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ABSTRACT 

With more upcoming aging societies, the need for surgery robots in hospitals, and the 

demand for automated assembly lines, reliable and soft tactile sensing technologies 

have become imperative for human-machine interactions in robotics, biomedicine and 

health-care, etc. During the past decades, substantial effort has been made to create a 

touch-sensitive artificial skin. Such endeavors produced diverse tactile sensors with 

distinctive traits analogous to or even outperforming that of the human skin. 

Nevertheless, it remains challenging to produce a tactile sensor with sufficiently high 

sensitivity, stretchability, softness and three-axial force mapping capability, especially 

in the low pressure regime (<10 kPa). This challenge is mostly due to the limited 

study on elastomeric conductive composites with sufficiently low time-dependency, 

an effective structural design, reliable and stretchable conductors compatible to 

elastomeric materials, and the processing techniques of relevant soft materials. To 

address these issues, a systematic research has been conducted in this thesis towards 

all-elastomer sensor technology for three-axial contact force measurement. 

 

Inspired by the skin of a toad, cell-structured pressure sensors were designed and 

fabricated by injecting corn oil between two polydimethylsiloxane (PDMS) layers and 

printing carbon/silicone strain gauges. When being evaluated on an 

electromechanically coupled testing device, the sensor demonstrated a high sensitivity 

of 0.643 kPa-1 in a low pressure regime (0.1-7 kPa) with the lowest hysteresis around 

7.7%, which is on a par with reported flexible pressure sensors. But unlike flexible 

sensors, this sensor was exceptionally soft since it was mainly composed of 

elastomeric materials and liquid. Critical issues examined include hysteresis, 

liquid/PDMS compatibility and elastic conductive tracks. Previous research on 

hysteresis has attributed to time-dependency of the carbon/silicone composite. 

However, this study revealed a geometrical effect, that is, the hysteresis is related to 

the printing thickness and aspect ratio, of which optimized values were 50 μm and 
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3.2:1 respectively by using a central composite design method. Among the liquids 

considered, polyethylene glycol (PEG) 400 was more compatible with the PDMS 

used, achieving a shelf life of over 4 months. 

 

To address the problems on stretchable conductors, a new kind of printable, 

stretchable and conductive silver/silicone composite has been explored, of which the 

conduction development mechanism was experimentally investigated with 

consideration of heating temperature and time. The silver/silicone mixture was 

thermally sintered within 20 seconds, achieving a conductivity as high as 4000 S/cm. 

Such a fast fabrication method is comparable with photonic and microwave sintering 

of conductive inks thereby potentially enabling roll-to-roll industrial production. 

When serpentine structures were employed, the printed connectors selected by a 

comparative study demonstrated a fatigue resistance of over 10 000 cycles at 40% 

maximum strain, which is among the best in reported printable connectors. 

 

Based on the above studies, a biomimetic all-elastomer sensor array for three-axial 

contact force measurement was fabricated by injecting PEG 400 between two PDMS 

layers with stencil printed carbon/silicone strain gauges and silver/silicone conductive 

interconnects. Being composed exclusively of elastomeric materials and liquid, the 

sensor array exhibited a stretchability and elastic modulus approaching those of a 

human skin, which marks substantial progress of tactile sensors in this regard. The 

sensor was tested on an electromechanically coupled setup with a pulley to redirect 

loading. A sensitivity of 0.097 N-1 to normal forces below 1.62 N and an excellent 

sensitivity of 0.337 N-1 to shear forces below 1.3 N (with a normal force at 0.4 N) 

have been achieved, exceeding the best reported flexible 3D force sensors, especially 

for small shear forces below 0.5 N. Such a soft shear force sensor can be used in gait 

analysis, slippage detection and dexterous manipulation of robots, etc, where friction 

measurement is of utmost importance. A geometric model on deformation of the 

sensor under compression further confirmed the arrangement of strain gauges on 

sensors. 

 

Moreover, another design of soft pressure sensor (SPS) as proposed in the preliminary 

study was concretized for smart protective clothing against impact loadings. Both 

pressure measuring range and sensitivity of the SPS are tunable. Dynamic calibration 
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and evaluation of the sensors were carried out by using a drop-tower impact method.  

The SPS demonstrated a large workable pressure range (0-8 MPa), a high sensitivity 

(100% /MPa), an excellent repeatability (lowest non-repeatability ±2.4% from 0.8 to 8 

MPa) as well as a good shelf stability (the lowest drift in 6 months was 2.6%), which 

is by far the best reported result for soft pressure sensors against impact loadings. 

Additional quasi-static compression tests revealed strain rate effect of the SPS. 

