, the sensors will be required to be soft, robust, lightweight and 

inexpensive. However, the current reality is that robots lack a human-like sense of touch and human 
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softness and therefore can have only limited interaction with humans. The majority of commercially 

available humanoid robots have metallic or plastic hard skins and with no sensing elements, which means 

they could easily damage fragile objects. A human-like soft tactile sensor is essential for developing 

robotic manipulators.  

 

Figure 1-1: Healthcare robots  and Companion robots. (a). Healthcare-robots Moxi: how-diligent-robots-are-making-a-
difference-in-Texas-hospitals [2]; (b). Robot Romeo-an-intelligent-french-robot-to-help-elderly-with-daily-tasks [3] 

 

1.1.1 Sensors used in robotic application 
Sensors are an essential component for humanoid robotics, as they help the robot to understand its 

surrounding environment, assist interaction with humans and allow measurement of the geometric and 

physical properties of contact objects, such as force[4], position [5], weight [5], acceleration [6], distance 

[7], movement [8], and temperature [6], as well as other requirements within its design capacity.  

Robots without these sensors are simply automated mechanisms doing the same repetitive task. A robot 

with sensors helps it to achieve a variety of tasks and avoid uncertainty. This could include using its 

sensors to enable and become aware of its environment and performing required programmed tasks. 

Sensing is an essential function for the proprioception of soft robots and it gives robots more human-like 

capabilities. These robots can then be programmed to touch, see, hear, and move [9]. There are seven 

prominent sensors widely used in robotic applications. These include tactile sensors (contact sensor and 

force /pressure sensor), sensors for light, sound, temperature, proximity, navigation/positioning (distance 

sensors, tilt sensors), and acceleration. Those seven sensors and their functions that are used in robots are 

given in Table 1-1. 

 

 

https://spectrum.ieee.org/automaton/robotics/medical-robots/how-diligents-robots-are-making-a-difference-in-texas-hospitals
https://spectrum.ieee.org/automaton/robotics/medical-robots/how-diligents-robots-are-making-a-difference-in-texas-hospitals
http://www.technocrazed.com/romeo-an-intelligent-french-robot-to-help-elderly-with-daily-tasks
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Table 1-1. Common sensors used in robots 

Sensors Functions 
Tactile sensors [10]  Touch sensor/ contact sensor-sensing an object’s presence or absence 

Force sensor-measuring forces, normal and shear force  

Light sensors [11] Presence, colour and intensity of light, see and adjust movements 
accordingly 

Sound sensors [12,13] Presence, frequency and intensity of sound 
Temperature/heat 
sensors [14] 

Infrared wavelength (IR), magnitude and directions, detecting the 
surrounding temperature change 

Proximity sensors 
[15,16] 

Non-contact detection of objects /detecting nearby objects 

Navigation/positioning 
sensors[17,18] 

Used to approximate position 

Accelerometers [19]–
[21] 

Measuring acceleration and tilt (static force-frictional force between 
objects; dynamic force- the amount of acceleration required to move 
an object) 

 

1.1.2 Soft robotic tactile manipulator requirements 
Soft robotics have developed more rapidly in recent years; Robots have evolved from performing labour-

intensive, repetitive and simple tasks in the last two decades to become more interactive, dexterous and 

capable of performing high-level tasks. Currently, the development of a soft robot is a rapidly growing 

field, as robots that can interact with humans are in demand in many areas, particularly in healthcare.  

The conventional rigid robot is not a feasible solution for humanoid, healthcare, or companion robots. 

The goal of a soft robotic manipulator (having a human-like robotic tactile skin) to mimic the motions of 

a human has yet to be achieved. Such manipulators need to be made from soft, elastic materials and able 

to sense and respond to their surroundings. Robots that cannot do this are a potential safety hazard when 

used as domestic robots or as social robots especially when they need to interact with fragile elderly, 

young children, or fragile patients. Therefore, the development of human-like robotic 

grippers/manipulators that have tactile functions is an essential factor. 

The robotic hands or grippers (fingers) are one of the most important parts of the robot body because 

they can physically interact with the surroundings. Therefore, robotic gripper development has become 

an active research area in the last few decades. Common robotic grippers have hard surfaces [22], which 

cannot safely handle delicate/fragile objects and interact with unstructured environments. Hard grippers 

have safety issues when robots interact with humans [23,24]. To reduce those risks, a human-like robot 
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needs further development of a human-like skin that has the ability to sense and control the force, as well 

having the deformability of human skin. The development of an advanced robotic gripper is an active 

research area, and the goal is to mimic humans' manipulation by being able to interact with the 

environment and to grasp objects like a human hand does.  

There are many challenges for soft robots. Robotic grippers (fingers) that have the ability to manipulate 

different objects (rigid and soft) is an important feature of intelligence. Grasping rigid objects is an active 

area in last two decades[25] and grasping soft objects also has been active in recent years [26]. However, 

grasping a soft object is different from grasping a rigid object.  

Nowadays, tactile sensing has been widely used as human-like skin in robotics and bio-instrumentation 

applications. In particular, force feedback is one of the essential factors for wearable tactile sensors used 

in robotic and biomedical applications. Currently robots, particularly those with robotic fingers or 

manipulators, have been integrated with various sensors that can sense force, contact, temperature, etc. 

However, many functions still need to be developed to increase the intelligence to have the sense of touch 

(sensation and perception) like humans. The following section discusses wearable tactile sensor in 

robotics applications, particularly robotic gripper (fingers) and skin mats, developments, and the 

challenges that are still to be overcome. 

There are many advantages of using robots with force-sensing abilities, such as healthcare robots able to 

monitor force and surroundings while interacting with patients without harming them. This requires a 

robotic finger/manipulator that has a human skin-like softness and tactile sensing functions that can be 

used in healthcare [27], which can help medical workers to relieve their workload and avoid some of the 

routine tasks; especially where there is a high risk of contamination. Especially in today’s COVID-19 

situation, the availability of soft robotic capabilities would help to relieve some of the workload from 

health care workers with basic jobs – such as the transfer of or delivering of supplies to staff or patients. 

With robotic tactile skin development, robots will be machines that can mimic some of the humans’ 

features and replicate some of the functional human-like tasks, such as fragile objects, interacting, and 

looking after vulnerable humans. In the future robots could be working on farms to pick fruit, in hospitals 

helping workers with workloads, playing with children, and looking after the elderly. Surgical robots 

[28,29] have already been developed for precise and intricate surgery and other advanced features for 

more than two decades. Developing human-like robots that have haptics and precision has been a dream 

for decades. The important design factor of these robots is the robotic sense skin development, not only 

the development of the tactile sensors but also the different thicknesses of the substrate between the 

sensors and the robotic frame.  
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Nowadays, many scientists are working on improving the accuracy of manipulation for robots. But 

handling delicate objects safely remains a challenge [30]. For example, when robots interact (by touch) 

with humans, they are not “aware” of humans and are a source for potential harm from accidents, and 

there is an incorrect or slow relaying of information to staff [31–33]. Sensory feedback plays an important 

role in robotics systems for the safe manipulation of objects as well as environmental interactions. When 

we direct a robot to pick up an object we need to specify to the robot where forces should be applied and 

how much force needs to be applied, so it can prevent slippage and/or breakage. Even though robotic 

systems have been developed for many decades, for them to be human-like, further work is required 

[34][35], which includes development on: 

• Force control--to know what force to apply to manipulate soft/hard light/heavy and delicate 

objects; 

• Sensory (haptic) feedback--to know the shape, texture and hardness of the objects; 

Clearly, the sense of touch will be required to help robots to interact with an object’s properties and is an 

essential factor for robotic devices to function effectively. Therefore, for the human-like robotic systems 

development the sensory feedback is essential. At present, robots do not have the same sensing feedback 

as humans [36], thus, tactile replication still needs to be developed.  

During any object manipulation and grasping, a variety of forces are produced, which gives tactile 

information. When we pick up an object, to prevent slippage, we need to know the normal force and 

shear force during grasping [37]. For humanoid devices to work well, they need to have sensory (haptic) 

feedback like humans, which should include normal force and shear force [38]. Normal force and shear 

force are part of the ensembles of tactile (sensing) adherents, helping to prevent slippage, as well as 

improving understanding of how to interact with a real-world object. Along with this, there is a growing 

interest in the development of soft robotic devices that interface soft tissue or that handle delicate objects. 

Examples include fruit sorting robots [39] through to surgical robots such as the Da Vinci robot [40]. 

Researchers often employ tactile sensors to measure the tactile perception of the sense of touch. 

Particularly when grasping an object, this tactile sensibility is essential [41–43], and typically involves 

accurate pressure sensing. However, human hands have an inborn talent that can sense force/ pressure, 

sense flow, temperature, and texture of the surface, and hardness. The existing robotic grippers with 

tactile sensors have difficulty mimicking these human hand functions. Therefore, this study is focused 

on developing a soft, flexible tactile sensor that can sense force/ pressure and also provide the mapping 

of force distribution.  
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1.2 Soft robotic application candidates 
Soft robotics devices are typically made from materials having good stretchability; these materials 

include shape memory polymers (SMPs), ionic electroactive polymers (IEAPs), pneumatics and 

hydraulics systems, electroactive polymers, and silicone elastomers. In recent years many studies have 

focused on using soft actuators for soft robotic grippers [44–49], or using sensors mounted to robots as 

soft manipulators or skin.  

1.2.1 Soft actuators for robotic application 
The soft actuator is the popular selection for current robotic research and development, especially for 

robotic grippers. The majority of current gripper development are actuator-based, such as Actuators 

gripper [50],  multi-material gripper [10] (as shown in Figure 1-2), and other soft robot grippers [44,51]. 

The actuator type grippers have been well developed in research, however they are not fully in 

commercial use as yet since they are not reliable enough and not mass produced. This could be attributed 

to the fact that the actuators lack internal human-like skeletons, so they are not suitable for human-like 

robot integration, such as Dielectric Elastomer Actuator (DEA) soft grippers [52]. 

 

Figure 1-2: Dielectric elastomer actuators gripper [50]  multi-material gripper [10] 

 

Soft actuators have become a popular development for gripper design. However, these have associated 

limitations, including the energy output and weight of the actuator. Moreover, their structural stiffness 

can change a lot and mostly depends on the internal pressure. McCrachen et al. [53] reviewed materials 

as machines in robotics shown in Figure 1-3, such as shape-memory alloys (SMAs) [49,54], shape 

memory polymers (SMPs) [55], dielectric/electrically-actuated polymers (DEAPs) [52,56], fluidic 

elastomer actuators (FEAs) [45,57], and shape and electro-magnetic/magnetic actuators (E/MAs) [58] 

etc. 
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Figure 1-3: Materials used in robotics[53] 

 
Soft sensors are an essential component for soft robotic grippers; these enable soft grippers to sense the 

object and provide feedback when required to pick up delicate objects. A soft gripper allows easier 

physical integration of manipulation but needs to enable the control of manipulators and be able to extract 

tactile information from the surrounding environment when in contact or interaction with objects. To 

establish this capability, the model needs to mimic natural systems so as to fabricate an adaptable sensory 

surface that is able to be used to increase the robot's safety and its mechanical compatibility with human 

interaction.  

Many different sensor types have been developed. with this capacity which can then be integrated into 

actuator based robots or hard frame robots as required.   

1.2.2 Sensing technologies for tactile robotic manipulator and skin  
Sensors allow the proprioception of robots, so that they can imitate the human sense of touch. In order 

to imitate the human sense of touch and proprioception, the skin is fitted with sensors that measure 

pressure during physical contact and can provide feedback to the robotic control. Many robotic E-skins 

have been developed over the past few decades [59]. Robotic skin technologies mostly utilise 
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piezoresistivity, piezoelectricity, piezocapacitive, ionic/hydrogels and optical devices. However, the 

dielectric elastomer (DE) robotic skin [60] is one of the most popular research and development areas, 

because the silicon-base sensor or electronics are easy to mount on and integrate directly to the robotic 

frame. 

Capacitive sensing is one of the common sensing technologies [61]; the method explored in this thesis is 

based on silicon and is one of the popular technologies used in robotics. In 1990s, Pelrine et al. [62] 

demonstrated a dielectric sandwiched between compliant electrodes. There are many advantages of this 

technology over other kinds of technologies such as piezoresistive. These advantages include low power 

consumption, low temperature sensitivity, high sensitivity, high spatial resolution, good frequency 

response, and long term drift stability [63], and it also has immunity to thermal noise [64]. Thus, the 

capacitive method has commonly been used in tactile sensing with the development of creating fabricated 

capacitive shear sensors [65–71] which have been widely used in robotics and robotic gripper research 

today. The capacitive force sensor’s working principle is to measure changes in capacitance. This type 

of sensor has large bandwidth, and is robust and drift-free [72]. They are flexible in a variety of 

environments and can be embedded monolithically. Figure 1-4 shows the electroactive polymer dielectric 

elastomer (DE) that is commonly used for robotic skins and wearable capacitive tactile sensors. However, 

circuit design can be complicated and continues to be susceptible to noise [73]. Also the level of noise 

interference and crosstalk continues to be an issue during measurement [71,74]. 

 

Figure 1-4: (a) Capacitive pressure sensors [75]; (b) the flexible piezocapacitive pressre sensor with dielectric elastomer 
developed by Kwon et al.[76]; 

Table 1-2 details the sensors commonly used in robotics and bio-instrumentation applications. Many of 

these sensors are very thin, they would not provide substantial substrate/padding when bonded to the 

robotic grippers. The grippers would be still very rigid and will not be suitable for picking up fragile 

objects. Therefore, one of the options is adding a soft substrate beneath the sensor, so that the soft 

substrate is situated between the robotic hard surface and the sensor. 
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Table 1-2. Sensors use in robotics and Bio-instrumentation 

  Advantages Disadvantages 
Capacitive [63,64,77,78] Change in 

capacitance 
High sensitivity  
High spatial resolution  
Low power consumption 
Low temperature 
sensitivity  
Good frequency response  
Long term drift stability  

Severe hysteresis 
Stray capacitance  
Noise susceptible 

Piezoelectric[78–81] Strain (stress) 
polarization 

Excellent resistance  
High mechanical strength 
Good plasticity  
High power density  
High bandwidth  
High efficiency  
High frequency response 
Relatively high accuracy 

Poor spatial resolution 
Dynamic sensing only 

Piezoresistive[82–85] Change in 
resistance 

High spatial resolution  
Low noise 
Low cost 
Good sensitivity  

Rigid and Fragile  
Higher power 
consumption,  
Large hysteresis 
Low repeatability 
Problematic dynamic 
behaviour 

Optical[86–88] Light intensity 
/spectrum change 

High spatial resolution  
High repeatability 
Good reliability  
 

Rigidness  
Large size  
Loss of light by micro-
bending causing 
distortion of signal 

Ionic/ hydrogels[89] The resistive or 
capacitive 
sensing 

High stretchability 
Transparency 
Good biocompatibility 

Unpredictable effects 
on temperature of 
humidity Lack of 
relaxation response in 
the single phase. 

Strain gauge[90,91] Change in 
resistance 

Sensing range  
High sensitivity  
Low cost 

High hysteresis  
Non-linear response 
Susceptible to 
temperature changes 
Design complexity 

Inductive[92] Change in 
inductance 

High sensitivity  
High dynamic range  
No mechanical hysteresis 
Linear response  
Physical robustness 

Usage limited to 
nonmagnetic mediums 
Low spatial resolution 
Low repeatability 
Complex electronics 

 

1.2.3 Touch location sensor 
Many wearable tactile sensors have been developed [93,94] for measuring touch and pressure without 

location identification. Or sensors are used to monitor the touch locations but cannot sense the force, as 
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shown in Figure 1-5. These sensors have some issues to overcome, such as many connection wires, 

complicated fabricating [95], or extreme deformation affecting sensor output [96]. Therefore, this study 

aims to develop a sensor with fewer connections that can measure both pressure and multi-locations. 

 
 

 
 

Figure 1-5:  Flexible Multi-location touch SnapBand [97]  

1.3 WHY substrate 
Research and development has identified a wide range of sensors/ tactile skins for use in robotics (Figure 

1-6). Researchers have also incorporated their sensors onto flexible/soft substrates before being bonded 

to the robotic frame. However, the flexible/soft substrates used can change the sensitivity of the sensors 

due to substrate deformation. Thus, one of the objectives of the current study is to determine how to 

overcome these issues, and to develop as closely as possible a deformability and force control like the 

human skin. The substrate chosen should not only increase the sensitivity and deformability, but also 

contribute to making the robotic surface softer thereby increasing human skin tactile capability. However, 

there are challenges in the use of soft sensors with substrate thickness. Different substrate thicknesses 

used with the sensor can undergo significant deformation and this can affect the accuracy and precision 

of the desired localised deformations. These effects need to be determined through modelling and 

experiments. 

 (a) (b) 

Figure 1-6: Robotic hand with human-like skin [98](a); robotic hand with stretch sensor[99](b) 

A number of research groups are aiming to develop a human-like robotic hand with sensors that mimics 

the human touch and tactile performance information. Lee and Nichols [100] defined the tactile sensor 

as ‘a device or system that can measure a given property of an object or contact event through physical 



contact between the sensor and the object’. The goal of this research is to develop a human-like 

multimodal sensor skin that has tactile properties of force and contact location measurements. 

Hence, the research questions were raised as follows: 

• How to develop multimodal sensor that can identify the touch location and pressure with high

sensitivity?

• Why a substrate needed for robotic fingers (grippers), and how to make it soft?

• What is the best thickness to use?

• Does the substrate affect the DE sensor sensitivity?

• How to confirm the optimum substrate?

1.4 Thesis Organisation 

This research advances the knowledge in the field of applications on deformability and sensitivity for 

reliable and safe robotic object manipulation. Therefore, it may be used for robotic skin healthcare robots 

and robotic companions; it also can be used for robotic grippers having potential applications in bio-

mechatronics devices. 

The thesis chapters are as follows. 

• A review of the sense of touch for robotic requirements, DE sensor, DE sensors for soft robotic

applications (Chapter 2);

• Development of model that is able to identify the optimum thickness of DE substrate sensors

(Chapters 3 & 4);

• Design and development of a multi-location (MLC) sensor (Chapter 5) using unique arrangement

of DE capacitive sensors;

• Design and development of multimodal sensor (Chapter 6).

1.5 Chapter summary 
In a review of different materials, DEs were one of the most suitable techniques for robotic skin and 

or robotic grippers, because it can reproduce the softness like human skin, has better sensitivity and 

low material and fabrication cost. To develop human-like robotic grippers, we also need to 

understand the human touch and what has already been developed for soft robotic grippers. Chapter 2 

will review these requirements. 

11 
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This study will explore how to build and design sensors with high sensitivity that operate under small 

external forces and that have a large measurement range, similar to human tactile perception. 

The research objectives of this thesis are as follows: 

• Understand the geometry changes within the DE sensor 

• Use the geometry change to seek the optimal substrate so that the DE sensor can gain higher 

sensitivity with softer features bonded to a hard robot frame  

• Develop a multi-location sensor with minimal DE capacitors aimed at reducing the number of 

interconnects 

• Develop a multimodal DE sensor as robotic skin, which can sense touch, that can measure force 

and locations with better sensitivity and has deformability similar to that of human skin.  

The research aims to develop a better tactile sensor to overcome the deformation and sensitivity 

limitations posed by the geometry of thin sensors and which also can detect force and location.   
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Chapter 2 Literature Review 

The scope of this research encompasses a robotic tactile (multimodal location) sensor capable of sensing 

force used during object grasping and manipulation. The purpose of this chapter is to conduct a 

comprehensive review of this technology. 

A significant number of soft robots and grippers [101] have been developed. Many robotic hands 

(grippers) are still composed of rigid materials having soft sensors or actuators with no compliant 

substrate. The rigidity of the robotic gripper/hand may crush the object if the applied contact force cannot 

be controlled. Therefore, the development of soft robotics has generated the most interest in research 

fields such as for healthcare, agriculture, food processing, and service industries, etc. as these could be 

used in daily life.  Development of soft robotics that mimics the human skin’s softness requires what 

Yoshioka et al. [102] have defined as “the progressive conformation to the contours of the fingers and 

hands in proportion to contact force.” When a human finger is in contact with an object, the applied 

force makes the contact area grow due to the softness of the finger so that it conforms around the object. 

Klatzky et al. [103] describe the curvature as “the rate of change in the angle of a tangent line to a curve 

as the tangent point moves along it.” Therefore, we aimed to develop a robotic sensor with redundancy 

for safety, which can measure both locations and forces, be capable of dexterous manipulation, and safely 

interact with humans. We refer to it as the multimodal sensor. 

Dielectric elastomers (DE) are a class of transducers that can be made from materials of similar 

stretchability to skin. The deformation performance of DE is very similar to human skin in that it is very 

soft and can stretch. To develop a human-like robotic gripper, it must have a sense similar to a human 

hand. Most humans take for granted how to grasp and manipulate objects without dropping or deforming 

them, but this is not possible for robots so this research aims to develop a sensor for robotic hands or 

grippers that has this ability. 

This chapter will review the requirement criteria and materials for human-like robots multimodal sensor’s 

development. 

2.1 Tactile Sensor : an overview  
Tactile means “perceptible by touch” in the Oxford dictionary. Tactile sensing is the way to obtain tactile 

information during physical touch [65]. Tactile sensing can be used for haptic perception and for 

cutaneous perception [104]; the sensing feedback recognises the location, size, roughness or smoothness; 
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hardness or softness; stickiness or slipperiness of the target object [105], which can help robots (and 

humans) to improve the dexterity, grasp/gripping and manipulation. Tactile sensors also can be 

distributed as in the tactile ‘skin’ which has developed considerably in the past decades for use in robotics 

and biomedical fields.  

 

 

Figure 2-1: wearable tactile sensors and relevant applications[106] 

 
Many wearable tactile sensors have been developed in recent years [107–110]. Yang et.al.[106] reviewed 

some of the wearable tactile sensors and relevant applications (Figure 2-1), notably including the field of 

robotic and biomedical devices. Wearable tactile sensors are also used as wearable electronic skin for 

monitoring the pressure /force measurement, as shown in Figure 2-2. A wearable tactile sensor can be 

turned into as wearable biomedical device, such as sensing glove to measure the grasp force [111] or 

mounted on hand or vocal cord area to monitor human physical signals [112,113].    
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Figure 2-2: (a) flexible tactile sensor worn on hand for force and temperature measurement [114]; (b) pressure sensor for 

electronic skin and health monitoring [115] 

2.1.1 Tactile Sensing in Biomedical Fields  
Wearable tactile sensors can be used as human or robotic fingertips; these are adaptable to many types 

of manipulation and provide essential information about forces exerted upon an object by detecting the 

fingertip's or grasping ability. Many tactile sensors with force feedback capability are used in 

rehabilitation robots or rehabilitative bio-instruments for grasp and individual finger training. As shown 

in Figure 2-3, Stefanou et.al [116] developed wearable tactile sensor system for upper-limb rehabilitation. 

The force monitoring could help the focus on strengthening muscles for stroke patients or restoring grasp 

for spinal cord injury patients. Such examples are tactile sensors placed on fingertips for rehabilitation 

[117] or as haptic devices and prosthetic hands [118], which are able to gather force information that 

helps physical interaction with the surroundings or as robotic gloves for rehabilitation [119]. Tactile 

sensors also can be used for limb prostheses. Devaraj et.al [120] reviewed the materials for wearable 

sensors for socket prostheses, and Farserotu et.al [121] used smart skin for tactile prosthetics to provide 

a sensation of touch, as shown in Figure 2-4.  