Numerical analysis based on Finite Element method illustrated that the cylinder 

height/diameter ratio of 0.5 would be the best in terms of both electrical response and 

shear resistance. Smart clothing equipped with such SPS will provide spatial and 

temporal pressure distributions on a human body during contact sports, traffic 

accidents or occupational accidents, thereby greatly shortening the detection time of 

rescue, reducing injury and saving more lives.  
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CHAPTER 1 

Introduction 

1.1 Background 

As the fields of robotics, biomedicine (e.g. medical diagnostics and prosthetic skin), 

and manikins are expanding continuously, it becomes imperative to create a soft 

artificial skin that emulates the tactile sensing capabilities of the human skin. Such 

soft tactile interfaces will endow traditional electronic devices with new 

functionalities. In robotics [1], it will enable new generations of intelligent robot that 

can safely interact with humans (e.g. catering for the elderly and the disabled), or 

perform human-like, dexterous manipulation tasks in unstructured environment. In 

biomedicine, it will allow surgeons to perform minimally invasive surgeries (MIS) [2], 

and remote surgery operations [3, 4]. In smart textiles, it will render manikins 

touch-sensitive for garment comfort evaluation [5]; and impart shoes or garment a 

sense of touch to collect human physiological signals for health monitoring [6]. 

Agriculture and food processing also need soft tactile surfaces. 

 

Realization of such touch-sensitive artificial skin entails large arrays of soft tactile 

sensors. These sensors are demanding in at least four aspects: high reliability and 

sensitivity to pressures, especially small ones (<10 kPa), an elastic modulus and 

stretchability similar to those of a natural skin (elastic modulus 30-70 kPa, [7], 

stretchability 44.6% [8]), three-axial force mapping capability, as well as low cost.  

 

In the past decade, substantial effort has been made towards soft tactile sensors for 

smart skin applications, in which various tactile sensing techniques have been 
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employed including capacitive, resistive, piezoelectric, conductive elastomeric, 

optical and micro-fluidic types. Such endeavors, therefore, have produced remarkably 

diverse tactile sensors. Despite the inherent limitations of each sensing technique, 

many tactile sensors have gained distinctive features analogous to or even surpassing 

that of the human skin. The flexible capacitive pressure sensor with micro-structured 

rubber dielectric layers [9] measures a pressure as low as 3 Pa. The transparent 

triboelectric and self-powered pressure sensor [10] is sensitive to 0.4 Pa with a 

low-end detection limit of ~ 13 mPa. The flexible pressure-sensitive organic thin film 

transistors [11] exhibit a maximum sensitivity of 8.4 kPa-1 in the low pressure regime. 

A soft pressure sensor using embedded microchannels and liquid conductors [12] is 

functional up to strains of ~ 250%, and pressure sensors with carbon-nanotube-inlaid 

conductors [13] further to 300%. Both capacitive [14] and microfluidic tactile sensors 

[15] have been used to gauge three-dimensional contact forces. A fabric pressure 

sensor [16] is stable after 100 000 repetitive loadings. Nonetheless, most of the 

sensors have only one distinctive trait. It remains challenging to acquire all the 

properties including high sensitivity, stretchability, softness and three-axial force 

measurement capability for one tactile sensor, especially in the low pressure regime. 

Besides tactile sensors, stretchable conductive interconnects are needed to realize a 

stretchable smart skin. 

 

To address the above problems, one straightforward and effective approach is to 

fabricate a tactile sensor composed exclusively of elastomeric materials. Such tactile 

sensors are endowed with a low modulus and a high stretchability - properties that 

conventional sensors struggle to acquire. The elastomeric materials can be either 

elastomers (e.g. silicones) or composites with elastomer as a matrix (e.g. pressure 

sensitive rubbers). Previous research using this method include all-elastomeric 

capacitive pressure sensors [17], micro-fluidic pressure sensors [12], and optical 

pressure sensors [18], etc. Unfortunately, apart from potential health hazards of 

carbon nanotubes [19, 20], high cost of eutectic gallium-indium, etc, none of them 

have achieved the capability of three-axial force measurement. On the other hand, the 

carbon/silicone composite offers a safe and cost-effective alternative for 

strain/pressure sensing applications [21]. In our research group, both highly sensitive 

strain sensors [22] and pressure sensors [16] have been made from the carbon/silicone 

composite. The pressure sensors further contribute to the development of i-Shoe [6], a 
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foot pressure mapping system for continuous daily health monitoring.  

 

Therefore, this thesis will explore all-elastomer sensor technology for three-axial 

contact force measurement, exploiting biomimetic structural designs and elastomeric 

materials including polydimethylsiloxane (PDMS) and carbon/PDMS composite. 

PDMS merits facile curing process, biocompatibility, thermal and environmental 

stability, and low glass transition temperature. The carbon/PDMS composite is 

advantageous in low cost, facile fabrication, safety, softness, wide temperature range 

applicability, isotropic electromechanical properties, as well as compatibility to 

PDMS substrates. 