 

Figure 2-3: wearable tactile sensor brace for upper-limb rehabitation[116] 
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Figure 2-4: (a) Socket-skin interface prosthesis[120] (b)using SmartSkin for hand prostheses[121] 

2.1.2 Tactile Sensing in the Field of Robotics 
In field of robotics, tactile information is useful in many ways, such as in grasping and manipulation 

tasks, the information can be used for object recognition and for controlling the force [122]. Over the 

past four decades, many researchers have focussed on developing tactile sensors to improve robotics’ 

grasping and manipulation capability [123]. Also in recent years there has been a growing interest in the 

development of soft robotic devices for interfacing with soft tissue or handling delicate objects [124]. 

Moreover, tactile feedback information and the exactness of force are important factors to provide 

perceptivity in biomedical equipment. In general, tactile sensors provide contact force information, which 

is very helpful for clinical diagnoses, such as for diabetic foot ulcer [125,126], and in minimal invasive 

surgery [127].  

There are many tactile sensors developed and used in robotic and biomedical fields [38,128] and also 

many sensing technologies can turned into human-like robotic grippers. However, some of them are very 

expensive or difficult to fabricate. Therefore, we aim to develop a wearable tactile sensor which can 

measure pressure and provide multi-touch location for the human-like robotics fingers, skin or 

biomedical device and be inexpensive, lightweight and low power.  

The development of an advanced robotic tactile sensor is an active research area. The goal of an advanced 

robotic tactile sensor for robotic finger/gripper is to mimic humans' manipulation and to be able to interact 

with the environment and grasp objects like a human hand. For a robotic gripper to grasp a soft object 

using two fingers without squeezing or damage the object is not an easy task. It is related to the robotic 

gripper's material properties, the force control and the deformability of the gripper surface all of which 

affect the magnitude of the external force applied. Therefore, grasp analysis is no longer a purely 

geometric problem. To safely pick up a soft object, the geometrical deformation is small rather than large. 

Therefore, the robotic gripper has to be soft and have the ability to adapt to this. 
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Many pressure sensors that have been used in robotic applications to control and monitor the gripping 

strength, are also used in many biomedical applications, such as rehabilitation systems for stroke patients 

to train the finger gripping magnitude. The resistive flexible tactile pressure sensor developed by Zhu 

et.al.[129] can detect the pressure during grasping for robotic applications, as shown in Figure 2-5.   

 

 

Figure 2-5: The flecible tacile sensor used in a humanoid robotic hand (a), and the view of this tactile sensor’s multilayer 
structure of (b) [129] 

 
Soft robotic grippers need a sense of touch and a soft and compliant nature, which will give them the 

ability to perform uncertain works and safely interact with humans. However, most of the soft sensors 

used on these robotic grippers are very thin; this means that a thin sensor without substrate could limit 

its deformability capacity, which affects the sensor’s sensitivity. For sensors with a substrate, the sensor 

deformation causes a strain distribution that corresponds to the sensor and substrate structural 

deformation. Therefore, it inhibits preciseness in the sensor’s pressure readings. The right size of the 

substrate, which is able to achieve high sensor sensitivity, needs to be determined, so the sensor’s 

structure design can then further improve its sensitivity. 

2.2 Tactile sensor for robotic hand requirements 
The development of human-like robots requires understanding the principles underlying the behaviour 

of human skin and hand anatomy to mimic the sense of touch closely. Human skin can provide precise 

pressure information and control the force with skin deformation/deformability. Touch and force 

measurements are essential criteria for robotic hand operation. A robotic hand having those functions can 

safely interact with humans or perform a broader range of tasks without causing damage or undesired 

results. One of the critical requirements for producing a robotic hand is developing a skin that can bond 

to its frame/ hand.  
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The touch feedback from interaction with objects is influenced by the size and shape of the contact 

surface area. The finger control will rely on the contact surface shape of the object and the force 

distribution required over the contact area. The biomechanics of the human hand needs to be understood 

prior to developing a robotic hand that can grasp and manipulate objects securely and safely. 

This research aims to develop a soft, flexible sensor that can be used in a robotic hand so that it can grasp 

fragile objects and safely interact with humans. Furthermore, it must be inexpensive, lightweight, and 

have low power requirements. 

2.2.1 Human Touch 
Touch is essential for humans. It provides sensory feedback, which gives vital information about our 

environment, such as temperature, shape, texture, and hardness. It is crucial for dexterous hand 

manipulation, with a tactile perception that can control force and position. Sensory feedback is often 

described as the ‘sense of touch’ or ‘tactile sensing’ [130]. There are some common features humans 

have in the sense of touch, such as (a) thermal sense, (b) roughness of surface texture, (c) sense of slip, 

and (d) pressure and compliance detection (Figure 2-6). 

 

Figure 2-6: Common features in the sense of touch: (a) thermal sense, (b) roughness of surface texture, (c) pressure and 
compliance detection, and (d) sense of slip [131]  

 
The human sense of touch can detect and react to deformations of the skin in contact with objects. A 

human’s sensory system is essential when grasping with the hands and fingers. It is relatively easy for a 

human to pick up an egg without breaking or dropping it because humans have sensory feedback to 

predict the force required to grasp an object. Poor dexterity in robots and biomedical surgical devices 

[128] can lead to complications, e.g., the incorrect application of contact force resulting in damage to an 

object or dropping it.  
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Researchers often employ tactile sensors to measure the tactile perception of the sense of touch, which 

is particularly important when grasping an object and typically involves pressure sensing [41,42,132]. 

When a hand picks up an object, there are two acting forces which are a normal force (contact) and shear 

(sliding) force [133]. An object’s surface difference (i.e., roughness, hardness, softness, etc.) can 

influence the grip force and shear force [134]. When grasping, we try to detect pressure and shear through 

our fingers. Napier [135] points out two ways that humans can achieve stability for any grasping action: 

the power grip and the precision grip (Figure 2-7). The relative force direction between hand and object 

depends on grasping posture [136] shown in Figure 2-8. Furthermore, Siciliano [137] grouped tactile 

sensing in robotics into three functional categories: manipulation, exploration, and reaction/haptics 

(when you are touching/ grasping an object, haptic [35] gives sensations such as stiffness, texture, and 

weight). Therefore, understanding a human’s manipulation characteristics can help us take advantage 

and influence the ability to distinguish objects for robotic tactile sensing. These include: 

1) Manipulation[35,138]: Grasp force control; contact locations and kinematics; stability assessment 

2) Exploration[35,137]: Surface texture, friction, and hardness; thermal properties; local features 

3) Reaction or haptics [35,122]: Detection and reaction to contacts from external agents. 

 

Figure 2-7: Human grasp attributes in terms of analytic grasp measures.  Power grasp and precision grasp. [122] 

 
Accordingly, for a robotic hand to pick up an egg without breaking or dropping it, the following two 

requirements need to be satisfied:  

• Slippage prevention (the need to prevent slippage during manipulation) 

• Sufficient grasping force (the need to prevent breakage during manipulation). 
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Figure 2-8: Power grip and precision grip posture: (a) The power grip–“the object may be held in a clamp formed by the 
partly flexed fingers and palm, counter pressure being applied by the thumb lying more or less in the plane of the palm;” 
(b) The precision grip –“the object may be pinched between the flexor aspects of the fingers and the opposing thumb”
[135]

Since most common robotic hand uses grippers with two parallel plates, a soft finger grasping an object 

would be analogous to two parallel curved plates in contact with the object as shown in Figure 2-9, so 

the elastic force (F) of the finger [35] is: 

𝐹𝐹 =  𝜋𝜋𝜋𝜋𝑑𝑑
2

cos𝜃𝜃𝑝𝑝
              (2-1) 

where d is the maximum displacement of the finger, E is the Young’s modulus of its material and 𝜃𝜃𝑝𝑝 is 

the relative angle between the finger base and the contacting object. 

Figure 2-9: Grasping of a rigid object of two fingers [35] 

Researchers have been motivated to design and fabricate human-like robotic hands, opening a wide 

development area on robotic sensors. Tactile sensing enables tactile information to be obtained during 

physical touch [65]. It can be used for haptic perception and cutaneous perception [104], the sensing 

feedback could recognise the location, size, roughness or smoothness; hardness or softness; stickiness or 

slipperiness of an object [105], which can help robots (and humans) to improve dexterity, grasp/gripping 
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and manipulation. Tactile sensors have been developed considerably in recent decades for use both in 

robotics and the biomedical fields. 

Hammock’s research shows that tactile sensing also could be a way to achieve the sense of touch in 

robots like sensitive skin or electronic skin (E-Skin) [139], which can produce similar characteristics 

similar to humans. Many tactile sensors are already used for grasp control, dexterous manipulation, 

contact point estimation, and slip detection, such as exploration and object characteristic recognition 

[123].  

Over the past four decades, many researchers have focussed on developing tactile sensors to improve 

robotics’ grasping and manipulation capability [38][100][140][141]. There has also been a growing 

interest in the development of soft robotic devices for interfacing with soft tissue or for handling delicate 

objects [124,142,143]. However, as tactile sensors with shear measurement are still immature products 

[144,145], these have not been used commercially in robotics.  

To develop a functional tactile sensor, we should always consider the following criteria [146,100]:  

• Variables and measurable range – pressure, shear forces, torques, slip, etc  

• Response profile – accuracy, bandwidth, hysteresis, creep, aging, etc  

• Resolution in space 

• Desirable properties such as simple mechanical integration, low power consumption, and low 

cost 

In robotics, tactile information is useful in many ways, especially for grasping and manipulation tasks; 

the tactile information can be used for object recognition and control of the force [122]. The most 

common technologies used in tactile sensing include capacitive, piezoresistive, piezoelectric, optical, 

etc.[106] and, in particular, the dielectric elastomer (DE) sensor that will be used here. 

2.3 Dielectric Elastomer (DE) Sensor 
The DE is a class of electroactive polymers (EAPs), which have been used as actuators [147], generators 

[148], sensors [149], and in combination applications. They have been widely used in the fields of 

artificial muscles [150,151], smart robots [52,152], micro-mechanical electronics [153,154], aerospace 

applications [155] and biomedicine [156]. The DE sensor is basically a capacitive sensor that detects the 

change of capacitance; it is soft, flexible, stretchable, and can measure force and deformation.  

DEs are compliant capacitors that expand in area and change thickness when in contact with an object or 

indented when a force is applied. DE sensors are different from piezoresistive sensors in that the 
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capacitance, rather than the resistance, changes when the sensor deforms. It can be made from soft 

materials such as silicone rubber, thermoplastic, etc. 

DE also has a combination of useful properties that make it ideal to use as artificial muscles. DE sensors 

are soft and stretchable [157,158], can be made from inexpensive materials [159], and fabricated into 

many different shapes [160]. Because they are soft and thin, DEs are suitable for measuring tensile strain 

[161] and detecting shear [162], pressure [163], proximity [164], and touch [165]. The flexibility and soft 

nature of DE sensors make them comfortable and versatile. They have also been commercialised for 

different applications (e.g., StretchSense, Auckland, NZ) [166]. The DE capacitive sensor has many 

advantages for humanoid [167] and bio-mechatronics applications [38]. They have also been proposed 

as compression/pressure sensors for robots [44,123,168,169].    

The DE sensor is suitable for measuring large strains and can detect pressure, shear, proximity, and touch 

[157,170] by changing capacitance at low voltage. Capacitance across the elastomer is measured when 

it is deformed by stretching or compressing. 

The DE sensor is a parallel plate capacitor where the capacitance is:   

𝐶𝐶 = 𝜀𝜀𝑟𝑟∗𝜀𝜀0∗𝐴𝐴
𝑡𝑡

          (2-2) 

where, 𝜺𝜺0 and 𝜺𝜺r is the permittivity of the free space and relative permittivity of the dielectric, respectively, 

t is the thickness of the dielectric, and A is the overlapping surface area of the 2 plates. The changes in t 

could be used to measure the normal forces [171]. The surface area, A of the electrodes that can be used 

to quantify the shear force [172].  

Capacitive sensing can be expressed as:  

𝐶𝐶 =  𝜀𝜀𝑟𝑟𝜀𝜀0𝐴𝐴0
𝑡𝑡0

 (𝜆𝜆1𝜆𝜆2
𝜆𝜆3

)         (2-3) 

𝐶𝐶
𝐶𝐶0

=  𝜆𝜆1𝜆𝜆2
𝜆𝜆3

                 (2-4) 

where λ is the corresponding stretch (extension /deformation) ratio.  

For the Uniaxial strain: 𝜆𝜆1 =  𝜆𝜆, 𝜆𝜆2 = 𝜆𝜆3 = 𝜆𝜆−1 2�   therefore, 𝐶𝐶
𝐶𝐶0

=  𝜆𝜆 

For the Biaxial strain: 𝜆𝜆1 =  𝜆𝜆2 = 𝜆𝜆, 𝜆𝜆3 = 𝜆𝜆−2 therefore, 𝐶𝐶
𝐶𝐶0

= 𝜆𝜆4  

For pressure or when the sensor has been squeezed (compression): 
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𝜆𝜆3 =  𝜆𝜆, 𝜆𝜆1 = 𝜆𝜆2 = 𝜆𝜆−1 2�  therefore, 𝐶𝐶
𝐶𝐶0

= 𝜆𝜆−2 

Due to Maxwell stress, the DE may be deformed both in thickness and area, as shown in Figure 2-10. 

Therefore, the mechanical stress in the thickness direction can be calculated using Hooke’s Law, as below: 

Ysz = −ε0εrE2     (2-5) 

where Y is the Young’s modulus and the stain in the thickness direction is sz; ε0, εr, and E are for vacuum 

permittivity, relative dielectric constant, and electric field, respectively.  

In the compression state, the thickness of the DE sensor decreases, and the area expands (Figure 2-10). 

Changes in the DE sensors’ structure may attain a higher strain and larger deformation for a better range 

of measurement[173,174]. 

Figure 2-10: Illustration of the DE sensor expansion in area and change in thickness due to mechanical load 

2.4 Dielectric Elastomer (DE) Sensors for Robotic and Biomedical Applications 
As noted above, DEs have received much attention for soft robotic applications [59] because DE sensors 

are soft and stretchable capacitors that can be made from inexpensive materials [157] and fabricated into 

many different shapes [160]. DE sensors are purposefully thin to maximise the base capacitance of the 

device [175,176] and are suitable for measuring tensile strain [161], shear [162], pressure[163], 

proximity[164], and touch [165]. The flexibility and soft nature of DE capacitive sensors make them 

comfortable and versatile, and they have many advantages for humanoid [167] and bio-mechatronics 

applications [38]. They have also been proposed as compression/pressure sensors for robots, particularly 

in robotic hands [44,123,168,169].  
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Figure 2-11: Robots made from DEs: (a) DE spring roll actuators for a portable force feedback device [177]; (b) biomimetic walking 
robots[178] 

 

Therefore, the DE sensor has been widely used in many robotic and biomedical applications, such as 

shown in Figure 2-11 illustrating devices made from DEs. Robots have also been made to mimic soft 

animals, such as starfish and worms [179,180]. Further, many DE actuators have been used in soft robots 

applications [78,152,158,181]. As well as DE sensor in biomedical applications for rehabilitation or limb 

prostheses[182,183].  

 

Figure 2-12: soft dielectric eleatomer robotic skin [184] 

 
Further development is required to produce a human-like robot has human-like skin with the ability to 

control and measure force, as well has the human deformability skin. DE is one type of technique that 

has a similar modulus or deformability to human skin and is a great choice for robotic human like skin 

development, such as the soft DE robotic skin shown in Figure 2-12. Therefore, many researchers have 

used DEs in their design and developments, which vary from biomedical devices to space robotics [185]. 

In contrast to most alternative technologies, DE sensors have shown good performance and have the 

potential to be mass produced from inexpensive materials. 

Nowadays, robot abilities have progressed in terms of the complexity and precision of movements and 

the accuracy of motion control and level of intelligence. Robotics is intended to perform tasks in the 
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service of humans. In soft robotics, many of the most promising results have not yet been vetted in the 

real world. The usefulness of robots as companions is dubious if they do not mimic humans. Therefore, 

the gap between research discoveries and producing reliable products is often so large that it is impossible 

to envision specific impacts with much clarity. To build a human-like robot that mimics humans, its 

designs should intrinsically link human structure with the robot’s body. A human-like robot should 

contain some human structural elements, such as the skeleton and skin, as shown in Figure 2-13.  

Skin and muscles are the essential parts of a soft robot. In this research, the rigid part of the robot defines 

as the skeleton. The sensors and substrate constitute the skin and muscles, which conform to the skeleton 

or structure, absorbing energy to maintain stability, exhibiting physical robustness and human-safe 

operation at potentially low cost and this is why many researchers [185] have used DE in their design 

and developments. 

 

Figure 2-13: Human skeleton with/without skin [186] 

 
Since DE sensors are very thin, the addition of substrate between the robot structure and DE sensor is 

required to mimic human skin. The softness of the elastic materials of the sensor and substrate can be 

designed in various ways: soft texture, deformable materials, soft movement, variable compliance 

actuators, and perceived softness in friendly and natural interactions with people. The elasticity of DE 

sensor and soft substrate allows reactions with interaction forces, with and without control, and supports 

the bio-inspired approach adopted in robotics and many other disciplines. 
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2.5 Sensor Substrate 
Although there have been many patents for sensor substrate designs, there have not been many research 

papers discussing the effect of substrate on sensors, particularly soft ones. A thin DE sensor as a 

compression force sensor behaves as nearly incompressible and results in a small deformation. Some 

studies have tried to change the sensor's geometry/shape/configuration to increase the sensor’s sensitivity 

[187]. However, a more compliant sensor with more displacement under load does not necessarily lead 

to a better sensitivity in terms of capacitance change per applied force, as increasing the thickness of the 

dielectric increases the inter-electrode separation, which in turn decreases the base capacitance of the 

device. There are other ways of increasing the sensitivity of DE pressure/compression sensors. For 

example, Liu et al. [188] used cylindrical bars and holes. Böse et al. [189,173] used a dielectric layer 

patterned with wave profiles to increase the compressibility (see Figure 2-14). However, both of these 

solutions rely on a complex patterned structure, making such sensors more challenging. 

 

Figure 2-14: The sensor mat with wave profiles from Holger Böse[187] 

 
Some sensors have added substrate as robotic skin [190]. Chen et al. [191] studied paddings for co-robots 

with five different conditions to measure the impact on sensors (Figure 2-15). They noted that appropriate 

padding magnified the change in resistance. But no work has been done on the effects of different 

thicknesses of the substrate on DE sensors. Therefore, in this thesis, the change in capacitance with 

different substrate thicknesses is also investigated.  

 

Figure 2-15: Chen [191] has noted that appropriate padding magnified the change in resistance. (substrate) 
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Many studies have focused on the thin substrate for sensors [192,193]. Most thin substrates were used 

for preventing sensor buckling rather than enhancing the sensor’s sensitivity and deformability. 

Kaltenbrunner et al. [194] used plastic foil substrates for their electronic skin; their substrate was less 

than 2 µm thick (as shown in Figure 2-16); compared with another technique that the silicon force sensor 

bonded with 700 µm substrate wafer shown in Figure 2-18. Bettinger et al. [195] studied PVA dielectrics 

with PLGA substrates (with a 2 mm thick substrate) shown in Figure 2-17. However, these studies did 

not focus on the DE sensor deformability and the impact on DE sensors of different thicknesses. In 

contrast, Lu et al. [196] investigated thin soft substrate sensors' deformability and failure mechanisms.  

 

Figure 2-16: The thin plastic foil substrate [194] 

 

 

Figure 2-17: The 1cm x1cm in area and 2mm in thickness [195] 

 

Figure 2-18: A silicon sensor with substrate structure[197] 
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However, little work has been done on the effect of substrates. Further, there is no research on the impact 

on DE sensor’s sensitivity due to different soft substrate thicknesses. The thin DE sensor has challenges 

with its limited integration into the robotic soft grippers or fingers like human skin, as there are challenges 

for the DE sensor’s deformation with a substrate. 

The main challenge here is to understand the complex relationship between the mechanical properties of 

the DE sensor, the substrate to which the sensor is bonded, and the sensitivity of the sensor. Put it in 

another way, the DE sensors must be designed so that the applied force creates enough deformation 

within the sensor to produce a significant measurable change in capacitance.  

If the sensor is attached on a soft substrate layer, the deformation shape will be influenced, hence the 

sensor's sensitivity. The role of the substrate towards the deformability and sensitivity of the sensor has 

not been studied in detail. Equation (2-2) does not apply for local indentation, and no simple analytical 

model exists. 

Hence, one of the objectives of this thesis is to investigate how soft substrate can enhance the 

deformability and sensitivity of the DE sensor. 

2.6 Motivation and Challenges 
Robotic grippers that can manipulate different objects (rigid and soft) are an essential feature of 

intelligence. Grasping rigid objects has been an active research area over the past two decades [198], and 

the ability to grasp soft objects has been an active area of research in recent years [7].  

This research focuses on developing a robotic multimodal sensor skin, which involves investigations into 

the thickness of the suitable substrate sensor to be used as a robotic skin that has better sensitivity and 

deformability. This includes seeking the optimum thickness of the substrate sensor, alongside the sensor 

touch location and pressure. Currently, no soft sensors include the substrate (effect and optimal solution) 

as part of the sensor design. The research gap is that all robots with a rigid frame need an added substrate. 

Currently, there are different types of substrates made from different available materials. However, a soft 

sensor with an additional substrate will affect and influence a soft sensor’s sensitivity. 

At present, there are no comprehensive sensing systems or sensors that are able to meet all the 

requirements of appropriate deformation for robot manipulation. Most of the technologies available using 

a tactile system do not mimic human finger deformation when gripping an object.  

Although existing electronic sensors have had great success in robotic sensing, most of those sensors 

have limitations, which include the following: 
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1. Poor stretchability 

2. Limitation of softness or deformation 

3. Limitation of fabrication of multimodal purposes.   

Adding a soft substrate as part of the sensor enables an easing grasp compliancy and increasing friction. 

One of the objectives of this thesis is to determine the robotic skin sensor’s gripping capacity by using 

an optimum substrate. 

This research aims to determine how the thickness of substrate used influences the DE sensor’s sensitivity 

and design a suitable multimodal DE sensor with a substrate to use in a robotic gripper. The analytical 

model was developed to find out the optimum substrate for such sensors and their capability of being 

used for different applications, mainly to increase the sensitivity of these multimodal sensors for robotic 

grippers. 

This research aims to develop a practical human-like multimodal sensor skin based on a DE sensor with 

a substrate for robotic grippers. The fundamental mechanisms of the DE sensor need to be fully 

understood.  

There has been minimal research to understand how the substrate could influence an attached sensor and 

its consequent effect on soft robotic control and measurement systems. 

Understanding this substrate effect could therefore have the potential to be a promising avenue to 

improve robotic capacity and capability. Analytical and numerical simulation methods could be 

developed to solve potential interface delamination and deformation challenges associated with the 

sensor layer and substrate.   

The contributions of this research include models for DE sensors and substrate effects; such sensors are 

referred to as a “Multimodal Sensor.” The models developed in this research revealed the design choices 

for determining the variation of the thickness of the substrate used for different load ranges and for 

different applications. The models were then validated for optimum substrate thickness for future sensor 

design. The multimodal sensor was then evaluated as a human-like skin for use by a robotic gripper. The 

sensor was also fabricated and then evaluated on the test bench.  

This thesis aimed to investigate and design fabrication methods of a multimodal substrate sensor, which 

could be used as a robotic skin for grippers and has the capability to sense force and force location. This 

would allow future robots to have a more accurate sense of touch. This extends to the future development 

of robots that could interact more safely with humans, particularly fragile ones. The development of 
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sensors capable of preventing slippage could enable adequate grasp force control during autonomous 

robotic object grasping and manipulation. 

2.7 Chapter Summary 
The purpose of this thesis is to develop human-like multimodal skin based on a practical DE sensor. After 

reviewing the literature and the current understanding of the fundamental mechanisms of how a DE 

sensor can mimic human-like skin, particularly the human ability to feel the touch, locate and control the 

force applied, the gaps in the research have been identified and discussed. As a result, this study is aimed 

at developing a multimodal sensor by investigating and developing a soft substrate that can increase the 

DE sensor’s sensitivity with optimum thickness and fewer sensor elements but more capacitors. 
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Chapter 3 DE Capacitive Sensor with 

Substrate-Modelling  

Unlike human skin, the Dielectric Elastomer (DE) capacitive sensors are thin and hard to deform. The 

aim is to develop a human-like robotic skin and gripper with DE capacitive sensor, which requires adding 

substrate underneath the DE sensor to mimic the softness of human skin so that it can handle delicate 

objects without breaking it or bruising it. This chapter examines the DE sensor structures and particularly 

its sensor substrate effects. Moreover, the relationship of the sensor layer deformation and its geometry 

change the effect. Therefore, one of the objectives is to understand the effect of the compliant substrate 

on the DE sensor and ascertain how its structural behaviour affects the output of sensor deformation and 

sensitivity.  

The commercial finite element analysis software ANSYS was used in this study to simulate the 

deformation of the DE sensor. A method for using the ANSYS model (2D) to define the sensor’s 

deformation and a numerical model to calculate the effect on the capacitance change has been presented. 

ANSYS modelling was used to elucidate the sensor’s geometry change.  

Figure 3-1 shows the substrate sensor development flowchart. This chapter focuses on the FE and 

mathematical models on how the different sensor and substrate thicknesses reacted to different 

indentations. Further, the use of the geometry changes in the ANSYS model to determine the sensor layer 

deformation and to understand the deformability of the sensor is also examined.  

This approach aims to predict the thickness and layer structure of the DE sensor design, including the 

substrate. This is a practical approach for DE sensor design and fabrication that could be applied for 

different purposes. One of the main aims of this study is to develop a capacitive DE sensor that can be 

integrated into a gripper. The utility of this gripper is to grip different shapes of objects from soft (fragile/ 

delicate) to hard (robust/ solid), such as gripping a fruit or a small steel ball. Previous research has been 

conducted on a spherical body compressed on a flat surface [199]. A spherical shape was used as the 

indenter to characterise the mechanical properties of the DE sensor with and without substrate. Many 

studies have focused on thin elastic film indentation problems [200–203]. However, the indentation on 

DE sensors with a substrate has not been investigated yet.  
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Figure 3-1: Substrate sensor development structure flow chart 

 

3.1 Background 
Feedback from mechanoreceptors in human fingers enables humans to judge, for instance, in the case of 

fruit, its ripeness without bruising it and can hold the fruit without dropping it. The soft pads in human 

fingers also reduce the likelihood of pressure concentration. It follows that providing a soft and flexible 

material above the metal fingers of a robotic gripper reduces the pressure peaks that could damage a 

delicate object, as long as the force applied to the structure is monitored. This study proposes a 

force/pressure-sensitive capacitive sensor based on dielectric elastomers that provide direct force 

feedback to the gripper control and give a soft, finger-pad-like interface to the structure being 

manipulated. When applied force to the DE force sensor, the softness of the DE sensor causes its 

deformation, which affects its capacitance change and its sensitivity [204,205] depending on the amount 

of change in capacitance per unit force. 

3.1.1 Gripper contact parameters 
The targeted application of this sensor is a gripper for a humanoid robot. Jones et al. [206] identified that 

the force sensing range or the grasp force requirements for the human hand is in the 10 N range, in both 
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normal and shear directions. The contact area is between 0 to 250 mm2 with a displacement of 0 to 2.5 

mm [35].   

Many gripping systems have been developed [44,207], including those that mimic the human hand 

[208,123]. To handle fragile and delicate objects with high dexterity requires grippers that, like human 

hands, have sensory feedback that enables effective force/pressure control to promote dexterity and avoid 

damage [209]. An illustrative example is picking up an egg without breaking it or a soft fruit without 

bruising it, but with enough gripping force to hold it securely. A DE tactile sensor could be an excellent 

fit for such applications due to its soft, stretchable, and deformable characteristics [210]. However, most 

DE sensors are thin and incompressible and, when bonded to a robotic hard surface, their stretch ability 

and sensitivity are minimal.   

Therefore, based on these recommendations, the following set-up was used in this study: 

• The sensor was fabricated using a 20 mm diameter circular shape to match human finger features 

• Force ranges were set within 10 N for the finite element (FE) model and experimental tests  

• Commercial software ANSYS was used to simulate the deformation of a sensor plus substrate in 

contact with rigid and soft indenters 

• A custom MATLAB script was written to calculate the capacitance change as a result of the 

simulated deformation. 

3.1.2 Hertz contact theory 
Initially, the basic Hertz contact theory was considered, which was used to develop the ANSYS model. 

The Hertz contact theory is based on the following assumptions: a) bodies have frictionless contact; b) 

strains are small and with elastic limit; and c) surfaces are continuous and non-conforming. In addition, 

each body can be considered an elastic half-space. However, since there is friction between the finger 

and object during contact, the Hertz contact theory was unsuitable for this study model. In order to 

properly model the grippers, it was necessary to add a model of frictional contact, which was later 

validated with experimental tests. 

This study postulated that the Hertz contact theory would not match this model since:  

• The contact is assumed to be frictionless, but this does not apply to this model (friction) in reality  

• The Hertz contact plane is assumed to be infinitely soft in thickness depth, but the sensor has a 

limited thickness and a rigid base.  
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Therefore, the displacement between the Hertz contact model and the developed ANSYS model should 

be different, and the developed ANSYS model data matched data from the experimental test. Thus, it 

was concluded that the Hertz contact theory was deemed unsuitable for calculating the contact radius and 

contact pressure for this study. 

Considering friction and ‘complex’ geometry or nonlinearity of elastic properties, the contact problems 

may not fall into Hertzian elastic or frictionless categories. Therefore, it requires modelling by some 

numerical means [211]. Due to the substrate effects, the sensor’s geometry and sensor sensitivity will be 

different. The pressure distribution on a sensor with a substrate considers the substrate’s deformation and 

dynamic effects. The indentation depth is less on the DE sensor with substrate than for the DE sensor 

without substrate bonded with hard surface. 

Referring to the Hertz Contact, if both bodies are elastic, the Equation is: 

1
𝜋𝜋𝑟𝑟

=  (1−𝑣𝑣2)
𝜋𝜋

+ (1−𝑣𝑣𝑖𝑖2)
𝜋𝜋𝑖𝑖

 (3-1) 

where E and 𝑣𝑣 are Young’s modulus and Possion’s ratio for the DE sensor and 𝐸𝐸𝑖𝑖 and 𝑣𝑣𝑖𝑖 are the same 

parameters for the indenter. The maximum pressure is calculated in: 

𝑃𝑃𝑚𝑚 = 2
𝜋𝜋
∗ 𝐸𝐸𝑟𝑟 ∗ (𝑑𝑑

𝑅𝑅
)1 2�         (3-2) 

where d and R are displacement and indenter radius, respectively. 

Sneddon [212,213] made a significant contribution regarding the relationship between load, displacement, 

and contact area for the indentation, which can be written as Equation (3-3): 

𝑃𝑃 = 𝛼𝛼ℎ𝑚𝑚 (3-3) 

where p is the indenter load, h is the elastic displacement of the indenter, and 𝛼𝛼 and m are the constants 

for spheres with a small displacement limit of m =1.5. 

Based on the load-displacement, the stiffness of the contact material was studied by Buylchev et al. [214], 

who demonstrated that the elastic contact theory in Equation (3-4) could be applied for spherical 

indenters: 

𝑆𝑆 =  2
√𝜋𝜋
𝐸𝐸𝑟𝑟√𝐴𝐴    (3-4) 

where 𝐸𝐸𝑟𝑟 is the reduced modulus in Equation (3-1) and A is the area of elastic contact.
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Load and displacement have been extensively studied for different materials. For instance, Tabor [215] 

performed experiments on a rigid spherical indenter into a softer metal to study material elasticity. In the 

current study, the axisymmetrical indentation on soft silicone was used. A steel ball was introduced to 

perform as an object/indenter to come into contact with a DE (soft silicone) sensor to elucidate the 

deformation of the thin DE sensor with different thicknesses of substrate (no substrate or too little and 

too much substrate) when force was applied. The contact radius, a, could be smaller than the silicone 

(DE sensor) thickness, h, which depends on the substrate thickness. A rigid surface could then support 

this sensor. Therefore, if the sensor was thin and therefore incompressible, then the equation 

corresponded to the displacement is:  

∇2𝑢𝑢𝑟𝑟 −
𝑢𝑢𝑟𝑟
𝑟𝑟2

=  1
𝜇𝜇
𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟

(3-5) 

∇2𝑢𝑢𝑟𝑟 =  𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟

 (3-6) 

where (r, θ, z) are the cylindrical coordinates, and the stress components in terms of displacement are: 

𝜎𝜎𝑟𝑟𝑟𝑟 =  −𝜎𝜎 + 2𝜇𝜇 𝜕𝜕𝑢𝑢𝑟𝑟
𝜕𝜕𝑟𝑟

 (3-7) 

𝜎𝜎𝜃𝜃𝜃𝜃 = −𝜎𝜎 + 2𝜇𝜇 𝑢𝑢𝑟𝑟
𝑟𝑟

(3-8) 

𝜎𝜎𝑧𝑧𝑧𝑧 = −𝜎𝜎 + 2𝜇𝜇 𝜕𝜕𝑢𝑢𝑧𝑧
𝜕𝜕𝑟𝑟

(3-9) 

𝜎𝜎𝑟𝑟𝑧𝑧 = 𝜇𝜇(𝜕𝜕𝑢𝑢𝑟𝑟
𝜕𝜕𝑧𝑧

+ 𝜕𝜕𝑢𝑢𝑧𝑧
𝜕𝜕𝑟𝑟

) (3-10) 

and, 

𝜎𝜎 = −1
3

(𝜎𝜎𝑟𝑟𝑟𝑟 + 𝜎𝜎𝜃𝜃𝜃𝜃 + 𝜎𝜎𝑧𝑧𝑧𝑧) (3-11) 

Therefore,  

𝑢𝑢𝑧𝑧 = 𝑓𝑓(𝑟𝑟)         𝑓𝑓𝑓𝑓𝑟𝑟  𝑟𝑟 < 𝑎𝑎 (3-12) 

2𝜋𝜋 = ∫ 𝜎𝜎𝑟𝑟𝑟𝑟
𝑎𝑎
0 (𝑟𝑟, 0)𝑟𝑟 𝑑𝑑𝑟𝑟 = 𝐹𝐹 (3-13) 

𝜎𝜎𝑟𝑟𝑧𝑧(𝑟𝑟, 0) = 0 (3-14) 

and, 
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𝜎𝜎𝑧𝑧𝑧𝑧(𝑟𝑟, 0) = 0     𝑓𝑓𝑓𝑓𝑟𝑟  𝑟𝑟 > 𝑎𝑎             (3-15)  

where f (r) is the indentation depth corresponding to the indenter material properties, F is the applied 

force, and a is the contact radius. As this is on friction contact, 

𝑢𝑢𝑧𝑧(𝑟𝑟,ℎ) = 𝑢𝑢𝑟𝑟(𝑟𝑟, ℎ) = 0  (3-16) 

The axisymmetry model applied in this study was based on properties of the Bessel functions:  

𝜎𝜎 =  ∫ 𝜔𝜔(𝑥𝑥, �̃�𝑧)𝑥𝑥𝐽𝐽0(𝑥𝑥�̃�𝑟)𝑑𝑑𝑥𝑥∞
0   (3-17) 

There are four deformation regimes of elastic-plastic indentation [203]: linear elastic-plastic (LEP), 

nonlinear elastic-plastic (NEP), transient fully plastic (TFP), and steady-state fully plastic (SSFP). In this 

study, the contact force between the object and DE sensor was relatively small and it only up to 10 N, 

and the deformation most likely with linear regime. Therefore, the deformation regimes for LEP were 

used for the ANSYS model.  

Based on the load and displacement knowledge and the relationship between the object and indentation, 

the developed FEM model corresponding to these theories is now introduced.  

3.1.3 Finite Element Analysis 
In the proposed DE sensor shielded structure shown in Figure 3-2, electrodes and the thicker dielectric 

layer are shown in light blue and white, respectively. The thicker dielectric layer at the bottom is the 

substrate within the sensor. The relationship between sensor layers and substrate has been considered 

homogeneous, and the entire sensor used the same dielectric material. Therefore, the ANSYS simulation 

was based on the assumption that the substrate and sensor itself have the same material properties.   

The use of ANSYS on sensor modelling is to determine the relationship between the applied load via 

sensor deformation with the properties and relations of points, lines, surfaces, and solids. 

 

 

Figure 3-2: Define DE sensor layers, this substrate DE sensor included dielectrics and electrodes, the light blue layers 
are the electrodes, toplayer and thirdlayer are the ground electrodes, and secondlayer is the signal electrode; the white 
color are the dielectrics.  
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The first study developed a finite element method (FEM) model in ANSYS. Different DE sensor 

thicknesses were chosen in contact with the same diameter indenter to compare the displacement of the 

sensor in this ANSYS simulation model. The exact size steel ball was used to indent the DE sensors with 

different substrate thicknesses. When the load was applied, the sensor was indented, and the sensor’s 

layers deformed. The thicknesses of the different substrates and the deformation of the sensors’ layers 

were also different. The displacements for the DE sensor without and with the substrate are different, 

which means the sensor deformation was different when the same force was applied, as shown in Figure 

3-3 (with applied forces of 1 N and 2 N).

Figure 3-3:  The displacement of 1N and 2N force applied for DE sensor without and with a substrate, the basic DE sensor 
without substrate is 0.6 mm thick; the shielded DE sensor without substrate is 1 mm thick, and the substrate DE sensor is 
the shielded DE sensor (1 mm) + substatrte thickness (1 – 11 mm)  

Then the model was used to predict the behaviour of different sensor configurations under compression 

by different indenters varying in size and stiffness. The developed ANSYS model to simulate the 

penetration depth of the indenter as a function of the sensor thickness was used. The sensor configuration 

did not influence the results as this was a purely mechanical simulation, and the stiffness of each layer 

was considered identical.  

3.2 DE sensor deformation phenomenon 
Most commercial pressure and stretch sensors are usually thin, as shown in Figure 3-4.and because of 

this, when integrated into robots or robotic grippers, they could break fragile objects being grasped. 
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Therefore, a soft substrate is introduced, acting as a cushion between the rigid gripper structure, the 

sensor and the object being grasped. However, the softness of the substrate may affect sensor sensitivity. 

This study investigates how the substrate influences and affects the sensor’s sensitivity, deformation 

ability, and force measurement.  

Many studies have focused on  indentation problems [202,216,200] with a thin elastic film. However, 

the indentation on thicker or different thickness of DE sensors with or without substrate has not yet been 

studied.  

 

Figure 3-4: Stretch sensors and pressure sensors 

3.2.1 The effect on DE sensor without substrate or with a thin substrate  
The basic structure of a circular Dielectric Elastomer capacitive compression sensor is depicted in Figure 

3-5; a dielectric elastomer is sandwiched between parallel compliant electrodes.  

 

Figure 3-5: The Basic Dielectric Elastomer capacitive compression sensor  

 
As the indented layer is thin compared to the indenter size and the width of the contact is small relative 

to the sensor’s diameter, the classical Hertz contact theory to describe the load depth curve resulting from 

indentation is not valid. Therefore, the analysis was conducted on the indentation of the DE sensor using 

an experimentally validated finite element analysis (FEA) over a range of sensor designs and indenter 

sizes, loads and stiffnesses. From the deformation data, the expected capacitance change of the sensors 
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in-silico can be calculated. From these data, a prescription was developed for the substrate thickness that 

will optimise the sensor response and sensitivity. 

The ANSYS simulation demonstrated that very thin sensors are difficult to deform, as shown in Figure 

3-6, because the force distribution, sensor deformation, and measurement are limited. 

 

Figure 3-6: Thin DE sensor deform phenomenon 

 
Suppose the DE sensor has a very thick dielectric spacer (blue) between the electrodes (black). In that 

case, this does not necessarily lead to a measurable change of capacitance, as shown in Figure 3-7. This 

could be mitigated by making the sensor much thicker. However, a more compliant sensor with more 

displacement under load does not necessarily lead to a measurable change of capacitance either, as 

increasing the thickness of the dielectric increases the inter-electrode spacing and decreases the base 

capacitance of the device. This effect will be explained in detail later in this chapter. 

 

Figure 3-7: Sensor bulging out on the side  

3.2.2 DE sensor effect on a thick substrate 
The contact conditions should be very different if the sensor is bonded to a soft thick substrate that is 

attached to a rigid surface on the other side, as depicted in Figure 3-7. A soft and thick substrate will 

yield, allowing tensile strains to develop within the sensor [217].  However, if this soft substrate is too 
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thin, it would have little or negligible effect on the sensor sensitivity and deformation, and the change of 

capacitance will remain small. 

Having a thick substrate not only increases the mass unnecessary, but it could also cause the sensor to 

over-deformed with most of the applied force absorbed. Hence, the sensor’s sensitivity and capacitance 

output would be reduced.  

Hence, the research question raised here is whether is there an optimum substrate thickness for different 

forces. The aim is to determine the optimal thickness of the substrate that can produce the right amount 

of deformation and with a reasonable capacitance value. An optimum substrate thickness exists, as shown 

in Figure 3-8, will enable sensor design with optimum sensitivity. 

 

Figure 3-8: Projected sensor with optimum size 

 
ANSYS simulations were executed for different sensor thicknesses, with and without substrates. 

Simulations with varied applied force and different indenter sizes to investigate the impact on the 

different thicknesses of the substrate to understand the sensor's deformation phenomenon was also 

conducted. The mathematical solution was applied to gain an understanding of the effect on the sensor 

deformation under the conditions listed above.  

With all the different conditions applied, the results of the ANSYS simulation indicated that the 

thicknesses of the substrate could play a significant part in the DE sensor’s deformability.  

3.3 DE sensor define and capacitance calculation 

3.3.1 Capacitance calculation theory 
The DE sensor deformed due to applied force when it came into contact with an object, which changed 

the sensor's geometry and, thereby, the sensor’s capacitance due to changes in the contact area and 
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thickness of the dielectric spacer. The basic structure of a circular Dielectric Elastomer compression 

sensor is depicted in Figure 3-5: A dielectric elastomer is sandwiched between parallel compliant 

electrodes. Due to the volume incompressibility of the material, stretch or pressure caused by external 

forces increases the area A and decreases the thickness t of the dielectric, which results in a capacitance 

increase.  

 The DE sensor can therefore be considered as a parallel plate capacitor, and capacitance C is given by: 

𝐶𝐶 = 𝜀𝜀𝑟𝑟∗𝜀𝜀0∗𝐴𝐴
𝑡𝑡

                           (3-18) 

where 𝜺𝜺r is the relative dielectric constant of the material, 𝜺𝜺0 is the permittivity of the free space, t is the 

thickness of the dielectric, and A is the surface of the electrodes. In this study, the DE sensor was circular; 

therefore, 𝐴𝐴 = 𝜋𝜋𝑟𝑟2.  

For sensors designed to measure tensile stretch, the equation applies to the deformed state, with an 

increased area and decreased thickness (because of volume conservation). The focus of this study is on 

humanoid soft robotic grippers/hands. Hence, the Liquid Silicone Rubber (LSR) DE sensor was chosen; 

this material has a low Young’s modulus and is therefore soft and sensitive to low forces. A FE model 

was developed in this study to investigate the effect on the DE sensor’s sensitivity of different LSR 

substrate thicknesses. For practical applications, it is often desirable to fabricate DE stretch sensors in a 

shielded arrangement so as to avoid noise from electric fields in the vicinity of the sensor or crosstalk 

from adjacent sensors. In the shielded configuration [218], it has two sensors back-to-back (Figure 3-9a). 

The signal electrode is in the middle so that the top sensor's polarity opposes the bottom one's polarity. 

The combined fields are almost cancelled, and this substantially reduces the noise associated with 

external fields. Thus, the capacitance doubled as it is similar to 2 capacitors in parallel. This study is 

restricted to the DE sensor with this shielded configuration. for the remainder of this thesis  

The dielectric that lies between the electrodes is typically 200 𝜇𝜇m to 500 𝜇𝜇m thick [219,220], with 

Young’s modulus between 0.1 MPa and 3 MPa [179]. Referring to Equation 3-18, it is clear that keeping 

the dielectric thin is good for promoting a high capacitance. A high capacitance is also suitable for 

improving sensitivity and reduce the effect of parasitic capacitance. However, if the sensor is operating 

in localised compression (Figure 3-9b), a very thin dielectric bonded to a rigid non-yielding substrate is 

difficult to deform due to its inherent incompressibility.  

If the DE sensor is relatively thin, the compression sensitivity of the sensor is limited. Therefore, it is not 

capable of detecting low forces. To better understand this effect, the geometry changes of LSR DE 

sensors with different thicknesses were modelled. It was found that if the sensors were too thin, the 
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deformation would be small and there was bulging around the contour of the indenter (Figure 3-6). If the 

sensor was too thick, it bulged around the side walls (Figure 3-7). However, there could be an optimal 

thickness for the proposed LSR DE sensor. For volume incompressibility, the product of the stretch ratios 

will be unity: 

1 = 𝜆𝜆𝑡𝑡𝜆𝜆𝑟𝑟2             (3-19) 

where 𝜆𝜆𝑡𝑡 is the stretch ratio in the thickness direction and 𝜆𝜆𝑟𝑟is the stretch ratio in the radial direction. 

This can be rearranged as: 

𝜆𝜆𝑡𝑡 = 1
𝜆𝜆𝑟𝑟2

           (3-20) 

Thus, if a thin sensor is fixed to a rigid interface, then the stretch ratio 𝜆𝜆𝑟𝑟will remain as unity, and so will 

the through-thickness stretch ratio 𝜆𝜆𝑡𝑡 when a homogeneous force is distributed over the entire surface of 

the sensor. However, a homogenous force is not the most representative configuration for object 

manipulation. It can be expected that a thin silicone sensor bonded to a rigid robotic manipulator to 

deform in the immediate region of contact.  

Suppose the object’s surface is spherical, for instance, like a ball bearing or some delicate objects handled 

by grippers. In that case, the deformation will be confined to a narrow zone defined by its radius of 

curvature, the thickness of the silicone layer, its modulus and the force supplied to grip it [221]. When 

human fingers are used to pick up the ball bearing, the contact conditions will be very different; the soft 

pads of human fingers will deform around the rigid object, conforming to its shape and increasing the 

contact area over which the gripping forces act. The pressure will be distributed over a wider area. This 

is especially important when gripping compliant objects, such as fruits, to avoid unwanted bruising 

deformations from the contact interaction. Overall loading must be kept low; if the delicate object such 

as apple or orange is being handled by a robot with poor pressure sensitivity, bruising of the apple or 

orange might occur before the robotic manipulator senses the gripping force.  