 

1.2 Problem Statement 

As can be seen from the background, it remains challenging to realize soft and 

stretchable sensors with sufficient sensitivity and reliability for three-axial small force 

measurement. This challenge is mostly due to the limited study on elastomeric 

conductive composites with sufficiently low time-dependency, an effective structural 

design, reliable and stretchable conductors compatible to elastomeric materials, and 

the processing techniques of relevant soft materials. Besides, current problems include 

cost, force measuring dimension and range, stretchability and softness, etc. (1) Many 

tactile sensors include highly complex fabrication processes or expensive materials, 

giving rise to a high cost and bulkiness thus  hampering their applications. (2) 

Despite a high sensitivity to small forces, few of the sensors have acquired a 

three-axial force mapping capability. (3) Only a limited number of sensors are soft 

and stretchable. Most are just bendable. (4) Some tactile sensors contain potentially 

hazardous materials such as carbon nanotubes for human-machine interaction. (5) 

Compared with the extensive research on tactile sensors, much less effort has been 

exerted on soft sensors for large pressure measurement in contact sports and vehicle 

collisions.  
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1.3 Objectives 

Considering the above deficiencies, the thesis attempts to explore the all-elastomeric 

sensor technology for three-axial contact force measurement. Material selection of the 

sensors requires full considerations on cost, safety, stability, as well as compatibility 

between materials. The structural design needs to endow the sensor with a high 

sensitivity to three-axial forces, especially in the low pressure regime (<10 kPa) and 

large pressure regime (1-10 MPa). Fabrication of the sensors should be facile and 

cost-effective. 

 

In short, there are six specific objectives of this study: (1) to review the existing soft 

tactile sensors for human-machine interaction, identify the key problems, and provide 

possible directions towards all-elastomer sensor technology for three-axial contact 

force measurement; (2) to examine key issues in the material, design and fabrication 

of cell-structured soft sensors for low pressure measurement; (3) to investigate the  

effect of aspect ratio and dimension on hysteresis of carbon/silicone strain gauges; (4) 

to explore printable, stretchable, and highly conductive silver/silicone composite 

interconnects; (5) to develop two prototypes of soft pressure sensor technology: 

all-elastomer sensors for three-axial contact force measurement in human-machine 

interaction, and soft pressure sensors for smart protective apparel against impact 

loadings.  

 

1.4 Methodology 

In order to accomplish the above objectives, research methodology of the thesis shall 

include identification of the research gap through a comprehensive review, 

ascertainment of the key issues in sensor technology via preliminary experiments, 

divide and conquer of the key issues, and production of prototypes of all-elastomer 

pressure sensors. Detailed methodology is as follows. 

 

(1) A comprehensive review will be conducted on the existing soft tactile sensors for 

human-machine interaction. Important characteristics of tactile sensors will be 
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summarized. Transduction techniques and the state-of-the-art of five categories of 

soft tactile sensors will be reviewed and compared succinctly. On this basis, 

research gaps will be identified and analyzed. 

(2) A preliminary study will be conducted towards soft sensors for small contact force 

measurement. First, several potential designs inspired by the skin of a toad will be 

proposed and quantitatively analyzed. After material selection, a cell-structured 

design of soft sensors will be concretized and evaluated. Finally, critical issues of 

the sensors will be identified, analyzed, and tentatively settled.  

(3) Influencing factors of hysteresis of the soft pressure sensors will be investigated: 

aspect ratio and dimension, and their relationship with the hysteresis of the 

carbon/silicone strain gauges. Central composite design will be employed to 

reduce the amount of work while effectively optimizing the two factors. Further 

experiments will test the derived optimization equation.  

(4) Stretchable conductive interconnects will be explored from a silver/silicone 

composite. The sequence of sintering of silver and cross-linking of silicone will 

be examined experimentally, thereby enabling fast fabrication of the composite. 

Electromechanical properties of the conductive interconnects with serpentine 

designs will be investigated. 

(5) Based on the preliminary study and the investigations on key issues, a highly 

sensitive all-elastomer sensor with a cell structure will be designed, fabricated and 

evaluated for three-axial contact force measurement. In addition, a geometric 

model on deformation of the sensor under compression will be developed and 

validated. 

(6) Another design of soft pressure sensors proposed in the preliminary study will be 

concretized for smart protective clothing against impact loadings. It will include 

structural design, fabrication, calibration and evaluation, as well as analysis of the 

sensors. Due to the large pressure in impact loading, a drop-tower impact method 

will be deployed for calibration and evaluation. Numerical analysis based on 

Finite Element method will be performed on the deformation of sensor under 

normal and shear forces. 
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1.5 Project Significance 

The completed project has delivered the following positive outcomes. 

 

(1) The development of a low-cost 3-axial soft force sensor array, as an example of 

all-elastomeric sensor technology for three-axial force measurement. It is highly 

sensitive to 3-axial small forces by reason of the biomimetic design of sensor with 

a cell structure. Comprising exclusively of elastomeric materials and liquid, the 

sensor is soft, stretchable and mechanically robust. Theoretically, the sensor array 

should have a reasonably wide range of operating temperature and humidity. 

(2) The confirmation and optimization of effect of dimension and aspect ratio on 

carbon/silicone strain gauges.  

(3) The fast fabrication of printable and stretchable conductive interconnects using 

silver/silicone composites, which is based on the study of its conduction 

development mechanism. 

(4) The soft pressure sensors for smart protective clothing against impact loading as 

another example of all-elastomer sensor technology. The sensors are highly 

sensitive in an unprecedentedly large pressure range (0-8 MPa). 

(5) The exploration of fabrication techniques for devices made exclusively from 

elastomeric materials. 

 

The development soft cell-structured pressure sensor marks a large stride towards 

all-elastomer sensor technology for three-axial contact force measurement, in terms of 

structural design, fabrication, characterization and analysis. Such sensor technology is 

expected to enable soft touch-sensitive artificial skins, thereby accelerating the 

advancement in robotics, biomedical devices, textiles and many other relevant fields 

as stated in section 1.1. Besides, the development of printable and stretchable 

silver/silicone composite for stretchable interconnects will potentially promote the 

evolution of printed soft electronics. 

 

The soft pressure sensors with a large pressure range are a crucial technology for 

smart protective apparel against dynamic impacts from contact sports, traffic 

collisions, and occupational accidents. The sensors on smart protective apparel can 
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provide spatial and temporal pressure distribution on the human body during impacts, 

thereby greatly shortening the detection time of rescue, eventually reducing injury and 

saving more lives. They could also help in improving vehicle crashworthiness design 

and in training sportsmen to avoid impact injury. 

 

In short, this study of all-elastomer sensor technology for three-axial force 

measurement will prosper many relevant industrial and scientific fields and it shall in 

one way or another improve human safety and health, thus benefit mankind. 

 

1.6 Structure of the Thesis 

The study on all-elastomer sensor technology for three-axial contact force 

measurement is elaborated in eight chapters, with their respective focal points briefed 

as follows: 

 

Chapter 1 is an introduction, with background of the study described, current 

problems stated, research objectives set, and research methodology proposed.  

 

Chapter 2 presents a comprehensive review of the existing soft tactile sensors for 

human-machine interaction. After a brief introduction to the tactile sensing of human 

skin and important characteristics of tactile sensors, transduction techniques and the 

state-of-the-art of five categories of soft tactile sensors are reviewed in detail, 

followed by a succinct comparison in their sensing parameters, specifications, merits 

and limitations. Finally, current problems are analyzed and emerging trends of 

development are identified. 

 

In chapter 3, a preliminary study is conducted towards soft sensors for small contact 

force measurement. First, several potential designs inspired by the skin of a toad are 

proposed and quantitatively analyzed. After material selection, samples of soft sensors 

are fabricated and evaluated. Finally, critical issues of the sensors are identified and 

analyzed. Two unsolved key problems will be studied in the following chapters. In 

this way, chapter 3 lays a solid experimental foundation for the subsequent chapters 
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and identifies the direction towards all-elastomer sensors for three-axial contact force 

measurement. 

 

One of the unsolved key problems in Chapter 3 is the large electromechanical 

hysteresis of pressure sensors. Chapter 4, therefore, attempts to reduce the hysteresis 

by investigating the effects of two factors, aspect ratio and dimension, on hysteresis of 

the carbon/silicone strain gauges. Central composite design is adopted to reduce the 

amount of work while effectively optimizing the two factors. The optimized thickness 

and aspect ratio of the strain gauge are recommended for all-elastomer force sensor 

use. 

 

The other unsettled key problem in Chapter 3 is stretchable conductive interconnects, 

which is explored in Chapter 5. Previous research on conduction development 

mechanism enables fast sintering of a new kind of silver/silicone composite. When 

combined with a serpentine structure, the printed conductive interconnects achieve a 

fatigue resistance of over 10 000 cycles at 40% maximum stretch. The printable and 

stretchable conductive interconnects made from silver/silicone composite provide an 

effective alternative for wire connection in soft pressure sensors. 

 

Based on studies in Chapter 3, 4 and 5, Chapter 6 realizes a highly sensitive 

all-elastomer sensor with a cell structure for three-axial contact force measurement. 

The outline of this chapter is analogous to that in the preliminary study, including 

structural design, fabrication and evaluation of force sensors. In addition, a geometric 

model on deformation of the sensor under compression is developed and validated, 

which further confirms the sensor design. The force sensors mark substantial progress 

towards highly sensitive 3-axial force sensors for human-machine interaction. 

 

Chapter 7 concretizes another design of soft pressure sensors as proposed in Chapter 3. 

Based on a resistive fabric strain sensor, soft pressure sensors are designed and 

fabricated for impact measurement. Then, dynamic calibration and evaluation of the 

sensors are carried out using the drop-tower impact method. Finally, Finite Element 

methods further confirm the sensor design. These highly sensitive soft pressure 

sensors can be integrated into smart protective clothing, benefiting the study and 

assessment of occupant injury in vehicle crash.  
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Chapter 8 gives concluding remark, limitations of the work, and suggestions for future 

studies. 
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CHAPTER 2 

Soft Tactile Sensors for Human-machine 

Interaction: A Review 

2.1 Introduction 

Humans have many sensing modalities: sight, hearing, touch, smell, temperature, pain, 

taste, etc. All the senses collect information from the outside world and transmit them 

into the brain for a better understanding of the surrounding environment. The sensors 

in a human body are immensely different in anatomy and physiology. Unlike most 

sensors with the organs located within specific areas, the sense of touch, pain and 

temperature covers the entire body.  