This problem could be mitigated by making the sensor much thicker, which will increase the deformation 

caused by the object (Figure 3-9b). However, a more compliant sensor with more displacement under 

load does not necessarily lead to a better sensitivity in terms of capacitance change per applied force, as 

increasing the thickness of the dielectric increases the inter-electrode separation, which decreases the 

base capacitance of the device. There are other ways to increase the sensitivity of DE pressure sensors. 

For example, Liu et al. used cylindrical bars and holes [188]; and Böse et al. used a dielectric layer 

patterned with wave profiles to increase the compressibility [189,173]. However, both solutions rely on 

a complex patterned structure, making the sensors more challenging to manufacture.  
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This research proposes a simple alternative approach and that does not require micropatterning of the 

dielectric layers. The contact conditions will be very different if the sensor is bonded to a soft substrate 

as an underlayer, as depicted in Figure 3-8. A soft substrate allows the four edges to bulge when 

compression stress is applied [217]. However, if this soft substrate is too thin, it would have a little or 

negligible effect on the sensor’s sensitivity and the overall deformation. Moreover, if the substrate 

becomes too thick, then unnecessary bulging occurs at the edges. This suggests the existence of an 

optimal substrate thickness. 

The challenge here is understanding the complex relationship between the mechanical properties of the 

sensor, the underlayer substrate to which the sensor is bonded, and the sensor's sensitivity to the changes 

in loading. In another way, DE sensors must be designed so that the applied force creates sufficient 

deformation within the sensor to produce a measurable change in capacitance. A finite element model 

(FEM) was developed in ANSYS to understand the effect of substrate thickness on the change in 

geometry. The deformed geometry was imported into a Matlab simulation to calculate the deformed 

sensor's capacitance. Simulations were performed in ANSYS for different sensors thicknesses, with and 

without substrates. The force applied by the indenter (to mimic an object) and the size of the indenter 

was also varied.     

 

Figure 3-9: (a). Overview of the Shielded Dielectric Elastomer sensor (five- layer DE sensor); the black layers are 

electrodes (carbon-loaded silicone); the top and bottom layers are the ground electrodes; the middle layer is the signal 

electrode. The two light blue colour layers are the dielectric layers, each with a thickness t/2. (b). Dielectric Elastomer 

capacitive sensor with a very thick dielectric spacer (blue) between the electrodes (black) does not necessarily lead to a 

measurable change of capacitance due to its low base capacitance and therefore low sensitivity; (c). The proposed sensor 

with maximized sensitivity due to optimized substrate thickness. 

Thus, bonding onto a soft and stretchy substrate can potentially improve deformability [191]. As such, 

this is a structural mechanics problem. The material property and thickness of the substrate are important 

parameters that influence the sensitivity of the sensor [191]. This is important for designing sensors for 

delicate robotic gripper applications, such as manipulating fruits without bruising them.  
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The FE model assists with the understanding of the influence of the soft substrate layer on the 

deformation shape, and hence the sensor's sensitivity. The role of the substrate in the deformability and 

sensitivity of the sensor has yet to be studied in detail. For local indentation, Equation 3-1 is not 

applicable, and no simple analytical model exists. To study this problem, a hybrid method with two 

models was developed: a FE method model to calculate the deformed shape of the sensor during 

indentation and a numerical model that calculates the capacitance of the deformed shape. Then this 

approach was used to identify the most suitable compressive DE sensor configuration for optimal 

sensitivity in compression. 

A spherical shape indenter was used to characterise the mechanical properties of the DE sensor with and 

without substrate. Many studies have focused on thin elastic film indentation problems [200,201, 

202,216]. However, the indentation on different thicknesses of DE sensors with substrate has yet to be 

investigated.  

The change in capacitance for a particular LSR sensor with different substrate thicknesses was studied. 

The sensors were subjected to loading by a spherical surface that represents the object contact surface. 

Indenters with three different hardness were chosen to represent a broad range of materials: a steel ball, 

an apple, and an orange. Three different indenter diameters were also used, to represent objects of 

different dimensions.   

The targeted application of this sensor is a robotic hand. Jones et al. [206] identified that the force sensing 

range or the grasp force requirements for the human hand are in the 10 N range, in normal and shear 

modes. The contact area is between 0 to 250 mm2 with a displacement of 0 to 2.5 mm [35].  Consequently, 

the sensor was fabricated with a 20 mm diameter circular shape to match human finger features. The 

force ranges were chosen up to 10 N, both in the modelling and the experimental tests. 

Given the relatively small thickness of the indented layer compared to the indenter size, the classical 

Hertz contact theory is not valid in this case to describe the load depth curve resulting from indentation. 

Therefore, the indentation of the DE sensor through a finite element analysis (FEA) was analysed to 

understand the relationship between the indentation (applied load) and the deformation of the DE sensor 

in this chapter. For this model, a FEM model (ANSYS) was first used to calculate the deformation of the 

sensor/substrate’s combinations of different thicknesses as a function of the indenter size, stiffness, and 

applied force. The nodal displacement data from the simulations were then extracted and transferred to 

MATLAB and used to calculate the device's capacitance. 
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3.3.2 DE Sensor deformability modelling 
A small force applied to an indenter was used to characterise the mechanical properties of the small DE 

sensor, with and without substrate. The resultant structures (with and without substrate) were then 

compared. The deformation and stress field in the DE substrate sensor structure was more complicated 

due to the difference in substrate thicknesses – the difference in stiffness led to the sensor layer deforming 

differently and demonstrated that the analysis of the mechanical behaviour of the DE sensor structures 

was no longer valid in describing the load depth curve for the indentation based on the classical Hertz 

contact theory. Therefore, it was necessary to analyse the indentation of the DE sensor using finite 

element analysis and compare the results to experimental tests to study the mechanical behaviour of DE 

sensor structures and better understand the integrity of the DE sensor deformation. 

The modelling study was as follows: 

1. Finite element analysis (FEA) was employed to understand the relationship between the

indentation (applied load) and deformation of the DE sensor, based on Johnson's Contact

Mechanics theory of Hertz contact [222], within the context of classical elasticity theory

2. The classical contact mechanics assumes the deforming materials to be isotropic and

homogeneous

3. Finite Element Method (FEM) simulation and modelling was compared to experimental tests

4. FEA solutions were based on the force requirement of a human-like DE sensor grippers then the

results were input to the numerical models in MATLAB to determine and evaluate any

capacitance changes due to deformation

5. The ability of substrate (padding) variations to enhance the sensitivity of DE capacitive

compression sensors was analysed.

The isotropic linear elastic material, which occupied the boundary condition by fixing the bottom 

(padding base) of the sensor’s surface was evaluated. The following assumptions were made:  

• The contact with the indenter is spherical

• The range of force was up to 10 N

• The sensor and the substrate were made from the same material (silicone)

• FE’s mesh element size was 0.05 mm

• The analysis was set in an axisymmetric model.

After the FEM simulation, the ANSYS MESH nodal points of the deformed sensor were imported into 

MATLAB to calculate the capacitance of the deformed sensor. Based on the basic DE sensor structure, 

a few different sensor arrangements were designed and fabricated. An Instron (universal testing) machine 
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was used to test and calculate the sensor’s material properties. Young’s modulus and Poisson’s ratio 

values used for both the electrodes and the DE are E = 0.55 MPa and v = 0.49, respectively.  In addition, 

the sensor is considered as a single block of homogenous material. Modelling and testing were done 

using different thicknesses and substrate sizes for the basic DE sensor layer and shielded DE sensor, 

respectively. The sensor thicknesses, tsensor used range from 1 mm to 10 mm, with a 1 mm increment for 

each test and aimed at understanding the potential impact of different substrate thicknesses on the sensor. 

Spherical indenters of different sizes were used to understand the relationship between the force and 

capacitance change during indentation for the indenter’s diameter ranging from 10 mm to 40 mm. The 

standard material properties of steel for the indenter was used. 

3.3.3 Capacitance calculation 

3.3.3.1 Geometry data to calculate the capacitance change 

Geometry changes within the DE sensor layers were used to identify capacitance changes in this study. 

Importing deformed geometry data from ANSYS (expounded in this chapter and validated in Chapter 4) 

was crucial in calculating the change in capacitance. The subsequent steps were as follows: 

1. Split the deformed area into ring capacitors, as indicated in the illustration below

2. 'Unroll' these rings to make them straight strips of capacitors

3. Calculate the capacitance of each ring and sum them.

To calculate the ring capacitance shown in Figure 3-10: 

• Treat each ring as a capacitor with non-parallel plates

• z1 and z0 are the two different heights of the sloped capacitor

• 𝜃𝜃 is the angle between the plates

• 𝑥𝑥,𝑦𝑦 are the inner and outer radii of the capacitor ring, respectively.

Figure 3-10: The capacitor illustration in split view (a) the indentor view; (b) the deform sensor view; (c) the indented 
sensor split in small capacitor unit,compare the different heights of sloped capacitor 
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With the capacitance now ready for 2D analysis, it can be used to calculate the capacitance for the basic 

DE sensor and the shielded DE sensor, with and without substrate, as outlined below. 

Basic DE capacitive sensor 

The following algorithm was used to calculate the capacitance from the basic DE sensor ANSYS model 

simulation data:  

𝑑𝑑𝐶𝐶 = 𝜀𝜀 ∗ 𝑑𝑑𝐴𝐴
𝑑𝑑𝑧𝑧

  (3-21) 

where: 𝑑𝑑𝐴𝐴 =  𝑦𝑦1 ∗ 𝑑𝑑𝑥𝑥 ,  𝑑𝑑𝑧𝑧 = 𝑧𝑧0 + 𝑥𝑥 ∗ 𝑡𝑡𝑎𝑎𝑡𝑡𝜃𝜃 , x1, y1 is the first element of inner and outer direction 

capacitor ring in Figure 3-10 (c).  

𝐶𝐶 =  ∫ 𝜀𝜀 ∗ 𝑦𝑦1∗𝑑𝑑𝑑𝑑
𝑧𝑧0+𝑑𝑑∗𝑡𝑡𝑎𝑎𝑡𝑡𝜃𝜃

𝑑𝑑1
0

(3-22) 

𝑧𝑧 = −�𝑅𝑅2 − 𝑟𝑟2 

For the basic DE capacitive sensor without indentation, the following relationship of z(r) should be used: 

𝑧𝑧(𝑟𝑟) = 𝑡𝑡 + 𝑅𝑅 − √𝑅𝑅2 − 𝑟𝑟2           (3-23) 

 When r = 0; 𝑧𝑧(𝑟𝑟) = 𝑡𝑡 + 𝑅𝑅 − √𝑅𝑅2 = 𝑡𝑡

 When r = R; 𝑧𝑧(𝑟𝑟) = 𝑡𝑡 + 𝑅𝑅 − √𝑅𝑅2 − 𝑅𝑅2 = 𝑡𝑡 + 𝑅𝑅

Figure 3-11: Without indentation relationship between the indenter and the sensor 

However, the z (r) boundary conditions for the basic DE capacitive sensor with indentation was as follows: 

𝑧𝑧(𝑟𝑟) = 𝑡𝑡 + 𝑅𝑅 − √𝑅𝑅2 − 𝑟𝑟2 − 𝑖𝑖             (3-24) 

 When r = 0; 𝑧𝑧(𝑟𝑟) = 𝑡𝑡 + 𝑅𝑅 − √𝑅𝑅2 − 𝑖𝑖 = 𝑡𝑡 − 𝑖𝑖
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 When r = R; 𝑧𝑧(𝑟𝑟) = 𝑡𝑡 + 𝑅𝑅 − √𝑅𝑅2 − 𝑅𝑅2 − 𝑖𝑖 = 𝑡𝑡 + 𝑅𝑅 − 𝑖𝑖

Figure 3-12: With indentation relationship between the indenter and sensor 

To define the integration range for spherical indenter, the function describing the z-coordinate of the 

indentation should be similar to cylinder indenter, which is: 

𝑧𝑧(𝑟𝑟) = 𝑡𝑡 + 𝑅𝑅 − √𝑅𝑅2 − 𝑟𝑟2 − 𝑖𝑖    (3-25) 

Thus, the total capacitance of the DE sensor is Ctotal = C1+C2+C3+…… 

Figure 3-13: The view of the capacitance change when indented 

The area for the spherical indenter, which looks like a doughnut, is different to the cylinder one with an 

infinitesimally wide rectangle as shown below:   
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Figure 3-14: The indented sensor side view (a) and top view (b) 

Shielded DE capacitive sensor  

The shielded DE capacitive sensor was fabricated and used in this study. For the shielded DE sensor, the 

calculation would be:      

𝑑𝑑𝐴𝐴 = 2∗𝑟𝑟∗𝜋𝜋
2

∗ 𝑑𝑑𝑟𝑟 = 𝜋𝜋 ∗ 𝑟𝑟 ∗ 𝑑𝑑𝑟𝑟  (3-26)              

𝑑𝑑𝐶𝐶 = 2 ∗ 𝜀𝜀 ∗ 𝑑𝑑𝐴𝐴
𝑑𝑑𝑧𝑧

   (3-27) 

Therefore, the capacitance of the indented area was: 

𝐶𝐶 = 2 ∗ 𝜀𝜀 ∗ ∫ 𝜋𝜋∗𝑟𝑟∗𝑑𝑑𝑟𝑟
𝑡𝑡+𝑅𝑅−𝑖𝑖−√𝑅𝑅2−𝑟𝑟2

𝑟𝑟=�𝑅𝑅2−(𝑅𝑅−𝑖𝑖)2

𝑟𝑟=0  (3-28) 

The calculation of the total capacitance, which also includes the capacitance of the undeformed area, was 

as follows: 

𝐶𝐶𝑢𝑢𝑡𝑡𝑑𝑑𝑢𝑢𝑢𝑢𝑢𝑢𝑟𝑟𝑚𝑚 =  𝜀𝜀0∗𝜀𝜀𝑟𝑟
𝑡𝑡

∗ �𝑤𝑤 ∗ 𝑙𝑙 − 𝑅𝑅𝑑𝑑𝑢𝑢𝑢𝑢2 ∗ 𝜋𝜋�        (3-29) 

where the indenter radius was   𝑅𝑅𝑑𝑑𝑢𝑢𝑢𝑢 = �𝑅𝑅2 − (𝑅𝑅 − 𝑖𝑖)2  and 𝐶𝐶 = 𝜀𝜀 ∗ 𝐴𝐴𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑟𝑟𝑢𝑢
𝑡𝑡
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Figure 3-15: The overview of an  indented circular shapes within of (a)  the rectangle DE sensor, (b) the outer circular-
shapedwith radius, R is the radius of the circular sensor, and smaller Rdef is the radius of the deformation 

The calculation for the round / circular-shaped DE sensor was: 

𝐶𝐶𝑢𝑢𝑡𝑡𝑑𝑑𝑢𝑢𝑢𝑢𝑢𝑢𝑟𝑟𝑚𝑚 = 𝜀𝜀0∗𝜀𝜀𝑟𝑟
𝑡𝑡

∗ �𝑅𝑅2 − 𝑅𝑅𝑑𝑑𝑢𝑢𝑢𝑢2� ∗ 𝜋𝜋          (3-30) 

The equations were implemented in MATLAB to calculate the capacitance changes (the MATLAB code 

is given in Appendix A). 

For the simulation and analysis of the sensor with force applied with the spherical shape indenter, the 

sensor with a substrate should look like a doughnut from the top view as shown in Figure 3-16(c). The 

top view of the indented sensor area indicated that when the force is applied, the indentation will change. 

The following equation can be used to calculate the mean value of the indented radius:   

𝑋𝑋𝑞𝑞(𝑗𝑗)+𝑋𝑋𝑞𝑞(𝑗𝑗−1)
2

(3-31) 

where Xq(j) and Xq(j-1) is the inner and outer indented radii elements.  

Therefore, the capacitance of the DE sensor when the sensor was indented was: 

   𝐶𝐶 = 𝜀𝜀0∗𝜀𝜀𝑟𝑟∗𝜔𝜔
𝑡𝑡𝑎𝑎𝑡𝑡𝜃𝜃

 𝑙𝑙𝑓𝑓𝑙𝑙 𝑧𝑧1
𝑧𝑧0

              ( 3-32) 

where 𝑡𝑡𝑎𝑎𝑡𝑡𝜃𝜃 = 𝐵𝐵

A
= 𝑣𝑣𝑞𝑞(𝑗𝑗)−𝑣𝑣𝑞𝑞(𝑗𝑗−1)

𝑑𝑑𝑞𝑞(𝑗𝑗)−𝑑𝑑𝑞𝑞(𝑗𝑗−1)
;   𝜔𝜔 =  𝑋𝑋𝑞𝑞

(𝑗𝑗)+𝑋𝑋𝑞𝑞(𝑗𝑗−1)
2

∗ 2𝜋𝜋 ; 

𝑣𝑣𝑞𝑞(𝑗𝑗) 

𝑣𝑣𝑞𝑞(𝑗𝑗 − 1) 
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(d) 

Figure 3-16: The indented sensor view (axisymmetric) (a) sensor capacitors split into very small unit elements/ 
factors , (b)illustration of one of the element factors in (a), (c)the top view of the indented sensor area, (d)the view of 
an element in (a) 

The DE sensor capacitance effect factors (sloped capacitor) are illustrated below in Figure 3-17. 

Figure 3-17:  DE capacitive sensor effecting factors illustration 
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The associated captured data were entered in MATLAB (MathWorks) after the ANSYS model 

simulation. From above step by step calculations, this is the summation of all small elements/factors of 

the substrate sensor capacitance illustration as shown in Figure 3-18. Geometry changes within the DE 

sensor layers in the FEM were used to identify capacitance changes. The deformed geometry data was 

exported into MATLAB. The capacitance of the deformed DE sensor was calculated according to the 

steps illustrated in Figure 3-18(a) to Figure 3-18(c). 

1. The sensor was divided into ring-shaped elements with the radius ri (Figure 3-18 (a)). Each

element has a width of Δr, and a circumference 2∙π∙ri.

2. Figure 3-18 (b) shows the cross-section of an element in detail. The signal electrode in the centre,

together with the two outer ground electrodes, defines the capacitances Ctop,i and Cbot,i. The sum

of both capacitances equates to the total capacitance of a ring-shaped element.

3. In Figure 3-18 (c), the capacitance of the parallelogram-shaped cross-section is approximated

with that of a rectangular one (red). The width wtop,i and height htop,i were calculated from the

ANSYS coordinates.

The capacitances of the top and bottom halves of each element were calculated according to Equation 

(3-33). 

𝐶𝐶𝑡𝑡𝑢𝑢𝑝𝑝,𝑖𝑖 =
𝜖𝜖0 ∙ 𝜖𝜖𝑟𝑟 ∙ 2 ∙ 𝜋𝜋 ∙ 𝑟𝑟𝑖𝑖 ∙ 𝑤𝑤𝑡𝑡𝑢𝑢𝑝𝑝,𝑖𝑖

ℎ𝑡𝑡𝑢𝑢𝑝𝑝,𝑖𝑖

 (3-33) 

𝐶𝐶𝑏𝑏𝑢𝑢𝑡𝑡,𝑖𝑖 =
𝜖𝜖0 ∙ 𝜖𝜖𝑟𝑟 ∙ 2 ∙ 𝜋𝜋 ∙ 𝑟𝑟𝑖𝑖 ∙ 𝑤𝑤𝑏𝑏𝑢𝑢𝑡𝑡,𝑖𝑖

ℎ𝑏𝑏𝑢𝑢𝑡𝑡,𝑖𝑖

The total capacitance of the deformed sensor 𝐶𝐶𝑑𝑑𝑢𝑢𝑢𝑢,𝑡𝑡𝑢𝑢𝑡𝑡 was determined by summing the capacitances of 

all the elements (Equation 4-17). The capacitance change due to deformation is the difference between 

the deformed and the undeformed sensor (Equation 4-18), where rS is the radius of the shielded circular 

sensor, and t is the thickness of the undeformed dielectric. 

𝐶𝐶𝑑𝑑𝑢𝑢𝑢𝑢,𝑡𝑡𝑢𝑢𝑡𝑡 = ∑ 𝐶𝐶𝑡𝑡𝑢𝑢𝑝𝑝,𝑖𝑖 +𝑡𝑡
𝑖𝑖=1 ∑ 𝐶𝐶𝑡𝑡𝑢𝑢𝑝𝑝,𝑖𝑖

𝑡𝑡
𝑖𝑖=1   (3-34)

∆𝐶𝐶 = 𝐶𝐶𝑑𝑑𝑢𝑢𝑢𝑢,𝑡𝑡𝑢𝑢𝑡𝑡 −
𝜖𝜖0∙𝜖𝜖𝑟𝑟∙𝜋𝜋∙𝑟𝑟𝑖𝑖

2

𝑡𝑡
(3-35) 

The change in capacitance for a particular LSR sensor with different substrate thicknesses were studied. 

bot
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Figure 3-18:  Small element of the sensor capacitance illustration: (a) For the calculation of the deformed DE sensor, it 
is divided into ring-shaped elements. (b) Detail A shows the cross section of such an element. The top and bottom 
capacitances Ctop,i and Cbot,i are defined by the centre signal electrode, and the top- and bottom GND electrodes. The 
encircled coordinates of these elements are known from the finite element analysis performed in ANSYS. (c) The 
approximation of the capacitance of an element is shown by means of the top capacitance; the width wtop,i and height htop,i 
were calculated from the ANSYS coordinates. 

3.3.4 Effects of sensor sensitivity, repeatability, variation and elastomer hardness 

The initial capacitance (C) relationship of the DE capacitive sensor equation was used to solve the 

solution of the DE sensor with no load or deformation.  

The sensor sensitivity can be expressed as: 

𝑆𝑆 =  𝜕𝜕∆𝐶𝐶
𝜕𝜕𝜕𝜕

 (3-36) 

Further, the hardness of the silicone elastomer relationship can be calculated using: 

𝐻𝐻 =  𝜕𝜕𝑢𝑢𝑚𝑚𝑚𝑚
𝐴𝐴

       (3-37) 

where H, Fmax and A are the hardness/stiffness, maximum applied force, and contact area, respectively. 

Hence, theoretically, the sensor sensitivity and deformability can be increased by using an optimum size 

of the substrate. This can be further optimised by incorporating sensor material with different physical 

properties. 

The mechanisms by which the parameters affect the dielectric layer to occur optimum substrate are still 

not completely understood. They could be impacted by mechanical deformations into the equivalent 

(a) Deformed sensor divided  into Ring-Shaped regions (b) Detail A (c) Approximation of the top capacitor
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stress and/or equivalent elastic strain acting on the different layers of spacer, which produced differences 

in capacitance in both due to the stiffness of the thickness of the substrate and from those between layers 

and substrate. 

3.4 ANSYS model and simulation 
After the model was developed, the ANSYS model was used to simulate and compare the DE sensors 

having a different range of substrate thicknesses. The simulated data was then inputted into MATLAB 

and the changes to the sensor layers were examined (see the experimental validation in Chapter 4) to 

calculate the capacitance change and the sensors’ sensitivity.  

The sensor with different sensor thicknesses and size indenters was simulated. There were some 

interesting observations from the simulations. For instance, Figure 3-19 shows a 10 mm indenter with 1 

N applied force has a similar indentation deformation for both the second layer of the 5 mm sensor and 

the third layer of the 2 mm one. However, the layers were differently indented for the 10 mm sensor. 