 

Touch or tactile sensation is the sense by which external objects or forces are 

perceived through physical contact mainly with the skin [1]. As the most primitive 

modality of sense, it enables a human to distinguish cold from hot, static from slip, 

smooth from rough, and soft from hard. Even when the senses of sight and hearing are 

lost, a man is still able to maneuver and keep himself away from harms, or even 

recognize Braille characters, by touching objects in the immediate environment. By 

contrast, nobody else can lift an egg without the sense of touch. 
 

Human-machine interaction or human-computer interaction involves the study, 

planning, design and uses of the interaction between people and machine or 

computers. Haptic or tactile interface, providing the machine or computer a sense of 

touch, is a sub-domain of the human-machine interface. As the fields of robotics, 
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biomedicine, and manikins are expanding continuously, soft tactile sensors for 

human-machine interaction are more desiring than ever before. In robotics, tactile 

sensing will enable new generations of intelligent robot which can safely interact with 

humans, or perform human-like, dexterous manipulation tasks in unstructured 

environment. In biomedicine, it will allow the surgeons to perform minimally 

invasive surgeries (MIS), or even remote surgery operations. In smart textiles, it will 

render manikins touch-sensitive for garment comfort evaluation; and impart shoes or 

garment the sense of touch to collect human physiological signals for health 

monitoring. Agriculture and food processing also entail soft tactile techniques. 

 

Over the past decade, substantial progress has been made in the realm of soft tactile 

sensing technology for human-machine interactions. However, high-performance soft 

tactile sensors that rival the human skin in terms of sensitivity, pressure measuring 

range and directions, softness, robustness, and spatial distribution, are still unavailable. 

This chapter, therefore, will review the state-of-the-art of soft tactile sensors, try to 

give the reasons for the delayed acceptance of tactile sensing technology, and indicate 

future directions. Since mechanical force detection is the major concern here, the 

phrases tactile sensors and pressure sensors will be used interchangeably in this 

chapter. 

 

The chapter is organized as follows: first, the structure and physiology of the human 

skin will be briefly introduced as it sets the benchmark for artificial skins. Second, 

important characteristics of soft tactile sensors will be identified and explained 

concisely. Third, various tactile sensing techniques will be illustrated and compared, 

with typical examples of tactile sensors that best represent the current state-of-the-art. 

Forth, current challenges and future trends are to be proposed, followed by a summary 

of the chapter. 

 

2.2 A Brief Review of the Human Skin 

As the largest organ in the human body, the skin covers the entire body and provides 

different degrees of sensitivity in perceiving touch and temperature. For instance, 
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fingertips, exhibit the morphology and agility to feel hardness and texture, as well as 

to perform dexterous manipulations such as squeezing, screwing and unscrewing. The 

skin is a hybrid system involving the active sensors (the neurons) to detect force and a 

viscoelastic medium (the dermis) to transmit strain from the epidermis to the neurons. 

The dermis works like a packaging material to hold the neuron networks, and also 

serves as a transmission media in sensing dynamic forces. Therefore, in order to 

emulate the tactile system, it is necessary to analyze the skin at a system level rather 

than considering the sensors only [2].  

 

The human skin consists of an outer layer called the epidermis, 0.06 – 0.12 mm in 

thickness, and an inner layer called the dermis, 1 – 4 mm thick. The dermis harbors 

many neuron receptors which provide the sense of heat and touch. When the skin is 

subject to an external force, there will be a strain on the skin. The strain is then 

transmitted to the neuron receptors, triggering an electrical signal to the brain [3]. The 

dermis, composed of a matrix of elastic collagen fibrils, is viscoelastic in nature. 

Therefore the mechanical signals (force) can be transmitted into the neurons in terms 

of both the magnitude of the stress, and the rates of change.  

 

A very interesting aspect of the skin is that it has four kinds of force sensors in terms 

of response speed and the region they are in charge of [3]. In the dermis, there are 

mainly two classes of touch receptors: the slow acting (SA) ones which react to 

sustained strains, and the fast acting (FA) ones in charge of strain rates [3]. The FA 

and SA receptors can be further divided into two categories according to their 

working field. The FA I and SA I receptors are closer to the epidermis and respond to 

highly localized external stress. They are therefore called “near-field” receptors, while 

the “far-field” receptors SA II and FA II are grown deeper in the dermis and have 

broader fields of touch sensitivity [3]. Therefore, there are in total four kinds of 

receptors as listed in Table 2.1 [2]. 
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Table 2.1 Response characteristics of the four primary receptors (Synthesis from [2, 4]) 
Type of receptors Response  characteristics 

Merkel (SA I) 
(near field with multiple sensitive points; continuous, irregular 
discharge) 

Slow; fine details;  
70 units/cm2; <5 Hz. 

Meissner (FA I) 
(near field; ON-OFF discharge) 

Slightly faster; grip control; 
140 units/cm2; 5 – 50 Hz. 

Ruffini (SA II) 
(far field; continuous, regular discharge) 

Slow speed; stretching; 
10 units/cm2. 

Pacinian (FA II) 
(far field; ON-OFF discharge) 

Fast, vibration; dynamic texture; 
20 units/cm2; 40 – 400 Hz 

 

The coexistence of two kinds of polymer networks in the skin: elastic fibers (fibrous 

proteins and glycosaminoglycans) with low modulus and collagen fibrils with higher 

modulus, contributes to the compliance of the skin. Also, viscoelastic property of the 

polymer networks help to absorb energy during viscous deformation thus enabling the 

detection of reversible mechanical forces/deformations. However, current artificial 

tactile sensor systems have not successfully emulated the following three aspects of 

the skin. Firstly, the tactile sensing system of skin is purely digital rendering it more 

precise, highly sensitive, and noise resistive. Secondly, the variety and characteristics 

in receptors produce complicated signal generation modes to applied force and strain 

rate distribution. Both the static and dynamic distributions of force are measured with 

one or two sets of receptors [2]. Finally and most importantly, all the components in 

the human skin are mechanically compliant and stretchable, in other words, soft and 

robust, which pose considerable challenge to traditional electronic industry based 

essentially on rigid silicon or metals. 

2.3 Important Characteristics of Soft Tactile 

Sensors 

In order to properly evaluate the performance of a soft tactile sensor, some 

mathematical and physical features must be defined to quantify the sensor’s 

characteristics. The features include both the terminologies inherited from the 

traditional sensor industry and those defined exclusively for soft tactile sensors. The 

former involves transfer function, sensitivity, linearity, hysteresis, span or dynamic 

range, repeatability, response time, reliability, etc; and the latter includes spatial 

resolution, mechanical compliance or softness, and stretchability. To make it concise, 
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only selected primary features will be discussed below in greater detail. Others can be 

easily accessed through any handbook of sensors.  

 

2.3.1 Sensitivity 
For mechanical sensors, sensitivity defines the relationship between the measured 

parameter (e.g. resistance, capacitance) and the mechanical stimuli applied, such as 

force, pressure, or strain. The sensitivity value is generally the ratio between a small 

change in the input signal to a small change in the output signal. In the case of soft 

tactile sensors, the sensitivity is primarily determined by the mechanical properties of 

the soft materials used. Typically, higher sensitivity can be achieved by using 

materials with a lower modulus. Such materials, however, often have a higher 

hysteresis (refer to Section 2.3.2), thus undermining the accuracy of the sensors. 

 

2.3.2 Hysteresis  
For some sensors, the output value does not return to the initial level following the 

same path it previously approached. This is more noticeable in a cyclic loading, when 

the input reaches the same value twice both on its way and on its return. With respect 

to the output signal of a transducer, the hysteresis is the difference between the 

upscale and downscale approaches to the same point [5]. Hysteresis often arises from 

the viscoelasticity of the sensor material or from the friction between the sensor and 

the object. Tactile sensors made purely from soft materials often suffer from a large 

hysteresis as discussed in the previous section. 

 

2.3.3 Response Time 
Response time is the time span between the application of an instantaneous change in 

the physical input to the sensor and the resulting indication of change in output of the 

sensor [5]. In other words, the sensor doesn’t react instantly to the stimulus, but with a 

delay. Another terminology for the phenomenon is frequency response. A shorter 

response time means a higher frequency response, which is obviously a prerequisite 

for the detection of dynamic forces. However, since the soft materials deployed for 

soft pressure sensors are often elastomers, their viscoelasticity shall incur prolonged 

response time.  
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2.3.4 Spatial Resolution 
For tactile sensors, spatial resolution or sensor density is the number of sensors per 

unit area. Since the touch receptors in the finger tips can be as high as 150 per cm2 [4], 

an ideal artificial skin entails a high spatial resolution of tactile sensors at the same 

level. Such a high resolution requires an effective militarization of soft tactile sensors. 

While the micro-electro-mechanical systems (MEMS) provide a solid background for 

producing micro-sized electrical elements, it is normally incapable of handling soft 

materials such as elastomers.  

 

2.3.5 Flexibility 
Flexibility or pliability is the degree by which a material or system can be bent easily 

without breaking. It is the complementary concept of stiffness or rigidity. It is often 

evaluated by the radius of curvature that the material can conform to. Flexibility is an 

indispensable property of artificial skin because the human body is curvilinear in 

shape. Soft materials such as elastomers have a high degree of flexibility; rigid 

materials such as polyimide or even silicon can also achieve certain level of flexibility 

when they are sufficiently thin. Obviously, the human skin is flexible because it is 

composed of elastic materials rather than thin layers of rigid materials. The Young’s 

modulus of human skin is around 30–70 kPa [6]. In view of bionics, soft tactile 

sensors can achieve their flexibility by using elastic materials so that they can cover 

surfaces with any curvatures.  