When a 10 N force was applied, the sensors with thickness of 2 mm, 5 mm and 10 mm, the three 

electrodes layers were split into 3 distinct regions within the sensors (Figure 3-20), meaning there was 

no overlap at all layers in the indented areas. Nevertheless, with a 40 mm indenter and 10 N applied force 

(Figure 3-21), the sensor layers could still be distinguished, although the layers from these sensors were 

much closer together. As shown by the top layers (Figure 3-22), second layers (Figure 3-23), and third 

layers (Figure 3-24), all layers reacted differently to the indented forces, even for the DE sensor with the 

same thickness for the substrate thicknesses between 2 – 10 mm when 2 N force is applied with a 10 mm 

diameter indenter.  
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Figure 3-19: 10 mm diameter steel indenter with 1N applied force, the thickness of 2 mm, 5 mm and 10 mm sensor deform 
phenomemon 

Figure 3-20: 10 mm diameter steel indenter with 10 N applied force , the thickness of 2 mm, 5 mm and 10 mm sensor 
deform phenomemon 
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Figure 3-21: 40 mm diameter steel indenter with 10 N applied force , the thickness of 2 mm, 5 mm and 10 mm sensor 
deform phenomemon 

 

Figure 3-22: 10 mm diameter steel indenter with 2 N force and same thickness DE sensor with different substrate 
thicknesses between 2 mm-10 mm top layers react to indented force(steel indenter)   

Toplayers of sensors between2 mm -10 mm  
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Figure 3-23: Second layer10 mm diameter steel indenter with 2 N force,and same thickness DE sensor with different 
substrate thicknesses between 2 mm-10 mm react to indented force(steel indenter)  

 

Figure 3-24: Thirdlayer 10 mm diameter steel indenter with 2 N force and same thickness DE sensor with different 
substrate thicknesses between 2 mm-10 mm react to indented force(steel indenter)   

 

Secondlayers of sensors between 2 mm-10 mm 

Thirdlayers of sensors between 2 mm – 10 mm 
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The ANSYS model provided the information regarding the deformation and how the layers change, while 

the numerical mode implemented in MATLAB will take information from the ANSYS simulation to 

calculate the changes in the capacitance and to establish the differences between those with and without 

substrate. This, in turn, allowed us to elucidate why substrate sensors of different thicknesses reacted as 

discussed above and how changes in the deformation could be correctly calculated.  

The definite integral method was used to illustrate and validate the area of change under the deform curve. 

This was based on the assumption that the spherical body radius R1 = R is in contact on a flat surface, R2 

= ∞.   The steps and mathematical calculations outlined below were applied to calculate the change in 

the area for sensor deformation. Figure 3-25 shows that the area changed from a flat shape (blue line) to 

a curved shape (black line) when the sensor deformed. The definite integral was set from x = a to x= b, 

defined as the area under the curve between those points. The area was approximated by dividing the 

area into rectangles. If the height is the value of y and if each rectangle is the same with, δx, then the area 

of the rectangle would be yδx. 

 

Figure 3-25: Sensor deformed due to load was applied, the area changed with deform shape. 

 
The approximate deformed area was calculated using Equation (3-38): 

𝐴𝐴 = 𝑦𝑦1𝛿𝛿𝑥𝑥 + 𝑦𝑦2𝛿𝛿𝑥𝑥 + 𝑦𝑦3𝛿𝛿𝑥𝑥 + 𝑦𝑦4𝛿𝛿𝑥𝑥 + ⋯ = ∑ 𝑦𝑦𝛿𝛿𝑥𝑥𝑑𝑑=𝑏𝑏−𝛿𝛿𝑑𝑑
𝑑𝑑=𝑎𝑎       (3-38) 

The area under the curve y =f(x) between x = a and x = b was calculated using Equation (3-39): 

∫ 𝑦𝑦𝑑𝑑𝑥𝑥𝑏𝑏
𝑎𝑎 = 𝑙𝑙𝑖𝑖𝑙𝑙

𝛿𝛿𝑑𝑑→0
∑ 𝑦𝑦𝛿𝛿𝑥𝑥𝑑𝑑=𝑏𝑏−𝛿𝛿𝑑𝑑
𝑑𝑑=𝑎𝑎                                     (3-39) 

Consider an integral of y from a stariing point, a, up to any point, x. 

Area, A is  
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𝐴𝐴 =  ∫ 𝑦𝑦𝑑𝑑𝑥𝑥𝑑𝑑
𝑎𝑎        (3-40) 

Taking the limit as δx tends to 0 gives: 

𝑦𝑦 =  𝑑𝑑𝐴𝐴
𝑑𝑑𝑑𝑑

          (3-41) 

There are two methods of numerical integration, the trapezoidal rule and Simpson’s rule. The area of the 

strips can be approximated using those two rules. 

If the trapezoidal rule is used, area A can be calculated using Equation (4-22): 

𝐴𝐴 = ℎ(𝑦𝑦0
2

+ 𝑦𝑦1 + 𝑦𝑦2 + ⋯+ 𝑦𝑦𝑢𝑢
2

)      (3-42)

If Simpson’s rule is used, area A can be calculated using Equation (3-43): 

𝐴𝐴 =  ℎ
3

(𝑦𝑦0 + 4𝑦𝑦1 + 2𝑦𝑦2 + 4𝑦𝑦3 + 2𝑦𝑦4 + ⋯+ 2𝑦𝑦𝑡𝑡−2 + 4𝑦𝑦𝑡𝑡−1 + 4𝑦𝑦𝑡𝑡)    (3-43 )

In both rules, xr = a + rh and n = (b-a)/h. Further, h is the step size, while n is the number of steps. 

However, for Simpson’s rule, n must be even.  

Both numerical integration methods are suitable for the sensor’s deformation curve calculation, which 

enables calculating the change of length within set points. 

The length of the arc between points P1 and P2 shown in Figure 3-26 is 

𝑠𝑠 =  ∫ �1 + (𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑

)2𝑑𝑑
0 𝑑𝑑𝑥𝑥         (3-44 ) 

Figure 3-26: The length of the arc between deform pionts 
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It follows from one form of the fundamental theorem of calculus that:  

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= �1 + (𝑑𝑑𝑦𝑦
𝑑𝑑𝑑𝑑

)2          (3-45) 

The DE is often described as a volume incompressible material. When it deforms, its stresses can be 

illustrated as Triaxial, Uniaxial, and Biaxial [246], as shown in Figure 3-27. However, if the DE sensor 

with a substrate bonded as a part of the overall sensor structure and the substrate is made from same 

dielectric material, the stress condition would differ from the thin dielectric stress states.   

 

Figure 3-27:  A dielectric in three states of stresses [223] 

 
The effects of contact or deformity on geometry changes in the DE sensor have been listed above with 

possible solutions. In any static analysis, the stress equilibrium equations include the fundamental 

governing equations, which need to be considered. Another probability that could affect the sensor’s 

deformability could be a stress tensor during the contact and deformation of the object accounted by 

Hooke’s Law, which could be related to Equivalent Von Mises Stress as shown in Figure 3-28: 

 

Figure 3-28:  Equivalent Von Mises Stress 

 
In general, a stress state can be separated into two components as follows [224]: 

- Hydrostatic stress: generates volume change 

- Deviatoric stress: generates angular/shear distortion 
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These could also be considered and applied to this study, i.e., the DE substrate sensor deformation of the 

stress state. 

 

Figure 3-29:  Stress State [224] 

 
The von Mises yield criterion predicts yielding when the distortion energy in a unit volume equals the 

distortion energy in the same volume when the uniaxial stressed equals the yield strength. 

Yielding occurs when the von Mises equivalent stress exceeds the uniaxial material yield strength 

When assumed to be an isotropic and homogeneous body [224], 

𝑎𝑎11 = 𝑎𝑎22 = 𝑎𝑎33 = 𝑎𝑎1 

𝑎𝑎12 = 𝑎𝑎13 = 𝑎𝑎21 = 𝑎𝑎23 = 𝑎𝑎31 = 𝑎𝑎32 = 𝑎𝑎2 

𝑎𝑎44 = 𝑎𝑎55 = 𝑎𝑎66 = 𝑎𝑎3 

Thus, 

𝜀𝜀𝑑𝑑 = 𝑎𝑎1𝜎𝜎𝑑𝑑 + 𝑎𝑎2�𝜎𝜎𝑦𝑦 + 𝜎𝜎𝑧𝑧� 

𝜀𝜀𝑦𝑦 = 𝑎𝑎1𝜎𝜎𝑦𝑦 + 𝑎𝑎2(𝜎𝜎𝑧𝑧 + 𝜎𝜎𝑑𝑑) 

𝜀𝜀𝑧𝑧 = 𝑎𝑎1𝜎𝜎𝑑𝑑 + 𝑎𝑎2(𝜎𝜎𝑑𝑑 + 𝜎𝜎𝑦𝑦) 

𝛾𝛾𝑑𝑑𝑦𝑦 = 𝑎𝑎3𝜏𝜏𝑑𝑑𝑦𝑦 ,   𝛾𝛾𝑦𝑦𝑧𝑧 = 𝑎𝑎3𝜏𝜏𝑦𝑦𝑧𝑧,  𝛾𝛾𝑧𝑧𝑑𝑑 = 𝑎𝑎3𝜏𝜏𝑧𝑧𝑑𝑑 

The generalised Hooke’s Law equations for isotropic and homogeneous materials is as follows: 

𝜀𝜀𝑑𝑑 =
1
𝐸𝐸

[𝜎𝜎𝑑𝑑 − 𝑣𝑣(𝜎𝜎𝑦𝑦 + 𝜎𝜎𝑧𝑧) 

𝜀𝜀𝑦𝑦 =
1
𝐸𝐸

[𝜎𝜎𝑦𝑦 − 𝑣𝑣(𝜎𝜎𝑧𝑧 + 𝜎𝜎𝑑𝑑) 

𝜀𝜀𝑧𝑧 =
1
𝐸𝐸

[𝜎𝜎𝑧𝑧 − 𝑣𝑣(𝜎𝜎𝑑𝑑 + 𝜎𝜎𝑦𝑦) 
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𝛾𝛾𝑑𝑑𝑦𝑦 = 𝜏𝜏𝑑𝑑𝑦𝑦
𝐺𝐺�   ,   𝛾𝛾𝑦𝑦𝑧𝑧 = 𝜏𝜏𝑦𝑦𝑧𝑧

𝐺𝐺�  , 𝛾𝛾𝑧𝑧𝑑𝑑 = 𝜏𝜏𝑧𝑧𝑑𝑑
𝐺𝐺�  

where E is Young’s modulus, 𝑣𝑣 is Poisson’s ratio and G is the shear modulus. 

𝐺𝐺 =  𝐸𝐸 2(1 + 𝑣𝑣)�                     (3-46) 

The sensor pressure distributions may include point loading, uniform pressure, or an overlapping 

triangular pressure distribution during the compression. 

This may have two types of boundary conditions, i.e., essential and natural. The essential boundary 

condition is referred to as the displacement condition. Once the solution has converged, the strain and 

stress distribution at each node can be generated by using the nodal displacement obtained from the final 

equilibrium iteration [225,226].  

Consider the deformation of the DE sensor divided into small cubic elements. When the load is applied 

to the sensor and those small cubic elements are within the sensor, the deformation in XY plane could be 

considered similar to Hearn [227] as illustrated in Figure 3-30. 

 

Figure 3-30:  Deformations of a DE sensor cubical element under load [227] 

 
Realistically, the deformation of the sensor could also lead to the change of von Mises stress when the 

sensor geometry changes due to compression or applied load. However, the equivalent von Mises stress 

might not be considered within this study's ANSYS model and simulation. Nevertheless, the ANSYS 

deform nodal points were collected and plotted in MATLAB to calculate the displacement and changes 

in area, so that the difference in capacitance could be calculated. 
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3.5 Chapter Summary  
In this chapter, a FEM model was developed to assist the DE compression sensor design and fabrication. 

The simulation results clearly show that for the same loading conditions different thicknesses of substrate 

in the DE pressure sensor have an impact on the sensor’s deformation/geometry change that included the 

layers. The FEM model simulation results were used to calculate the capacitance changes, and these will 

be presented in Chapter 4.  

The area of contact or micro-contact depends on the applied load and can be predicted from the expected 

load for different applications. One application is the ability to measure the force reaction and monitor 

the load of sensors used for grippers, robotic skin, diabetic insoles, artificial limbs etc.  

The sensor in this study was made from a dielectric elastomer. The sensor and substrate were made from 

the same material properties as one piece. The outcomes of this analysis can be summarised as follows: 

1. Sensors that are too thin (with no and too little substrate) do not have much thickness/space to 

deform during compression. This leads to a limited force measurement range and could change 

the sensor’s sensitivity, as illustrated in the second part of this Chapter 

2. Sensors with a very thick substrate can over-deform and bulge sideways, with most of the force 

being absorbed by the substrate. Thus, the sensitivity/capacitance output can be too small to 

compare  

3. An optimum substrate with a set force range allows the ideal sensor deformation for DE sensor 

layer to achieve significant change in capacitance and hence sensitive force detection.  

Therefore, the force range setting and sensor material properties are essential for gaining optimum 

thickness. This approach could also be used and verified for different application designs. 

In this chapter, a model and method were developed that is able to predict the deformation and understand 

the DE sensor deformation phenomenon. This would help with the use of the deformation data and 

resulting capacitance changes for a DE sensor with different substrate thickness beneath it. Chapter 4 

will present the experimental test and model validation and focuses on repeating this process for a range 

of indenter radii and loads for different sensor layer thicknesses and substrates. Improvements to the 

model and simulation should allow for multiple types of contact that include various frictional conditions.   
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Chapter 4 DE Capacitive sensor with 

Substrate– Experimental validation   

Chapter 3 presented the theory and configuration of how the DE sensor deforms within the structure; it 

demonstrated the modelling of the DE sensor’s deformation phenomena and geometry changes in the DE 

substrate sensor due to indentation and derived the mathematical solution to calculating the area of 

deformation. This chapter will illustrate how to use that mathematical solution to calculate the change in 

capacitance and focus on the experimental validation and the effects that geometry changes in the sensor 

(due to load and displacement) have on capacitance (the sensor sensitivity). This meets another objective 

of this thesis, which was to produce a model that can optimise and gain an optimum substrate to boost 

the DE sensor’s sensitivity.  

In this chapter it is explained how to use the identified and defined sensor geometry changes and calculate 

the capacitance change when it deforms. Capacitance changes were calculated and analysed using 

ANSYS deform nodal data imported into MATLAB (MathWorks). This chapter investigates the 

capacitance changes of a DE sensor with a substrate and assesses how varying loads alter the optimum 

substrate thickness. The outcome is the design of a DE sensor with a substrate that is sensitive over a 

range of load. 

4.1 Materials and methods 
The methods are divided into four sections, from a preliminary experimental demonstration of the effects 

of a soft substrate on sensor sensitivity to the experimental validation and use of a finite element model 

to investigate the sensitivity and other aspects of sensor design. To investigate the influence of the 

substrate on the sensitivity of the sensor, two different sensor configurations were investigated. After 

validating the model, DE sensor of different thicknesses, with and without the substrates, was compared. 

Also compared is the DE sensor with a substrate in contact with objects of different sizes and stiffness 

(hard and soft). 

4.1.1 First experimental demonstration of the effect of the substrate 
This section describes a preliminary experiment to demonstrate the effects of a soft substrate on overall 

sensor sensitivity. Two sensor structures, one with a compliant substrate and the other without substrate, 

were compared. The first configuration used was the DE sensor without substrate, as shown in Figure 
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3-9b. If the thickness of the electrodes is ignored, a sensor of dielectric thickness t is considered to 

compose of two dielectric layers of thickness t/2, forming two capacitors in parallel. The second 

configuration used was a thin DE sensor of fixed thickness sitting on a passive substrate (Figure 3-9c). 

This study used two hand-casted fabricated sensors as shown in Figure 4-1 to investigate the change of 

capacitance versus applied force when indented as a function of sensor thickness. This research material 

formulations are provided from StretchSense and are commercially confidential. Dielectric and substrate 

(padding) layers were composed of StretchSense (New Zealand) 270064 Liquid Silicone Rubber (LSR) 

silicone (19 Shore A). Electrode layers were composed of StretchSense 270036 carbon-loaded silicone 

(pre-mixed by StretchSense)**. The sensors were fabricated at StretchSense using a proprietary process, 

resulting in a circular stack configuration with the active area of the sensor having a diameter of 20 mm 

and with dielectric layers of the nominal thickness of 170 µm and nominal electrode thickness of 70 µm 

as depicted in Figure 4-1. Connection tabs to each electrode layer were connected separately to prevent 

short circuits when connecting the sensor to the sensing electronics.  

An Instron universal test machine (model 5866) was used for the experimental test to control and capture 

the force and displacement, and the capacitance was read using a StretchSense (New Zealand) circuit 

board. A digital calliper was used to measure the sensors’ thickness. The sensor without substrate had a 

total thickness of 0.6 mm and an overall diameter of 20 mm. The base capacitance as measured was 67.9 

pF. The sensor with substrate had the same sensor thickness but was placed on a 1 mm thick substrate 

giving a total thickness of 1.6 mm and with a diameter of 20 mm. Its base capacitance as measured was 

105.3 pF. The greater capacitance of the DE sensor with a substrate (Figure 4-1b) was partly due to the 

parallel arrangement of the signal and ground leads, which almost doubled the capacitance. 

Both sensors were tested on an Instron universal test machine (model 5866) with a 100 N load cell 

connected to a spherical 10 mm diameter steel indenter. The test was run in a quasi-static mode, with a 

5-second hold time at each measurement point, after which capacitance, displacement and force readings 

were saved.  

 

 

 

**The specific details of the fabrication process are proprietary to StretchSense (New Zealand Commercial Company) and it has an existing agreement not 

to reveal these in exchange for StretchSense providing support and access to equipment to facilitate this research. 
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Figure 4-1:  (a) DE sensor without substrate and a total thickness of 0.6 mm ; (b) DE sensor of approximately equal 
thickness with 1 mm  substrate and a total thickness of 1.6 mm. 

4.1.2 Model and experimental validation 
This section describes the validation of a FE model that is directly based on experimental measurements 

of the sensors. Experimental capacitance data has been directly compared with model predictions. Two 

sensors with substrate and with a total targeted thickness, tsensor of 2 mm were fabricated (Figure 4-3b); 

For the experimental test, the setup is illustrated in Figure 4-2. An Instron universal test machine (model 

5866) was used to control and capture the force and displacement, and an LCR meter (Hioki IM3523) 

recorded the sensor’s capacitance as a function of the applied load. The capacitance of the sensor was 

measured at 1 kHz at a stable room temperature. The sensor was indented with a spherical steel indenter 

of 10 mm in diameter with forces between 0 N and 5 N. Each of the two sensors were indented 3 times. 

A FE model using ANSYS (described in the following) was developed to compute the force versus 

displacement curve and compared it with the experimental measurement. A MATLAB script was written 

to calculate the capacitance change from the nodal displacement coming from the FE model and 

compared it with the experimental results.  
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Geometric data for the model was collected by cutting the first sensor (Figure 4-3b) in two and using an 

optical microscope to measure the effective thickness of each layer of the sensor, as shown in Table 4-1. 

The DE sensor with substrate had layers, as shown in Figure 4-3c. The fabrication process did not allow 

precise control to meet the targeted thickness due to dynamic effects during the casting process. Therefore, 

the fabricated sensor had a substrate, tsub of 1.1 mm. In addition, an encapsulation layer (178 µm) was 

added on top of the substrate sensor as a protection layer to the sensor’s surface to prevent damage and 

soiling [228], thus leading to a total thickness, tsensor of 1.84 mm. As the two sensors with tsensor = 1.84 

mm were fabricated together on the same sheet, it was assumed that both sensors had identical layer 

thicknesses.   

 

 

Figure 4-2:  Use of the Instron to test the change in capacitance in the fabricated DE sensor with different applied loads 
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Figure 4-3: (a) Overview of the Dielectric Elastomer sensor with a compliant substrate consisting of two ground 
electrodes flanking a signal electrode (black layers). Electrodes were separated by dielectric layers. The thickness of each 
dielectric layer was approximately 200 𝜇𝜇m thickness. This sensor was then placed on top of a passive substrate. (b) The 
fabricated tsensor = 1.84 mm (tsub = 1.1 mm) sensor. (c) The fabricated sensor under the optical microscope 

Table 4-1. Thickness of the layers of the validation sensor. 

Layer Thickness (µm) 

Top encapsulation 178 

Top electrode 72 

Dielectric 1 171 

Middle electrode 76 

Dielectric 2 152 

Bottom electrode 67 

Substrate 1122 

Total thickness 1838 

 

To validate the model, the tsensor (shown in Table 4-1) was input to a FE model (ANSYS Workbench 17.0) 

to compute the force versus displacement, and then the node points defining dielectric thickness and area 

were collected. A mathematical model was implemented with a MATLAB script used to relate sensor 

deformation to the sensor capacitance. In the FE model, both the sensor and the indenter were considered 

as isotropic linear elastic materials. Analysis of the strain field in the structure shows that even at the 
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highest tested strain and with the smallest indenter, the strain remains lower than 27%, thus justifying 

the use of a linear material model. The dielectric elastomer, the electrode, and the substrate were 

considered to have the same mechanical properties (Young’s modulus and Poisson ratio). The Young’s 

modulus of the silicone elastomer has a value of 0.55 MPa. This value was obtained from a uniaxial 

tensile test of the DE sensor on the Instron universal testing machine. The Poisson ratio was set to 0.49 

to represent the incompressibility of the material. This model used the geometric parameters of the 

sensors used in the experimental test, i.e. a 20 mm in diameter sensor in contact with a 10 mm diameter 

indenter. As the model was based on a linear material model, the sensitivity of sensors using other 

incompressible elastomers with a different Young’s modulus could easily be extrapolated from the results 

presented here. The model was axisymmetric, with an element size of 0.05 mm. The contact between the 

indenter and the sensor was modelled with a coefficient of friction of 0.2. A fixed boundary condition 

was applied to the bottom of the sensor structure. After the FE simulations, the nodal displacements were 

imported into MATLAB to calculate the capacitance of the deformed sensor. Elements representing the 

dielectric and electrodes were identified depending on the sensor configuration considered, and load-

induced changes to their thicknesses and lengths were used to calculate their contributions to capacitance 

change across the sensor. The model was computed for a range of forces between 1 N to 10 N. 

 

4.1.3 Modelling the impact of sensor configurations 
This section conducts the validated modelling approach to compare the capacitance signal response of 

two sensor configurations (with and without substrate) of equal overall thickness subjected to the same 

loading. A sensor with a variable, dielectric thickness but no substrate, as in Figure 3-9b is compared to 

a thin sensor sitting atop a soft substrate, where the total sensor thickness, tsensor is the same. In other 

words, the aim is to demonstrate that the localisation of the electrodes within the structure plays a vital 

role in the device's sensitivity.  

Two different sensor configurations were used for these simulations: one with variable dielectric spacer 

thickness (DE sensor without substrate) and the other with variable substrate thickness (DE sensor with 

substrate). For the DE sensor without substrate, the total sensor thickness was divided by two to obtain 

the thickness of the two dielectric spacers between the three electrodes. The electrodes are assumed to 

have a negligible thickness. For example, a 1 mm DE sensor without substrate is considered to have two 

dielectric spacers of 500 µm. The thin sensor on top of a substrate has two fixed dielectric spacers of 200 

µm thickness, between three electrodes, on top of a substrate of variable thickness. To aim for 1 mm total 

thickness, 600 µm of the substrate needs to be added to the 400 µm thick sensor. Similarly, to aim for 2 
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mm total thickness, it needs 1.6 mm of the substrate to be added to the 400 µm thick sensor. And so forth 

for all other DE sensors with substrate configurations.  