 

2.3.6 Stretchability 
Stretchability refers to how much a material or object can be stretched without 

breaking. For soft tactile sensors, stretchability is defined within the range of elastic 

deformation because plastic deformation permanently alters the mechanical and 

geometrical properties of the sensor. While the flexibility improves the safety of a 

device, the stretchability will make the sensor non-breakable and mountable onto 

curved surfaces or deformable parts such as joints. The maximum strain of the human 

skin around the knee joint for a whole squatting and rising (flexion and extension) 

cycle is up to 44.6% in every direction [7], which sets the strain standard for soft 

tactile sensors. 
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2.4 Soft Tactile Sensors using Various 

Transduction Techniques 

During the past decade, a large number of soft tactile sensors have been developed for 

human-machine interaction. As a branch of mechanical sensors, soft tactile sensors 

can be categorized by the methods or techniques deployed for the transduction 

process. In this way, current soft tactile sensor can be broadly classified into five main 

categories: capacitive, piezoelectric, conductive elastomeric, optical and conductive 

liquid soft tactile sensors. The five categories are discussed in the following sections. 

A comparison between them can be found in Table 2.9 at the end of Section 2.4.  

 

2.4.1 Capacitive Tactile Sensors 
A capacitive tactile sensor consists of two parallel conductive plates with a dielectric 

material sandwiched between them. For parallel plate capacitors, capacitance can be 

expressed as equation (2-1), where A is the area of electrodes, D is the distance 

between them, rε  is the relative dielectric constant, 0ε  is the permittivity of a 

vacuum, and Cf is the contribution from edges of the electrodes. When a load is 

applied to the tactile sensor, D is reduced, and the capacitance increases. Tactile 

information is registered by measuring the capacitance change. Normally, in the 

design of tactile sensors, A is much larger than D2, so Cf is negligible. 

04 r f
AC C
D

πε ε= +                            (2-1) 

In general, capacitive tactile sensors merit a high spatial resolution, a good frequency 

response, and a large measuring range. They are also immune from temperature 

changes, and suitable for large area applications. This field has well-established 

design and fabrication techniques. However, they are susceptible to electromagnetic 

interference. Mesh arrangements would induce cross talk noise, fringing capacitance, 

and field interactions. Also, they require relatively complicated electronics to decipher 

the signals as well as to filter out the noises.  

 

Much effort has been made to develop capacitive tactile sensors, either by changing 

the electrodes or the dielectric layer. Besides, both materials and shapes of the 
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electrodes or dielectric layer can be changed. The capacitive tactile sensors, therefore, 

have many more variations than the other types of tactile sensors. The common types 

are described below with typical examples. 

 

2.4.1.1 Nanotube/Nanowire Electrode 
As an emerging technology, nanotechnology manipulates matters on an atomic or 

molecular scale and produces new generations of materials such as Ag nanowires 

(AgNWs) and carbon nanotubes (CNTs). When AgNWs or CNTs are doped into 

elastomers, elastic conductive composites are formed, thereby enabling stretchable or 

even transparent electrodes for capacitive tactile sensors. 

 

In 2011, Bao’s group [8] developed skin-like pressure and strain sensors based on 

transparent films of CNTs. As illustrated in Figure 2.1, CNTs were spray-coated 

through a stencil mask onto polydimethylsiloxane (PDMS) substrates forming a thin 

layer of conductive film patterns. After one cycle of stretch and release in the strain 

sensing direction, two such PDMS films were laminated together using Ecoflex® 

silicone elastomer (CNT films face to face, and CNT stripes perpendicular to each 

other). Arrays of capacitors were thus constructed. The stretch and release is 

necessary to stabilize the morphology of the CNTs. Such sensor arrays can detect 

normal pressures from 50 kPa to 1 MPa, accommodate to strains up to 50%, and 

exhibit a transparency over 68%. For such sensors, delamination of the CNT layer 

under repetitive mechanical loadings is a big concern since the CNTs are deposited 

onto the surface without robust mechanical or chemical bonding. Subsequently, 

Xiaolong et al [9] in 2013 sprayed single-walled nanotubes (SWNT) onto a 

fluorinated glass slide, spread liquid PDMS onto the slide, and then cured the PDMS. 

Conductivity of the elastic conductor showed no significant decline after 100 cycles 

of 50% strain tensile tests. Ten tape tests further proved the enhanced mechanical 

robustness of this structure. Pressure sensor arrays using such elastic conductors had a 

gauge factor of 0.59 for pressures from 10 to 124 kPa. Besides, the conductor was 

able to tolerate strains of up to 300%. Transparency of the sensors are, however, lower 

than that of Bao’s sensor arrays.  
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Figure 2.1 Processes of fabricating arrays of transparent capacitive pressure sensors. Step 1, 
spray coating of the nanotubes; Step 2, pre-stretching along the strain direction; Step 3, 
lamination of the two layers; Step 4, wire connection. 
 