DE sensors with just a dielectric spacer of 1 mm (no substrate) or substrate thicknesses up to ~9 mm 

(sensor with substrate) were considered, thus leading to a total sensor thickness of the structure of 1 mm 

to 10 mm. Using a 10 mm diameter steel ball as the indenter, the capacitance change for the two sensor 

configurations as a function of their total thickness was calculated.  

Two different indentation forces were simulated: 1 N and 2 N. From a purely mechanical point of view, 

the deformation profile for a defined applied load will be identical for an equal total sensor thickness. 

However, the deformation-induced change of capacitance will differ in both cases due to a different 

localisation of the electrodes within the structure. The developed FE model was used to simulate the 

penetration depth of the indenter as a function of the sensor thickness. The nodal displacements were 

then imported into MATLAB. The capacitance computation script was run twice for each simulation; 

once considering the thick dielectric configuration (no substrate) and a thin sensor resting on a soft 

substrate (sensor with substrate). 

The model was validated using a substrate sensor. The model configuration is a thin sensor with a fixed 

thickness of 1 mm sitting on a passive substrate of variable thickness. To ensure the force range would 

meet the human handgrip force [206], the load applied to the sensors and contact radius of elastic 

materials fingertip [229] was limited to 10 N and 10 mm, respectively. Therefore, this study examined 

the effects on the sensitivity (δC/δF) when tsub changed and subjected to four different forces (1 N, 2 N, 

5 N, and 10 N) with a 10 mm diameter steel ball indenter. 

To determine the existence of an optimal substrate thickness, as observed on the DE sensor with substrate, 

the capacitance of each elemental capacitor as a function of the radius is calculated to find out how the 

capacitance changes at different position within the sensor. As the FE model was axisymmetric, each 

elemental capacitor had a width dR equal to the length of an element, and a circumferential length of 

2𝜋𝜋𝑅𝑅, with R the mean radius of each element within the sensor centreline. This process was performed 

for sensor with tsensor of 2 mm, 5 mm, and 10 mm with a force of 2 N. The FE model had 400 elements 

along its radial direction, and this reports the capacitance of each element, from element 1 at the centre, 

to 400th element at the periphery. 

4.1.4 Optimal substrate thickness using the model 
An exploration of the effects on sensor’s sensitivity of the optimal tsensor over a range of indenters with 

varying diameter and stiffness was conducted. Then spherical indenters with 3 different Young’s moduli 
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were modelled, corresponding to that of steel (200 GPa,), apple (2.8 MPa), and orange (0.7 MPa), while 

keeping the indentation force (1 N) and indenter diameter (40 mm) constant. The detailed mechanical 

parameters of each material are given in Table 4-2. This study also considered three different indenter 

sizes (radius of 5 mm, 10 mm, and 20 mm) for a steel indenter with the applied force constant at 1 N. For 

each simulation, it considers a sensor with a substrate is identical to that in Section 3.2, with a total 

thickness (tsensor) between 1 mm (no substrate) and 10 mm.  It was hypothesised that the size and stiffness 

of the indenter and the applied force would alter the optimal substrate thickness. 
 

Table 4-2. Material properties used for model 

Material Modulus Poisson’s ratio 

LSR Silicone 0.55 MPa 0.49 

Steel [230] 200 GPa 0.30 

Apple [231,232] 2.8 MPa 0.15 

Orange [233,234] 0.7 MPa 0.37 

 

The nodal displacements were then imported into MATLAB, and the capacitance computation script was 

run to extract the capacitance change induced by the indentation.  

4.2 Results and Discussion  
Here, the effect of the sensor’s substrate on its sensitivity will be experimentally validated against the FE 

model and used to show how sensor design can be optimised for a range of conditions. 

4.2.1 Preliminary experimental demonstration of the effect of substrate 
A compliant substrate placed beneath a DE sensor allows it to deform under load, and this will benefit 

the measurement of capacitance change associated with load (Figure 4-4). From Figure 4-4, it is clear 

that the DE sensor without a substrate showed a muted behaviour due to the minimal deformation induced 

by the compressive force. Indeed, silicone being nearly volume incompressible, the indentation only led 

to a minimal deformation, making it difficult to extract useful information in this low-force range. In 

contrast, the DE sensor with a substrate displayed a monotonically increasing change of capacitance. 

This was due to the increased deformation that the same force caused on a sensor + substrate that is 2.6 

times thicker. This preliminary measurement highlighted the benefit of a thin DE sensor with a substrate 

compared to a DE sensor without a substrate. However, the DE without substrate structure can also be 

made more compliant by increasing the thickness of the dielectric layers, as illustrated in Figure 3-9.  
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Figure 4-4: Capacitance change normalized to base capacitance value C0 vs. applied force for two sensors of 20 mm in 
diameter compressed by  a 10 mm diameter indenter; a DE sensor without substrate (sensor thickness of 0.6 mm with 
undeformed capacitance reading of 67.9 pF) and a DE sensor with substrate (thickness of 1.6 mm with undeformed 
capacitance reading of 105.3 pF)  

4.2.2 Validation of the models 
The validation results in Figure 4-5 show that the sensor's displacement and the relative capacitance 

change compare with the simulation results. The error rate for each measurement data point is minimal. 

This means that both the mechanical indentation data and the capacitance change prediction are in good 

agreement with the measured values. Therefore, the combination of FEM associating the applied 

indentation force to deformation and MATLAB computation associating the deformation of the sensor 

to a capacitance change as a function of the sensor configuration enables us to predict the behaviour of 

the sensor.   
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Figure 4-5: (a) Comparison between experimental displacement data and ANSYS indentation simulation: computed and 
measured displacements for forces between 0 N and 5 N. (b) Capacitance change normalized to base capacitance value 
C0 vs. applied force for experimental data and ANSYS indentation simulation and subsequent computation of relative 
change of computation using the MATLAB model. The experimental and simulation tests used a 20 mm diameter sensor in 
contact with 10 mm diameter steel indenter  

4.2.3 Impact of sensor configuration 

The results show that there is negligible sensitivity (𝑠𝑠 = 𝛿𝛿𝐶𝐶
𝛿𝛿𝜕𝜕

 ) change in the DE sensor without substrate, 

irrespective of the dielectric spacer thickness (Figure 4-6). However, the DE sensors with a substrate 

show a much more significant sensitivity change than the DE sensor without a substrate of the equal total 

thickness. In other words, even if the two configurations exhibit the same deformation when they have 

the same elastomer thickness and are subject to the same loading conditions, the sensor with substrate 
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shows a more significant sensitivity change. This is because when this sensor is thinner and has a higher 

base capacitance. Further, it has experienced a complex deformation, i.e., the combination of reduction 

in thickness and stretching around the indenter contact zone during compression. For the DE sensor 

without a soft substrate, the dielectric thickness increases the deformation, but this comes at the cost of 

a much-reduced base capacitance due to the increased dielectric thickness, resulting in a much lower 

capacitance change. For a 5 mm thick sensor without substrate indented with a force of 2 N, the DE 

sensor exhibits a change of capacitance of 113.6 fF, while for the sensor of the same thickness but with 

a substrate, the value increases to 5 pF. That is nearly 44 times higher than for the DE sensor without 

substrate. This shows that electrode placement, and not only deformation of the structure, plays a vital 

role in the sensitivity of the sensors. Looking at Figure 4-6b, for the sensor without a substrate, the ΔC/C0 

changes very little with an increase in tsensor. However, the ΔC/C0 of the sensor with substrate increases 

to a maximum at tsensor = ~ 6 mm before decreasing with further increase in tsensor.  As shown in Figure 

4-6, the relative change of capacitance of the sensor without substrate with tsensor = 6 mm can reach ~1.5 % 

when a 2 N force is applied, but this only results in a small capacitance change of ~1 pF, which is difficult 

to determine due to noise and parasitic capacitances. Compared to a sensor with a substrate at 2N force, 

the change in capacitance is ~ 4.5%, significantly higher than that without a substrate with a similar tsensor. 

One of the interesting observations of the sensor with a substrate is that despite FE simulations showing 

an increasing deformation as a function of substrate thickness for a fixed applied force, the change in 

capacitance resulting from this deformation exhibits a maximum when tsensor = ~ 6 mm (tsub = ~ 5 mm) 

(Figure 4-6).  
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Figure 4-6: Sensor sensitivity S(pF/N) (a) the sensitivity improves to a max of 2.7 pF with a substrate of 5 mm from 60 
fF/N without substrate, which is 44.75 times (4475%) improvement and (b) the relative capacitance change as a function 
of total sensor thickness (tsensor) (a function of dielectric spacer or substrate thickness) for DE sensor with and without 
substrate. The parameter for this test is 20 mm diameter sensors with and without substrate in contact with 10 mm diameter 
steel indenter 
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Figure 4-7 shows the optimal sensor thickness, tsensor is approximately 5 - 6 mm (tsub = 4 - 5 mm) for 

forces up to 10 N. In real life, the sensor would most likely not work at a fixed force, and tsub = 5 mm 

(tsensor = 6 mm) is taken as the optimal value for force up to 10 N. 

The optimal thickness tends to shift to a higher value when the force increases, with the change of 

capacitance for a 10 N force 0.32% higher if the thickness is increased to 6 mm. However, given that the 

sensor will most likely not work at a fixed force but within a range of forces, 5 mm is the optimal value 

for an analogue force that can take any value up to 10 N. 

 

Figure 4-7: DE sensor with substrate in contact with 10 mm diameter steel ball, tsensor = 5 mm substrate DE sensor had 
the highest sensitivity in a compression test with different loads (1 N, 2 N, 5 N, and 10 N).  

  

The capacitance of each of the successive elemental capacitor rings as a function of their radial position 

in the sensor for 3 different substrate thicknesses when indented with 2 N by a 10 mm diameter steel 

indenter is presented in Figure 4-8. The sensor with tsub = 4 mm (tsensor = 5 mm) exhibits more capacitance 

change at the outer edge of the sensor away from the indented area compared to that with tsub = 9 mm 

(tsensor = 10 mm). This contact/indentation zone experienced some deformation, but for thicker sensors, 

the deformation of the outer edge is smaller, leading to a smaller change in capacitance. Thinner sensors, 

with tsensor = 2 mm (tsub = 1 mm) sensor, exhibit a smaller total change of capacitance due to two combined 
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factors. The first factor is that the contact/indentation zone affected by compressive strain due to 

indentation is smaller due to the smaller contact surface. This contact zone is the major contributor to the 

capacitance increase; a small contact area leads to a smaller capacitance change when indented by the 

same force. Secondly, because silicone is volume incompressible, it bulged around the periphery when 

compressed, which leads to a negative change of capacitance at the outer edge of the indenter. This effect 

disappears for thicker sensors, as the thin active part sits on top of the passive substrate, where most of 

the deformation is located at the edge. For thicker sensors, a tensile strain at the top surface of the sensor 

even leads to a positive capacitance change in this area. Despite the indentation depth being deeper for a 

sensor with tsub = 9 mm (tsensor = 10 mm), the induced change in capacitance is smaller than that with tsub 

= 4 mm; thus, highlighting the existence of an optimal substrate thickness as validated in Figure 4-7, 

where the optimum tsub is approximately 5 mm. For the remainder of this chapter, only sensors with a 

substrate are discussed as to their superior sensitivity than the DE sensor without substrate and there is 

a need to examine more closely the optimal substrate thickness and how it is affected by the indentation 

parameters. 

Figure 4-8: tsensor = 2 mm, 5 mm, and 10 mm DE substrate sensor with the calculated capacitance profile across the 
distance away from the centre of the indenter and the sensor d (mm). The parameter for this test is a 20 mm diameter 
sensor being load with a 10 mm diameter steel indenter and a force of 2 N. 
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4.2.4 Optimal substrate thickness 
Figure 4-9 shows the change of capacitance under a 1 N force with respect to the sensor's thickness for 

steel indenters of 3 different radii: 5 mm, 10 mm, and 20 mm. The results show that the change of 

capacitance is greater for a smaller indenter. This is explained by the fact that despite the larger contact 

zone, larger indenters lead to a smaller indentation depth at equal force. However, despite the dependence 

of the capacitance on the indenter’s size, tsub = ~5 mm is the optimal substrate thickness and is valid for 

the range of tested indenter sizes.  

 

Figure 4-9: 5 mm thickness substrate sensor indicated the highest sensitivity during compression test with different size of 
indenters and same applied force (1 N). 

 
Softer indenters such as fruits led to lower capacitance change because the indenter absorbs the 

deformation instead of being transferred to the sensor (Figure 4-10). However, the optimal tsensor of 6 mm 

(tsub = 5 mm) remains valid for the three indenters, covering a stiffness range of 5 orders of magnitude. It 

is also important to point out that despite being 5 orders of magnitude softer, the change in capacitance 

caused by the “orange” indenter was only 0.15 % lower than that caused by the steel indenter. This is 

because the smaller penetration depth is partly compensated by an increased contact area (and therefore 
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a more significant fraction of the sensor being deformed) caused by the deformation of the indenter. This 

shows that the sensor can detect indentation from soft objects without losing too much of its sensitivity. 

 

Figure 4-10:  Normalized capacitance change for DE sensor with different thickness substrates indented by soft (apple and 
orange) and hard (steel) spherical objects of 40 mm diameter size, the 5 mm substrate DE sensor has the highest 
capacitance change. 

 
Figure 4-11a shows the simulation results for the DE sensor with the substrate thickness is close to the 

optimal value tsub = 4 mm compared to the experimental sensor with tsub = 1.1 mm. It shows that the 

thickness of the substrate has an important influence on the sensitivity of the sensor. For a compressive 

force of 5 N, the relative capacitance change of the sensor with tsensor = 1.84 mm (tsub = 1.1 mm) was 

measured to be 2.7%. In this case, with tsensor = 5 mm (tsub = 4 mm), the predicted change in capacitance 

for the same force is 12.8%, i.e., 4.7 times higher. The simulation results for a sensor with tsub = 4 mm 

showed that the relative capacitance change increased with the applied load. By applying a 10 N force, 

the sensor’s sensitivity (the relative capacitance change of the sensor) can be amplified up to 30% (Figure 

4-11b). This shows that the thickness of the substrate has a significant influence on the sensitivity of the 

sensor. Table 4-3 shows the slopes (S) and correlation coefficients (R) for the linear fits applied to the 

data sets in Figure 4-11. The higher slope for tsensor = 5 mm reflects the increased sensitivity compared to 

the thinner sensor (tsensor = 1.84 mm). The linear curve fit is very good, with all correlation coefficients 

R > 0.99.  
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Figure 4-11: (a) The percentage change in capacitance increases linearly with an increase in force applied to a 5 mm 
DE sensor with substrate, which has greater capacitance change than the 1.84 mm DE sensor with substrate. (b) The 
percentage change in capacitance increases linearly with an increase in force applied to a 5 mm DE sensor with substrate. 

Table 4-3. The slope (S) and correlation coefficient (R) for Figure 4-11  

Figure tsensor [mm] S [% / N] R 

10(a) 5 2.70 0.999 

10(a) 1.84 0.59 0.998 

10(b) 5 2.98 0.997 
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4.3 Conclusions 
In this chapter, an FE model in ANSYS was developed, and experiments carried out validated the model. 

The FE model is not limited to LSR DE sensors but can be used for materials with different Young’s 

moduli and Poisson’s ratios. This study has shown how a flexible capacitive sensor could be developed 

for use in a robotic gripper to enable force/pressure feedback. But simply attaching a sensor to the rigid 

surface of a gripper limits its ability to deform, thus reducing its force sensitivity. Further, making it 

thicker by increasing the thickness of the dielectric can soften the structure and decrease the base 

capacitance; therefore, cancelling out the benefit of increased deformation due to increased sensor 

thickness.  The solution lies in placing a soft and flexible substrate between the capacitive sensor and the 

surface of the gripper. Here, the use of a substrate made with the same material, silicone, is proposed. 

This study also demonstrated that there is an optimum substrate thickness that maximizes the sensitivity.  

Simulations and experimentations on these sensors show an approximate optimal substrate thickness of 

5 mm. 

The developed model shows that, despite elastomers' volume incompressibility, high indentation 

sensitivity can be obtained by placing a thin sensor on top of a soft substrate. In addition, for forces in 

the range of 0 – 10 N, chosen to match the force range typically exerted by the human finger, the optimal 

substrate thickness was that where the sensitivity of the sensor (capacitance change versus applied force) 

was maximised. For the sensor size selected here and for the mechanical properties of the sensor layers 

(Young’s modulus, Poisson ratio, and identical properties for the sensor dielectric, compliant electrodes, 

and padding), the optimal total thickness of the substrate sensor is 5 mm. This optimal value remained 

true for the range of forces tested. Although there was a tendency for the optimal thickness to shift to a 

higher value as the force was increased, 5 mm remained the optimal value (assuming that the range of 

forces was 0 – 10 N). This optimal sensor thickness value also remained unchanged for a large range of 

indenter stiffness (200 GPa to smaller than 1 MPa) and indenter diameters between 10 – 40 mm.  

Consequently, a thin sensor on a soft substrate that forms a simple deformable structure sensitive to 

indentation can be easily and economically fabricated by casting without requiring complex patterned 

soft structures. Suppose the thickness of the substrate is chosen appropriately. In that case, a high 

sensitivity (150 times higher than a basic sensor and 44 times higher than a DE without substrate but the 

same thickness sensor) can be obtained. In the range of parameters chosen, the optimal substrate 

thickness does not depend on the force range, or the stiffness and size of the indenter, thus making these 

sensors versatile and adaptable to the detection of a wide range of objects. They would, for example, be 

well suited for integration into a humanoid robotic end-effector designed to pick up and manipulate 

objects of varying hardness, size, and weight.   
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4.4 Chapter Summary 

A model for a DE sensor with a substrate was developed and validated experimentally. This study shows 

that the DE sensor with a 5 mm substrate (padding) has the highest sensitivity for forces up to 10 N. 

However, applied forces greater than 10 N would require a different optimal substrate thickness.  

The studied DE sensor with a substrate is a simple design compared with other approaches [188,187]. 

This proposed sensor is easy to fabricate, comfortable to use and allows a way to achieve high sensitivity 

to gripping force. 

The next chapter will focus on implementing this sensor into a multi-capacitor sensor, i.e. a sensor array 

that is capable of providing the pressure information and the location of the pressure. 
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Chapter 5 Multi-location DE Sensor 

Human-like robotic skin development requires a multi-location or multi-touch function; therefore, multi-

locations identification is one of the requirements for this study. The effect of sensor layers were 

investigated in Chapters 3 and 4, identifying the substrate effects on Dielectric Elastomer (DE) sensors. 

This chapter introduces a unique design of a multi-location capacitive sensor that can measure touch 

locations and amplitude for specific contact conditions. One of the objectives is to develop a multi-

location capacitive DE sensor (MLC sensor) for the robotic gripper, including a sensor structure design 

that can provide touch pressure and location (contact points) with fewer capacitive sensors and 

interconnects. The feature of this MLC sensor can be used in robotic gripper applications and also be 

used as a soft touchpad and as a shoe insole map for force identification, etc. 

Touch sensors have been used for many years in rigid electronic devices such as mobiles and tablets 

[235]. The most commonly used touch sensing technologies are optical sensing, resistive sensing, and 

capacitive sensing and have been widely used in the conventional touch screens, such as computer 

screens, handheld devices and car navigation systems [236]. Most of the existing multi-touch sensors 

consist of separate electrodes for each touch point/location (tactel) [237] and have many interconnects 

[238]. Moreover, existing multi-touch sensors are primarily rigid, and require a large object touching the 

area for successful detection [239]. They also are limited in sensitivity and display size [240]. 

In recent years, touch technology has become increasingly attractive for screen interfaces [241,242]. See 

Chang et al. [243] for an in-depth review of multi-touch sensors. Other studies [38,105,244] have 

reported on touch sensing in tactile sensors for humanoid devices and artificial tactile applications. 

D’Souza et al. [245] show that most touch applications are targeted towards mobile devices and screen 

interfaces but such applications are still at an early stage of development for soft wearable technology 

and humanoid devices.  

Although several touch sensing technologies have been reported, they usually can track only one touch 

at a time. However, they have a complex structure, cluttered wiring [96] and no flexibility [246]. This 

chapter introduces a new design and develops a MLC sensor that is soft, flexible and stretchable, and can 

identify touch locations using fewer interconnects. This stretchable MLC sensor has great potential to be 

integrated into human-machine interfaces, such as wearable electronics and robotics. 

The DE capacitive sensor has been used in many studies to detect pressure, strain, and touch. The 

capacitance changes when the sensing area is touched. Jin et al.[247] used a dual-capacitor multi-sensor 
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for their touch-curvature-pressure-strain sensing development. Also, Zhu’s group [248] developed 

wearable multifunctional sensors for strain, pressure, and touch sensing.  

This research aimed to develop a DE sensor for robotic grippers that can measure touch pressure and 

determine the touch location simultaneously. This chapter describes a soft, flexible and stretchable tactile 

DE multi-location capacitive sensor array with multiple touch locations. The touch pressure and location 

is measured by the capacitance variation resulting from the deformation of the sensor. This sensor module 

is composed of an array of 2-D capacitive sensors. The unique arrangement of the capacitive sensors 

layered atop each other, with and without overlap, leads to fewer capacitive sensors than the total number 

of touch locations (tactels).  

5.1 Multi-location Capacitive (MLC) sensor concept 
In Figure 5-1, the basic concept for the new structure MLC using a unique arrangement of overlapping 

capacitive sensors is depicted. There are four pieces of overlapping capacitive sensors A, B, C, and D 

within the MLC sensor, which allows 15 tactels to be realised. This arrangement can be regarded as a 2 

× 2 array arrangement as there are 2 pieces of sensors (Sensors A and B) vertically overlapping each 

other and 2 pieces of sensors horizontally overlapping each other (Sensors C and D). 

 

 

Figure 5-1:  A unique overlapping arrangement of 4 capacitive sensor arrangement to achieve 15 tactels 

 
Figure 5-2a shows how the 4 pieces of sensors A, B, C, and D were overlapped to achieve 15 tactels. In 

this figure, the basic concept for 2 pieces of overlapping capacitive sensors, A and B, is depicted. Figure 

5-2b illustrates how the sensors’ capacitance change is influenced by the touch position, the sensor 

deformation depth, and the force's magnitude. If any tactel is pressed or touched, the capacitance of the 

sensors will increase because the thickness of the sensor reduces, and the area increases. Since the force 
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is directly applied to sensor A (the top layer), it experienced more relative capacitance change due to its 

greater change in thickness than Sensor B as ∆tA > ∆tB, as illustrated in Figure 5-2b.  

(c) 

Figure 5-2: (a) Overlapping sensor A and B schematic view without contact; (b) Sensors capacitances change due to force 

applied. ∆tA –change of dielectric thickness sensor element A; ∆tB –change of dielectric thickness sensor B; (c ) The view 

of  sensors A and B with overlapped layers 

This concept can be extended to other sensors (C and D). A schematic illustrating a cross-section of 

sensor layers is shown in Figure 5-3.  Figure 5-3a illustrates the cross-section for sensors A and B; two 

edges of the sensor can easily experience the partially overlapped structure. The other two edges will 

only be able to experience only one of the signal electrode layers; the ground electrode layers should 

easily be identified in the side views. Figure 5-3b is the schematic illustration of the MLC sensor with 

four capacitive sensors A, B, C, and D. Each sensor (A, B, C or D) has two ground electrodes and one 

signal electrode. The signal electrodes of sensors A, B, C and D were partially overlapped.  

 

 

Figure 5-3: Overlapping sensor layers (a) is the cross-section view of sensors A and B; (b) is the 2-D view of the four 
sensor (A, B, C and D) in a MLC sensor 
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An overlapping layout for the four sensors as a 2 ×2 array is depicted in Figure 5-4 which is an illustrative 

view of the cross-section for a multi-capacitive sensor with two overlapping horizontal sensors, A and B 

(Figure 5-4 a), two overlapping vertical sensors C and D (Figure 5-4b) and finally the unique arrangement 

of the four sensors (A, B, C, D) (Figure 5-4c).  

 

 

Figure 5-4: The arrangement for (a) sensor elements A and B partially overlapped horizontally ( b) sensor C and D partially 
overlapped vertically, and (c ), the final overlapping arrangement of the A/B and C/D sensors. 

 
As shown in Figure 5-4c, the final arrangement shows that the MLC sensor has partially overlapping 

areas of sensors A, B, C and D in both horizontal and vertical directions. The advantage of this design is 

that it reduces wiring connections, and, in this example, with only 9 interconnects to the layers (4 signals 

for the 4 sensors and 5 grounds as in Figure 5-3b), 15 tactels can be achieved. 

Figure 5-5 illustrates the front view as indicated in Figure 5-3b where the four capacitive sensors A, B, 

C, and D in a MLC sensor might deform in two representative scenarios. Since the force applied was 

directly applied to sensor A (the top layer), it will undergo the greatest relative change in capacitance due 

to it having a greater change in thickness than sensors B, C and D. Thus, in Figure 5-5b, sensor A would 

have a greater change in capacitance than sensors B, C, and D as ∆tA > ∆tB > ∆tC> ∆tD. Similarly, in 

Figure 5-5c, the change in capacitance for sensor A is greater than sensor C as ∆tA >∆tC.  



87 
 

 

 
Figure 5-5: MLC front view (Figure 5-3b) illustration (a) Overlapping sensors schematic views, (b) Sensors 
capacitances change due to force applied. ∆tA –change of dielectric thickness sensor A; ∆tB –change of dielectric 
thickness sensor B; ∆tC –change of dielectric thickness sensor C; (c) when touched on the left side of the MLC sensor, 
the sensors A and C will react to the capacitance change. 

5.2 Experimentations 
The prototype sensor was fabricated with a dielectric elastomer (DE). This sensor was hand-cast, the 

sensor dielectric layers were composed of StretchSense (New Zealand) 270064 Liquid Silicone Rubber 

(LSR) silicone (19 Shore A), and the sensor electrode layers were composed of StretchSense 270036 
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carbon-loaded silicone (pre-mixed by StretchSense). A MLC sensor made with four sensors A, B, C, and 

D were laid out horizontally and vertically and then stacked over each other to form an unique 

overlapping arrangement. As this MLC has 15 tactels, the capability of this sensor where a single touch 

on any of this tactel can be identified will be demonstrated. 

5.2.1 Sensor fabrication layout 
Overall, this MLC sensor was fabricated with different sizes for sensors A, B, C and D, and with partial 

overlap and arranged as a 2 × 2 arranngement, as shown in Figure 5-6.  

 

 

Figure 5-6: MLC sensor layout with sensors of different sizes overlapping 

 
The overall sensor structure consists of nine layers of electrodes (Refer to Figure 5-3b). Four of these are 

signal electrodes, and the other five are ground electrodes. Layers of silicone dielectric separate them. 

Sensor A is in the top layer, and sensor D is in the bottom layer. This means that sensor A will be 

deformed first when an object touches the sensor. The changes in sensor geometry due to deformation 

has been discussed in the previous chapter (Chapter 4). When a force is applied, the deformation of the 

sensor is affected by the thickness of the different structural dielectric layers, and hence the sensitivity 

for each layer is also different. Therefore, the capacitance of sensor A (top layer) should be slightly 

greater than the bottom layers.  
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5.2.2 Sensor locations map 
The fabricated 2 × 2 MLC sensor will result into fifteen (15) tactels, as shown in Figure 5-7a. The 4 

capacitive sensors (A, B, C and D) used in this MLC sensor arranged as a 2 × 2 array can be mapped into 

a truth table map for different tactels as shown in Figure 5-7b as a 4-variable input system. Each tactel 

will have a unique digital expression. 

 

Figure 5-7: (a) The tactel map, (b) The mapping of each tactel as a 4-variable input system. 

When no object or touch is present, the capacitance values of the four sensors are unchanged. However, 

if any tactel is touched, this will increase the respective capacitance(s) of the sensor(s) due to the 

deformation.  

A digital logic system with sensors A, B, C and D as inputs can be used to represent whether a tactel is 

pressed or not. Logic 0 can be used to represent any sensor that is not deformed, and the four sensors will 

stay at their resting capacitance level. Logic 1 represents any sensor that is deformed, and its capacitance 

value will increase. Due to crosstalk, a threshold of 1% of the relative increase in capacitance is used to 

determine whether any sensor was deformed. Using a digital logic system to represent the sensors A, B, 

C and D, each tactel will have a unique binary sequence. For example, 𝐴𝐴𝐵𝐵𝐶𝐶𝐷𝐷� = 1110 represents tactel 

# 11 being pressed, as sensors A, B, and C were deformed and sensor D is not deformed.  

5.2.3 Testing  
To test the tactile mapping and performance of the MLC sensor, an Instron @ 5866 universal testing 

machine was used to apply force to the sensor to determine the sensitivities and recognition of each tactel. 

A set-up with a StretchSense® capacitance sensing board was connected to the MLC sensor to detect 

capacitance changes when any tactel is pressed by the steel rod, is shown in Figure 5-8. A computer 
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captured the experimental data detected by the StretchSense® board and these were exported to Excel 

and plotted on a graph. 

As this MLC sensor does not use the elastomer substrate (padding), its sensitivity is reduced as discussed 

in Chapter 3 and 4.  

 

Figure 5-8: Different forces were applied in different locations with Instron, capacitances were measured with a 
StretchSense capacitance measurement circuit broad; Forces were applied to single location   

 

5.2.3.1 Location (tactel) identification 

For the single location touch tactile identification, the Instron universal testing machine had a 1 kN load 

cell attached with a round-ended steel rod (10 mm in diameter and 300 mm in length), applying pressure 

on the tactel of the MLC sensor in a quasi-static mode with 10 N force applied to each tactel, with a 10-

second hold time at each measurement point. In this test, all 15 tactels were tested.  

The test was set up so that the sensitivity of each tactel can be calculated using Equation 5-1. As noted 

above, because of crosstalk and other effects, the threshold was set to a 1% relative capacitance change 

(∆C) to determine whether a tactel was touched/pressed or not. If ∆C was greater than 1%, the tactel was 

considered touched, while if ∆C was less than 1%, then it was considered untouched. The change in 

capacitance (∆C) with the four sensors (A, B, C, and D) for each tactel location (#1 to #15) is recorded.  

Another test was conducted with a round-ended pen shape pressing on a tactel with a random force in an 

attempt to recognise the touch location. The same means of detection discussed above were used to 

identify the tactel.  
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5.3 Results  

5.3.1 Location identification 
Table 5-1 is a reduction from Figure 5-7(b), the inverted input variables (logic 0) were dropped as it 

theoretically denotes that the corresponding sensors are not deformed and hence no change in capacitance. 

For example, tactel # 14 is identified by �̅�𝐴𝐵𝐵𝐶𝐶̅𝐷𝐷 = 0101, where it denotes sensors A and C were not 

deformed and hence no capacitance changes leaving only sensors B and D change in capacitances as they 

were deformed. 

Figure 5-9 shows the relative capacitance changes for each of the four sensor elements (A, B, C, and D) 

in a single-touch test using a constant force of 10 N. When a 10 N force was applied to any tactel, the 

capacitances of the four sensors change. Before the test, the initial capacitances of all the 4 sensors (A, 

B, C and D) were recorded when there was no force applied to any tactel. The same 1% ∆C criteria were 

applied to eliminate crosstalk and other spurious effects. If ∆C was greater than 1%, the sensor was 

considered deformed and hence denote as logic 1, while if ∆C was less than 1%, then it was considered 

undeformed or logic 0.  

Table 5-1. A summary listing the sensors that will change in capacitance when the tactel is touch or pressed  

Locations (tactel) 1 2 3 4 5 6 7 8 9 1
0 

1
1 

1
2 

1
3 

1
4 

1
5 

Sensor changes in capacitance, 
ABCD, read top down 

C C
D 

D A
C 

A
C
D 

A
D 

A A
B 

A
B
D 

A
B
C
D 

A
B
C 

B
C 

B
C
D 

B
D 

B 

Binary representation (ABCD), 
read top down 

0
0
1
0 

0
0
1
1 

0
0
0
1 

1
0
1
0 

1
0
1
1 

1
0
0
1 

1
0
0
0 

1
1
0
0 

1
1
0
1 

1
1
1
1 

1
1
1
0 

0
1
1
0 

0
1
1
1 

0
1
0
1 

0
1
0
0 
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Figure 5-9:  Normalized capacitance change (∆C) with four sensors A, B, C and D in reaction to a force of 10N applied 
in each individual tactel 

Figure 5-10 shows the changes in capacitance of sensors A, B, C and D when a round-ended pen touches 

different tactels with a random force. The combination of relative change in capacitance for each tactel 

is unique as per Figure 5-7(b) and Table 5-1. For example, if tactel # 1 is touched, there is a change in 

capacitance in Sensor C and negligible change in capacitance in Sensors A, B and D and corresponds to 

�̅�𝐴𝐵𝐵�𝐶𝐶𝐷𝐷� = 0010. Take tactel # 13 as another example, and from Figure 5-7(b) and Table 5-1, that tactel 

is referenced by �̅�𝐴𝐵𝐵𝐶𝐶𝐷𝐷 = 0111, denoting that only sensors B C and D have changes in capacitances with 

none for sensor A. Again, the unique binary sequence representing each tactel can be used to denote 

which tactel is touched.  Figure 5-11 is another representation of Figure 5-10 that shows the individual 

signals in sensors A, B, C and D as random forces were applied to tactel # 1 to 15 in sequence. 
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Figure 5-10:  The measurement of multi-capacitor sensor in fifteen different locations pressed by  a round-ended pen , The 
normalized capacitance change (∆C) with four sensors A, B, C and D in reaction to a random force applied in each 
individual location area 

 

Figure 5-11:  The separate view of the four sensor elements (A, B, C and D) normalized capacitance change (∆C) in Figure 
5-10 reacting to forces in fifteen tactels 
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5.4 Mathematical methods to identify the number of sensors and locations 
A digital (binary) system can be used to identify the unique location of each tactel. Each tactel can be 

mapped with the unique combination of 4-inputs as variables. These 4-inputs are the 4 sensors (A, B, C 

and D) used to construct this MLC sensor. 

As shown in Figure 5-7, four (4) pieces of capacitive sensors can be used to construct an MLC with 15 

tactels. Comparing this to a traditional array layout using rows and columns, a 15 tactels, will require 15 

individual capacitors and, as the number of tactels increases, the number of rows and columns increases 

with the increase in individual capacitors. A mathematical equation has been developed that relates the 

number of tactels to the number of sensors. 

For square-shape sensors, Equation (5-1) relates the number of tactel, f(n) (touch location) as a function 

of the array size, n. 

 𝑓𝑓(𝑡𝑡) = 3
2
𝑡𝑡 ∗ (3

2
𝑡𝑡 + 2)         (5-1) 

where n is the sensors array of n × n (n is an even number) 

This equation can be simplified into:  

𝑓𝑓(𝑡𝑡) = 9
4
𝑡𝑡2 + 3𝑡𝑡      (5-2) 

For example, using Equation (5-3), this example of a 2 × 2 array will result in a total of 15 tactels, and a 

4 × 4 array will generate 48 tactels, 6 × 6 will yield 99 tactels and so forth. 

 

If an array is not a symmetrical array, such that the array is m × n, Equation (5-3) will be modified into 

Equation (5-4) that relates the number of tactels, f(n) (touch location) to the array size (m × n ) 

𝑓𝑓(𝑙𝑙,𝑡𝑡) = 9
4
𝑙𝑙𝑡𝑡 + 3(𝑚𝑚+𝑡𝑡)

2
       (5-3) 

where m is sensors in horizontal, and n is sensors number in vertical (both have to be even numbers) 

For example, a 2 × 4 array, will generate 27 tactels. 

5.5 Discussion and Conclusions 
The tactels of the proposed MLC sensor can easily be identified and mapped using a unique binary 

sequence to represent the sensors A, B, C and D for a 2 × 2 array. Using 4 sensors, a total of 15 tactels 
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are realised.  By using more sensors arranged in the unique overlapping arrangement, more tactels can 

be achieved. 

There are limited designs of DE keyboards developed [249-251]. An example is Xu’s stretch rubber 

keyboard [165]; however, only this proposed MLC sensor allows a truly flexible, conformal and 

stretchable keyboard to be realised. 

In the experiments describes in this chapter, the MLC sensor did not exploit the use of a substrate to 

increase the sensitivity as discussed in Chapter 3 and 4 as the intention was not to demonstrate the 

measurement of the pressure or force of a touch. However, the experiments aimed to demonstrate that 

unique overlapping arrangement of sensors can be used to realise a MLC with reduced number of 

individual capacitive sensors and ease of electrical connections with reduced number of sensors used in 

the construct. 

As in Equation (5-2) and Equation (5-4), the number of tactels can be increased by increasing the number 

of sensors from 2 × 2 arrangement as discussed in this chapter to for example 2 × 4, 4 × 4 and a 6 × 6, 

arrangement.  

The mapping of MLC sensor can be extended to more tactels by extending the number of digital variables 

that correspond to the array size, as shown in Figure 5-12 where a 4 ×4 arrangement leads to a total of 

eight overlapping sensors (8 input variables, A, B, C, D, W, X, Y, Z) that can have 48 tactels. 

 

 

Figure 5-12:  4 ×4 sensors 2D array with overlapping arrangement of sensors A,B, C, D, W, X, Y and Z 
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5.6 Chapter summary 
A unique structure of a MLC sensor was presented in this chapter. This MLC sensor uses a minimum 

number of capacitive sensors to achieve a high number of tactels. As the number tactels increases, for 

example, 99 tactels would only require a total of 12 pieces (6 × 6 arrangement) of overlapping capacitive 

sensors instead of individual 99 capacitive sensors in the traditional capacitive based tactile sensor. This 

MLC arrangement makes fabrication simpler and better controlled. The MLC sensor worked effectively 

for a single-touch event but still has some limitations. It is challenging to identify slight touch 

force/pressure due to the 1% threshold and the limited sensitivity without an elastic substrate.  

 

 

  



Chapter 6 Dielectric Elastomer Capacitive-

based Multimodal Sensor 

In chapters 3 and 4, it has been demonstrated that a substrate can influence the sensitivity of the DE 

sensor, which could enhance the sensor's capability in robotic applications where the detection of low 

grasping force is essential. In chapter 5, an MLC sensor has been proposed with the number of tactels 

determined by the number of overlapping capacitive sensors, and it is capable of detecting touch and 

identifying the location (tactel) of the touch. However, its capability to quantify pressure is limited due 

because the sensitivity is low and requires a force of 2 N and greater.  Hence, the addition of a large piece 

pressure sensor made from DE is attached on top of the MLC that allows both the quantification of 

pressure and the identification of the tactel; hence it is termed as multimodal. However, the sensitivity of 

MLC considered in Chapter 5 is low as it does not have a bottom substrate. Hence, in this chapter a 

multimodal sensor where a pressure sensor is added on top of the MLC and a substrate is added at the 

bottom of the MLC to increase the sensor’s sensitivity is proposed. 

6.1 Introduction 
Sensing is an essential function for the proprioception of any artificial system.  The ability to measure 

the force or pressure and map the force/pressure location increases the intelligence of these systems, 

including those applied to robotics. A sensor where the pressure can be quantified and the location 

mapped leads to many applications such as object identification, wearable keyboard, etc. It can also be 

used, for example, as a clinical measurement mat to help foot exercise treatments for diabetic patients 

with ulcerated feet. In chapter 3, it was shown that a substrate thickness of 5 mm added to the DE sensor 

improves the sensitivity of the pressure/force sensor. Hence adding a substrate to the MLC sensor would 

increase its sensitivity. 

Many multimodal or multifunctional sensors have been developed [252–260], such as to measure the 

strain, pressure, and temperature, etc. In this research, the multimodal sensor is referred to as a sensor 

with more than one detection function. In this case, it can measure force/pressure and map the location 

of that force/pressure.  

This chapter describes the addition of a substrate to the MLC sensor reported in chapter 5 to increase its 

sensitivity to realise a multimodal MLC sensor. This multimodal MLC sensor comprises multi-layers of 

97 
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DE, and it is both soft and stretchable. This extended design of the MLC sensor extends it to a multimodal 

MLC sensor that can identify the location of the force as in chapter 5 and can measure a small force or 

pressure.  

In chapters 3 and 4, the substrate sensor was examined to measure the force with greater sensitivity 

[261,262]. In chapter 5, each touch location (tactel) of the MLC sensor can display a change in 

capacitance when a force is applied but the required force is 2 N and greater due to the limited sensitivity.  

Multimodal sensors have been developed and used as skin sensors for robotics applications such as 

robotic grippers. For instance, Le et al.[253] developed a multimodal tactile sensor to measure the force 

on Robotiq gripper, and Zhao et al. [259] used a multifunctional sensor for static and dynamic strain 

mapping by measuring the capacitance change, while Sun et al. [263] used current to identify 

touch/pressure. As described in chapter 5, this MLC sensor uses a minimum number of capacitive sensors 

to achieve a high number of tactels. As the number tactels increases, the number of sensors required per 

tactel decreases. For example, 15 tactels require four overlapping capacitive sensors, but 99 tactels would 

only require 12 pieces (6 × 6 arrangement) of overlapping capacitive sensors instead of individual 99 

capacitive sensors in the traditional capacitive based tactile sensor. This MLC arrangement makes the 

fabrication of a multimodal sensor having human-like skin softness and enhanced sensitivity with the 

ability to locate the applied force/pressure simpler and better controlled.  

Robotic skins have previously been developed, such as stretchable and wearable skin sensors that use 

polymer solar cells [139,264]. However, its thin skin would not suit soft robots without an optimal 

substrate due to lower sensitivity and the lack of substrate padding that could damage an object's surface. 

Lately, capacitor sensor arrays for soft robotics using the multi-layered [78] technique were developed, 

but the manufacturing process requires precision for each tactel. Cannata et al. [265] used 12 capacitive 

tactels on a flexible substrate as artificial skin, capable of only measuring the contact pressure. Further, 

Ohmura et al. [33,266] developed a tactile sensor skin that exhibited large hysteresis and is costly to 

make. 

Therefore, the current work aimed to develop a soft multimodal MLC sensor that mimics the human skin 

structure. The sensor should be soft and flexible, able to conform to the robotic curved body structures, 

detect light touch, and be easy and cheap to manufacture. 

6.2 Multimodal sensor structure  
In chapter 5, the development of a unique MLC sensor using minimal pieces of overlapping capacitive 

DE sensors [267] in a shielded configuration is described. The sensitivity of this sensor was limited since 
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it was relatively thin and could not detect forces below 2N without the addition of a PU soft substrate 

underneath it, as proven in chapters 3 and 4. The human skin layer structures were translated to the 

proposed multimodal sensor with a substrate is illustrated in Figure 6-1. 

The prototype multimodal DE sensor, designed to have better deformability, has three main components: 

the pressure sensor layer, MLC sensor layers and a substrate layer. Further, the sensor can also provide 

force control that would allow identification of the type of the object grasped, measure the pressure, and 

track the location during contact for specific applications.  

The DE sensor was chosen due to the silicone mechanical properties, which have the tactility and softness 

like human skin. The softness of the DE sensor can improve the contact quality between the object and 

manipulator and use the sense of touch to control the manipulator, a function for amputees.  

 

Figure 6-1: (a). Human skim layers [268]; (b).The multimodal DE sensor design layers structure 

 

6.2.1 Pressure sensor layer 
This pressure sensor design was a shielded capacitive DE sensor containing two ground electrodes and 

one signal electrode. It is based on the designs described in Chapter 3 and Chapter 4 but is fabricated 

with a much larger size for the multimodal sensor. The pressure sensor layer thickness was less than 1 

mm and it is added on top of the MLC sensor. Since the sensors used in this study were hand-cast, it was 

unable to control sensor thickness precisely.  

The addition of a pressure sensor (P) layer provides additional information, i.e. the magnitude of the 

pressure, the amount of change in capacitance, and the tactel location through the MLC sensor.  
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6.2.2 Multi-location capacitive sensor layer 
The multimodal sensor is based on the DE capacitive sensor introduced in Chapter 3 [267]. A large DE 

pressure sensor (P) is added on top of the MLC sensor consisting of four pieces of capacitive DE sensors 

(A,B, C, D) in an overlapping structure leading to many tactels. Each tactel has one signal electrode and 

two ground electrodes [267], as illustrated in Chapter 5. Adding a large pressure sensor (P) on top of the 

MLC increases the number of tactel from 15 to 16 (see Figure 6-2).  Tactel # 16 consists of just the top 

pressure sensor (P), and when pressed, only the capacitance of P changes while the capacitance of sensors 

A, B, C, and D of the MLC remains unchanged. Hence, if tactel # 16 is touched/pressed, the digital output 

of PABCD = 10000, and the amount of change in capacitance of P can be used to quantify the magnitude 

of the touch force/pressure. 

Each tactel needs to be calibrated before use as the no-contact capacitances for each of the sensors P, A, 

B, C and D will be different. In this work, the proposed sensor was designed for forces between 0 to10 

N.  

   

Figure 6-2: A map of the 16 tactel of a multimodal sensor made from 5 pieces of DE capacitive sensors (P, A, B, C and D) 
showing the sensor that will change in capacitance when touched. 

6.2.3 The substrate of the sensor 
The substrate, an essential part of the multimodal sensor, is the interfacing layer between the sensor and 

the structure to which it is attached. As discussed in Chapter 3 and 4, the thickness of the substrate affects 

the sensitivity of the sensor. The results demonstrated that if the multimodal sensor is too thick or too 

thin, it adversely affects the capacitance change of each layer in the sensor, compromising the sensor’s 

sensitivity. Therefore, an optimal sensor thickness is required to obtain better sensor performance. 
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ANSYS and MATLAB were used to model and mimic skin deformation conditions when a load was 

applied. The simulation showed that different substrate and sensor layers thicknesses reacted differently 

to applied loads within the 10 N range. These results were outlined in Chapter 4.  

Chapters 3 and 4 demonstrated that the modelling and experimental tests yielded corroborative 

deformation results. Therefore, the optimal thickness development for the multimodal sensor was based 

on Chapters 3 and 4 [261,262].  

6.2.4 Multimodal sensor structure 
The multimodal sensor structure, which is illustrated in the cross-section view of Figure 6-3, consists of 

three different functional sensor layers: i.e. pressure sensor layer, multi-location (MLC) sensor layer, and 

a substrate layer. The deformation of the top layer and subsequent change in capacitance allows pressure 

measurement when a force is applied. When the sensor is loaded, as shown in Figure 6-3(b), the pressure 

sensor (P) layer will be deformed, and the associated sensors (A, B, C D) will also be deformed. Hence 

the reading of the change in capacitance of the P sensor, together with the digital output of sensors A, B, 

C and D of the MLC sensor, provide two pieces of information; i.e. the magnitude of the pressure through 

P and the tactel location through the digital output (A, B, C, D) of the MLC sensor. Optimum substrate 

(padding) bound beneath the multi-location layer led to a gain in better capacitance changes and thus 

better resolution for the identification of multi-locations. A substrate (padding) layer of optimum 

thickness added to the bottom increases the sensor's sensitivity and, in this case, allows it to be sensitive 

to forces lower than 2 N. 
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Figure 6-3: Multimodal capacitive DE sensor consisting of a pressure sensor, P (on the top of the sensor), MLC sensor (in 
the middle) and substrate/padding (bottom). Each sensor contains electrodes that are separated by a dielectric layer. (a) 
A cross-section of the sensor showing the different layer,s (b) the change in capacitance in the different layer as viewed 
from the front 

 

Figure 6-4 shows that, when force is applied, the pressure sensor layer is the first to be impacted, followed 

by the sensors A, B, C, and D in the MLC sensor.  

 

 

 Figure 6-4: Overview of the deformation of the multimodal sensor layer when touched/pressed, contact reaction steps 
(a) pressure layer deformed followed by (b) Multi-location layers (MLC) 
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Figure 6-5: (a) A 3D view of the multimodal sensor showing the 5 pieces of sensors (P, A, B, C and D); (b) a physical map 
of the 16 tactels 

 
Figure 6-5 shows the layers in the multimodal sensor and the 16 tactels. This multimodal sensor structure 

has five connections (P, A, B, C, and D) to a total of 5 pieces of DE capacitive sensors.  In general, the 

sensors P, A, B, C and D are used to locate the tactel that is touched, but it is P that allows the 

quantification of the touch pressure. 

 

6.2.5 Multimodal sensor fabrication overview  
A multimodal DE sensor of a total thickness of ~5 mm was proposed and fabricated using hand casting 

from the encapsulation layer to the substrate layer. Figure 6-6 shows an overview of a hand casted 

multimodal sensor. The layers in a multimodal sensor from top to bottom are the encapsulation 

(protection) layer of 100 μm, a pressure sensor layer, P (600 μm thick), the 4 sensors (A, B, C and D) of 

the MLC sensor (total ~ 2,400 μm thick) in the middle and the substrate (~ 1,900 μm thick) at the base. 

Due to hand-casting and dynamic effects, the layer thicknesses were not precise.  

 

Figure 6-6:  The layers in a multimodal sensor 



104 
 

After fabrication, the multimodal sensor was cross-sectioned and viewed under a microscope. Figure 6-7 

shows the different layers in the multimodal sensor under the microscope. The thickness of the electrodes 

ranges from 20 - 60 μm, and the dielectric spacer thickness is approximately 60 - 90 μm. This shows how 

the hand casting techniques could not precisely control the thickness. 

 

Figure 6-7: A cross-sectioned multimodal sensor layers under a microscope.  

One of the fabricated sensors was selected and tested using the LabVIEW program connected with the 

Stretchsense circuit board and the Arduino device for real-time data transmission, as shown in Figure 

6-8. The Stretchsense circuit board converts the capacitance to the equivalent digital data that the Arduino 

can read. The Arduino board communicates with a computer where the LabView program acquires, and 

manipulates the data, displaying it graphically. This setup can display the sensor readings of each tactel. 

Due to hand casting techniques, the sensor’s sensitivity varies as the thickness of the layers cannot be 

uniform and adequately controlled.  

For ease of quantifying the capacitance change within the five pieces of sensors (P, A, B, C and D), the 

no-contact capacitance was reset to 0 pF by LabView. Considering that the multimodal sensor has noise 

effects, the threshold is adjusted accordingly. When the sensor is touched/pressed, the five sensors will 

react with a change in the capacitance.  

 



105 
 

6.3 Multimodal sensor testing methods 
The LabVIEW program is able to indicate which tactel is touched/pressed through the reading of sensors 

P, A, B,C and D (MLC sensor) based on the truth table in Table 6-1 and the amount of pressure is 

quantified with the amount of change in capacitance by the sensor, P.  Adaptive thresholding is necessary 

to encode the capacitances into digital output as the capacitance change will increase when the applied 

pressure is increased.  The adaptive thresholding is simple by calculating the relative change in P sensor 

to encode the capacitances value in P, A, B, C and D into digital value. 

Table 6-1 is a truth table for each of the 16 tactels. When the multimodal sensor is not touched, there will 

not be any change in capacitance for P, A, B, C and D sensors, which can be represented as PABCD = 

00000. For example, when tactel # 4 is touched/pressed, the digital representation is PABCD = 11010. 

 
  

 

Figure 6-8:The arrangement of the electronics used to read the multimodal sensor 
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Table 6-1. The truth table of the tactels 

 
 

Figure 6-9 shows a multimodal sensor worn on the wrist and tactel # 10 was pressed. Reading the 

capacitance meter shows that there are capacitances change in P, A, B and C. There is a very small change 

in the capacitance in D, but with adaptive thresholding applied, it can be converted into a digital sequence 

of PABCD = 11111.  Referring to Table 6-1, this refers to tactel # 10. In Figure 6-9, the correct indicator 

lit up indicating tactel (#10) is pressed.    

 

 
 
Figure 6-9: LabVIEW GUI readouts displayed real-time of multimodal, when tactel #10 was touched. The meter reads the 
capacitance change of the five sensors. 
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Figure 6-10 shows the same tactel (#10) as in Figure 6-9 pressed with a higher pressure. The change in 

capacitance reading for ‘P’ is much higher as shown in Figure 6-10 than in Figure 6-9 when it was gently 

tapped; indicating that the amount of capacitance change in P can be used in conjunction with the digital 

readings of PABCD  both to quantify the magnitude of pressure and to identify the tactel. Note that that 

the capacitance in A, B, C and D also increased but with adaptive thresholding the digital reading of 

PABCD = 11111 is ensured. 

 

  

Figure 6-10: LabVIEW GUI readouts displayed real-time of Multi-functional Sensor, when location # 10 pressed in greater 
force 

The dielectric spacing in the multimodal sensor is an important factor. The different thickness caused the 

sensitivity of each layer to be different. In this multimodal sensor, sensor P deformed more than the 

sensors A, B, C, D in the MLC layer. This higher sensitivity is essential to quantify the magnitude of the 

pressure. 

Figure 6-11 shows tactel #4 was lightly touched when the sensor was worn around the wrist, and the 

LabView GUI indicator lit up for this tactel with adaptive thresholding applied (PABCD = 11010), 

demonstrating its ability to identify the tactel correctly.  
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Figure 6-11: LabVIEW GUI correctly identified tactel #4 was pressed. 
 

In another example, Figure 6-12 shows tactel #14 being pressed. The capacitance of P is much higher 

due to higher pressure applied but with adaptive thresholding the digital value of PABCD = 10101 is 

encoded. 

 

 
 
Figure 6-12: LabVIEW GUI correctly identified tactel #14 was pressed but with higher P value due to higher pressure 
applied. 
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6.4 Chapter summary 
In this chapter, a multimodal sensor was proposed and demonstrated. Adding an additional layer, P to 

the MLC layer allows the quantification of the pressure magnitude and increases the number of tactels 

for the 2 × 2 array configuration in Chapter 5 from 15 to 16. In a traditional sensor with 16 tactels, a total 

of 8 interconnects (4 rows and 4 columns) are required, but with this unique arrangement, only 5 electrical 

interconnects are required. Further, the addition of a substrate layer increases the overall sensitivity of 

the sensor. 

This multimodal sensor was able to measure the pressure and quickly identify the tactel. Detection at all 

locations worked well for all the different forces applied within the 10 N range. Adaptive thresholding is 

required for sensors P, A, B, C, D to generate the associated digital sequence representing the tactel 

location. However, the work presented in this chapter is still limited. Still, it has provided a framework 

where the use of DE as a capacitive sensor coupled with the clever arrangement of overlapping 

configuration allows the creation of a multimodal sensor that is easy to fabricate without the need for 

precision fabrication techniques.  
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Chapter 7 Conclusions and future work  

A DE sensor that can measure pressure and locations has been successfully developed for use in diverse 

applications. The motivation behind this thesis was to develop a DE based multi-location capacitive 

sensor for robotics and biomedical applications, which has sensory ability and can mimic human touch 

to assist humans with a myriad set of tasks in daily life.  

The approach taken was to develop a sensing technology using a soft DE capacitive sensor for a force 

control and object identification. This can be fulfilled by using dielectric elastomer (DE) sensors with 

predicted thickness to mimic a sense of touch and skin-like softness. The advantage is that this sensor 

can measure the force and location of applied pressure simultaneously and can be manufactured from 

inexpensive materials. Several key challenges were addressed in this work, including those related to 

sensor fabrication, sensor sensitivities and efficiency improvements.  

This thesis aimed to develop a soft DE sensor for different applications, including robotic applications 

such as mimicking the human hands. This thesis addressed the substrate effects between the sensors and 

the robotic hard frame were investigated. Further, a method to specify the optimal substrate thickness 

was developed for different applications.  

This chapter summarises the thesis, lists the major contributions, provides an outlook on future work, 

and lists all relevant publications. 

7.1 Thesis Summary 
The primary objective of this thesis was to develop a DE based multi-location capacitive sensor with 

higher sensitivity that could measure pressure and touch location simultaneously, particularly as part of 

a robotic gripper that could pick up fragile objects.  

Chapter 1 provided an overview of tactile sensors in robotics and biomedical development. The 

requirements for a soft robotic hand and identifying how to improve thin sensors with softness features 

used for robotic applications was introduced. The sensors used in robotic applications, including the 

materials criteria and potential sensing technologies, were introduced, such as optical, ionic, hydrogels, 

piezoresistive, piezoelectric, and piezocapacitive. These were evaluated against different criteria; this 

identified that DE sensors were promising candidates having low cost, low power consumption, long-

term drift stability, good frequency response, and mechanical flexibility requirements. Further, a research 
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question on how to develop a skin-like sensor was raised and we discussed why a substrate is needed for 

sensors used in robotic applications. 

Chapter 2 provided a literature review focusing on requirements for human-like robotic grippers, 

including the human touch theory, DE sensor theory and the existing DE sensors currently used in robotic 

applications. The substrate types used in sensors for robotic development also has been reviewed. The 

DE sensor has been identified as a promising candidate for robotic skin as its softness and deformability 

resembles that of human skin. Through reviewing studies on substrate materials, we identified gaps in 

the existing research. The majority of prior work used a thin substrate for sensors. The effect of substrate 

thicknesses on DE sensor sensitivities was highlighted. There is currently very limited research on the 

optimal substrate thicknesses for different requirements or the impact of thicker substrates on DE sensor 

sensitivities.  

In Chapter 3, modelling was used to understand the impact of geometry change in the sensor, particularly 

DE sensor thickness and stiffness. For thin DE sensors with a substrate, the deformation varied with 

thickness and depth.  

The aim of Chapter 4 was to elucidate the influence of geometry changes on the capacitance /sensor 

sensitivity through experimental validation. A unique model and method were developed to measure this 

and to predict the optimal sensor thickness for different applications. This is the first study to focus on 

an optimal substrate and sensor thickness that can increase the sensitivity of a DE sensor.  

In Chapter 5, a newly developed structured multi-location sensor with a 2D array was described. This 

MLC sensor had an overlapping structure. Compared with some of the existing sensors, the advantage 

of this sensor was the reduction in the number of sensor strips and connection wires, without a 

corresponding reduction in touchpoint detection. An overlapping structure was used to develop a multi-

location DE sensor having only four sensors, which yielded fifteen touch location identifiers. This new 

structural design of the multi-capacitor touch location sensor was able to measure touch locations. 

In Chapter 6, a multimodal sensor is proposed. This multimodal DE sensor combined a pressure sensor 

and MLC sensor with a substrate with optimal thickness. It had a higher sensitivity while remaining soft 

and flexible. The required wiring within the multimodal sensor is minimal than those that are traditionally 

made by using rows and columns to access each sensing element. These results have demonstrated that 

the multimodal sensor and its application can provide a solution for identifying the different locations 

and pressure.  
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7.2 Thesis Contributions 
The goal of this thesis was to develop a human-like multimodal sensor to use in robotic grippers. The 

development included the new design of multi-location sensor. Further, the impact of sensor thickness 

and substrate effects has been identified. The main thesis contributions are summarised below:  

1. Development of a model that analyses the geometries change when a DE sensor deforms and how 

the DE sensor thickness impacted the sensor’s performance.

2. Development of a model that optimises the thickness of a substrate to improve the sensor’s 

sensitivity.

3. Validation of the models. Experimental data have demonstrated that the model is sufficiently 

accurate to estimate the optimal DE thickness when in contact with objects having different 

stiffness and force range conditions.

4. Development of a new multi-location capacitive DE sensor structure using a unique overlapping 

arrangement of sensor layers.

5. Development of a multimodal sensor that quantifies the magnitude of applied pressure and 

identifies the location of the pressure.

7.3 Outlook and Future Work 
This multimodal sensor development could be further improved. For instance, the fabrication technique 

could be improved and automated to make it more precise, and the functionality can be enhanced by the 

addition of different function sensors to the robotic skin to measure parameters such as temperature, 

proximity, distance, and acceleration. The model developed in this thesis could be used to understand the 

effect of sensor thickness and to improve sensor structure design for different applications, such as the 

diabetes insole. 

Material differences (chemical formulation) could affect the stiffness of the sensor, which in turn could 

affect the sensor’s deformability and sensitivity. Therefore, future studies should focus on the effects of 

the stiffness of the substrate by using different materials (chemical formulations). Such as using the 

developed FEA with the mathematical model to analyse different types of DE sensors with their 

mechanical properties (Young’s modulus and Poisson ratio). The dynamic responses of different stiffness 

sensors should also be examined; this would be very useful for applications such as running shoe insoles 

that measure the impact of high speeds on sensors and substrates. 

Going forward, an embedded system can be developed that integrates with the multimodal sensor as 

proposed in Figure 7-1 for applications such as wearables. 
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Figure 7-1: The proposed portable wireless system setup for future development for applications as wearables or as 
commercial product 

7.4 Related Publications 
During the PhD, the candidate was the primary author for the following publications: 

Journal article: 

1. Y. Zhu and A. Tairych, “Using a flexible substrate to enhance the sensitivity of Dielectric 

Elastomer force sensors,” Sensors and Actuators A: Physical, p. 113167, (2021) [262].

2. Y. Zhu, T. Giffney, and K. Aw, “A Dielectric Elastomer-Based Multimodal Capacitive Sensor,” 

Sensors, vol. 22, no. 2, p. 622, 2022.

Conference papers: 

1. Y. Zhu, S. Rosset, and I. A. Anderson, “Multi-touch capacitive sensor with new sensor

arrangement,” in Electroactive Polymer Actuators and Devices (EAPAD) XX 10594, p. 105942J

(2018).[267]

2. Y. Zhu, A. Tairych, S. Rosset, and I. A. Anderson, “An approach to validate the design and

fabrication of dielectric elastomer tactile sensor,” in Electroactive Polymer Actuators and

Devices (EAPAD) XXI 10966, p. 109662F (2019).[261]
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Appendix 

The MATLAB m-file to calculate the capacitance change in Chapter 4. This MATLAB script was used 

to calculate the capacitance change by importing the node points from ANSYS simulation.  

%Shielded Sensor capacitance change and Delta C 
clear all; 
  
load('Toplayer.csv'); 
r_T = Toplayer(:,2)/1e3; % top layer on x axis 
ind_T = Toplayer(:,3)/1e3;%top layer on y axis 
  
load('Secondlayer.csv'); 
r_s = Secondlayer(:,2)/1e3; %bottom layer for 1st and Top layer 
for 2rd on x axis 
ind_s = Secondlayer(:,3)/1e3; %bottom layer for 1st and Top 
layer for 2rd on y axis 
  
load('Thirdlayer.csv'); 
r_th = Thirdlayer(:,2)/1e3; %bottom layer for 2rd on x axis 
ind_th = Thirdlayer(:,3)/1e3; %bottom  layer for 2rd on y axis 
  
t_sensor = 0.2/1e3; %sensor dielectric layer thickness 
t = 9/1e3; %sensor with Silicone thickness 
R = 5/1e3; %Indenter radius 
  
% indenter contour 
r_i=linspace(0,5,100)/1e3; 
cont = t+R+ind_T(1)-sqrt(R^2-r_i.^2); %ind_T(1) is max 
deformation (displacement) 
displacement = ind_T(1)%deformation 
d = abs(displacement); 
  
n = ceil(r_T(end)/(abs(ind_T(1)-ind_s(1)))) % 
  
xq = linspace(1e-3,5,2*n)/1e3; 
  
vq_T= interp1(r_T,t+ind_T,xq);   %t+ind_T top layer deformed y 
axis 
vq_s= interp1(r_s,t+ind_s,xq);  %t+ind_s bottom layer for 1st 
and Top layer for 2rd deformed y axis 
vq_th = interp1(r_th,t+ind_th,xq);  %t+ind_th bottom layer for 
2rd deformed y axis 
  
figure(100); 
plot(r_T(1:end), t+ind_T(1:end), 'b'); hold on; 
plot(xq, vq_T, 'b'); 
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plot(r_s(1:end), t+ind_s(1:end), 'c'); 
plot(xq, vq_s, 'c'); 
plot(r_th(1:end), t+ind_th(1:end), 'r'); 
plot(xq, vq_th, 'r'); 
plot(r_i(1:end), cont(1:end), 'm-.'); 
hold off; 
  
%capacitance  
er = 4; % silicon relative permittivity 
e =  8.854e-12*er;% F/m 
  
for j=2:length(xq) 
    r_m(j-1) = (xq(j-1)+xq(j))/2; 
    A(j-1) = xq(j)-xq(j-1); 
    B(j-1) = vq_T(j)-vq_s(j);       %1st layer sensor 
    C(j-1) = vq_s(j)-vq_s(j-1);     %1st layer sensor 
    D(j-1) = vq_s(j)-vq_th(j);      %2rd layer sensor 
    C_b(j-1) = vq_th(j)-vq_th(j-1);   %2rd layer sensor   
end 
  
%1st layer sensor 
for j=1:length(A) 
        L1(j)= sqrt(A(j)^2+C(j)^2); 
        TAN1(j)= C(j)/A(j); 
        h1(j) = B(j)*cos(atan(TAN1(j))); 
end 
  
%2rd layer sensor  
for j=1:length(A) 
        L2(j)= sqrt(A(j)^2+C_b(j)^2); 
        TAN2(j)= C_b(j)/A(j); 
        h2(j) = D(j)*cos(atan(TAN2(j))); 
end 
  
%1st layer sensor 
for j=1:length(L1) 
    C(j) = e*er*L1(j)*pi*r_m(j)*2/h1(j); 
end 
  
for j=1:length(C) 
    if(isnan(C(j))) 
         if j~=1 
             C(j) = C(j-1); 
         else 
             C(j) = C(j+1); 
         end 
    end 
end 
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%2rd layer sensor  
for j=1:length(L2) 
    C_b(j) = e*er*L2(j)*pi*r_m(j)*2/h2(j); 
     if(isnan(C_b(j))) 
         C_b(j) = C_b(j-1); 
     end 
end 
  
C_un = (e*er*2*xq(end)^2*pi/t_sensor)*1e12 
C_t1 = sum(C)*1e12     %1st layer sensor capacitance 
C_t2 = sum(C_b)*1e12  %2rd layer sensor capacitance 
C_total =C_t1+C_t2    %total capacitance change for sealed 
sensor 
  
C_diff = C_total-C_un 
deltaC_rel = (C_diff/C_un)*100  
 
 

Capacitance Force Displacement 
load('Toplayer.csv'); 
r_T = Toplayer(:,2)/1e3; % top layer on x axis 
ind_T = Toplayer(:,3)/1e3;%top layer on y axis 
  
load('Secondlayer.csv'); 
r_s = Secondlayer(:,2)/1e3; %bottom layer for 1st and Top layer for 2rd on x axis 
ind_s = Secondlayer(:,3)/1e3; %bottom layer for 1st and Top layer for 2rd on y axis 
  
load('Thirdlayer.csv'); 
r_th = Thirdlayer(:,2)/1e3; %bottom layer for 2rd on x axis 
ind_th = Thirdlayer(:,3)/1e3; %bottom  layer for 2rd on y axis 
  
t_sensor = 0.2/1e3; %sensor layer thickness 
t = 10/1e3; %Silicone thickness 
R = 5/1e3; %Indenter radius 
  
% indenter contour 
r_i=linspace(0,5,100)/1e3; 
cont = t+R+ind_T(1)-sqrt(R^2-r_i.^2); %ind_T(1) is max deformation (displacement) 
  
n = ceil(r_T(end)/(abs(ind_T(1)-ind_s(1)))) % 
  
xq = linspace(1e-3,5,2*n)/1e3; 
  
vq_T= interp1(r_T,t+ind_T,xq);   %t+ind_T top layer deformed y axis 
vq_s= interp1(r_s,t+ind_s,xq);  %t+ind_s bottom layer for 1st and Top layer for 2rd 
deformed y axis 
vq_th = interp1(r_th,t+ind_th,xq);  %t+ind_th bottom layer for 2rd deformed y axis 
  
figure(100); 
plot(r_T(1:end), t+ind_T(1:end), 'b+'); hold on; 
plot(xq, vq_T, 'b'); 
plot(r_s(1:end), t+ind_s(1:end), 'c+'); 
plot(xq, vq_s, 'c'); 
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plot(r_th(1:end), t+ind_th(1:end), 'r+'); 
plot(xq, vq_th, 'r'); 
plot(r_i(1:end), cont(1:end), 'y'); 
%plot([0,25], [5,5], 'g');  
hold off; 
%axis equal; 
%axis([0 10 0 6]); 
  
%capacitance  
er = 1; % relative permittivity 
e = 8.51e-12*er; 
  
for j=2:length(xq) 
    r_m(j-1) = (xq(j-1)+xq(j))/2; 
    A(j-1) = xq(j)-xq(j-1); 
    B(j-1) = vq_T(j)-vq_s(j);       %1st layer sensor 
    C(j-1) = vq_s(j)-vq_s(j-1);     %1st layer sensor 
    D(j-1) = vq_s(j)-vq_th(j);      %2rd layer sensor 
    C_b(j-1) = vq_th(j)-vq_th(j-1);   %2rd layer sensor   
end 
  
%1st layer sensor 
for j=1:length(A) 
        L1(j)= sqrt(A(j)^2+C(j)^2); 
        TAN1(j)= C(j)/A(j); 
        h1(j) = B(j)*cos(atan(TAN1(j))); 
end 
  
%2rd layer sensor  
for j=1:length(A) 
        L2(j)= sqrt(A(j)^2+C_b(j)^2); 
        TAN2(j)= C_b(j)/A(j); 
        h2(j) = D(j)*cos(atan(TAN2(j))); 
end 
  
%1st layer sensor 
for j=1:length(L1) 
    C(j) = e*er*L1(j)*pi*r_m(j)*2/h1(j); 
     if(isnan(C(j))) 
         C(j) = C(j-1); 
     end 
end 
  
%2rd layer sensor  
for j=1:length(L2) 
    C_b(j) = e*er*L2(j)*pi*r_m(j)*2/h2(j); 
     if(isnan(C_b(j))) 
         C_b(j) = C_b(j-1); 
     end 
end 
  
C_un = 2*(e*er*xq(end)^2*pi/t_sensor)*1e12 
C_t1 = sum(C)*1e12     %1st layer sensor capacitance 
C_t2 = sum(C_b)*1e12  %2rd layer sensor capacitance 
C_total =C_t1+C_t2    %total capacitance change for sealed sensor 
  
C_diff = C_total-C_un 
deltaC_rel = C_diff/C_un*100 
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