Apart from CNTs, AgNWs were also embedded into soft elastomers to make tactile 

sensors. Compliant capacitive pressure sensors were fabricated by using electrodes 

with AgNW networks embedded in the surface layer of polyurethane (PU) [10] and 

PDMS [11]. They can work both as capacitive pressure sensors and resistive strain 

sensors. 

 

Here, it is worth noting that, despite the excellent mechanical and electrical properties 

of CNTs, they pose potential toxic and hazardous issues [12, 13]. 

 

2.4.1.2 Conductive Liquid Electrode 
Flexible capacitive pressure sensors that use thin film or other solid electrodes are 

susceptible to delamination and cracking under repetitive loading or stretching. Liquid 

metal alloy provides an effective alternative to remove this limitation since sealed 

liquid flows rather than cracks. In 2012, Ruben et al [14] fabricated flexible 

microfluidic normal force sensors that used PDMS layers with microchannels filled 

with Galinstan. The conductive liquid Galinstan served as both flexible wire 

connections and robust electrodes. The sensor can detect normal forces from 0 to 2.5 

N, and tolerate curvatures of 6.289 cm (radius). 
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2.4.1.3 Foam Dielectric Layer 
Foam is a liquid or solid material containing entrapped air pockets. Solid-state 

polymer films can improve the compressibility and thermal insulation of pressure 

sensors [15]. Solid foams are either open-cell or closed-cell. In open-cell foams, the 

air pockets connect with each other; while in closed-cell foams, they are isolated from 

each other by solid materials. The major limitation for foam based pressure sensors is 

hysteresis, which becomes serious when the foam is softer. 

 

In 2013, Vandeparre et al developed extremely robust and conformable capacitive 

pressure sensors comprising open-cell PU foams and gold evaporated electrodes [16]. 

Since all the materials used are highly elastic, the sensors can tolerate crumpling, 

indentation, and autoclaving without impairing the electromechanical performance 

(Figure 2.2). The sensor detects pressures from 1 kPa to 100 kPa with tunable 

sensitivities by using different foams. 

 
Figure 2.2 Picture of the highly compliant and robust foam pressure sensor: original, 
crumpled, restored and under indentation. 
 
2.4.1.4 Micro-structured Dielectric Layer 
Soft lithography allows easy and cost-effective fabrication of PDMS with 

microstructures of various shapes [17]. The facile replication of highly ordered 

microstructures of polymers over large areas is of great significance for diverse 
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applications such as biometric adhesive surfaces [18]. Using soft lithography, 

microstructured elastomer layers can be fabricated easily. Capacitive tactile sensors 

deploying such microstructured dielectric layers have demonstrated ultra-high 

sensitivity for minute pressures.  

 

In 2010, Bao’s group used a thin micro-structured PDMS film replicated from a 

silicon wafer mould as the dielectric layer of capacitive tactile sensors, achieving a 

high sensitivity of 0.55 kPa-1 in the low pressure regime (<10 kPa) [19]. The 

structured layers effectively minimized the visco-elasticity of PDMS and offered 

sensitivity 30 times higher than that of sensors with unstructured dielectric layers. 

These pressure sensors could detect even a mass of 20 mg, corresponding to a 

pressure of 3 Pa. The reduced visco-elasticity could allow the detection of a quick 

series of pressures. Since the structured dielectric layers are highly ordered, they 

significantly improved the signal-to-noise ratio of the sensors, especially when 

compared with those with foam dielectric layers. Further in 2013, the same research 

group deployed the microstructured dielectric layers as the gate dielectric for organic 

field-effect transistors (OFET) which used a rubrene single crystal as semiconductor 

as shown in Figure 2.3 [20]. The transistors showed a high sensitivity of 8.4 kPa-1, 

and a short response time of < 10 ms. With OFET, the capacitance change of the 

dielectric under compression was significantly amplified in the low-pressure regime 

(<1 kPa). While highly sensitive, these OFET sensors are complicated in structures 

and entail quite complex and demanding fabrication processes. 

 
Figure 2.3 Schematic of the fabrication steps of the pressure sensitive resistor. The sensor 
includes two laminated layers: one layer contains the bottom source-drain electrodes and the 
semiconducting polymer; and the other contains the gate electrode as well as the 



Chapter 2 

 23 

microstrutured dielectric. 
 
Interestingly in 2012, Wang’ group [21] presented a capacitive pressure sensor with 

almost identical structures to Bao’s pressure sensors [19]. The sensor had a low end 

detection limit of ~ 13 mPa. However, this type of pressure sensor is different from 

Bao’s sensors in terms of transduction techniques and power consumption. When 

there is an external force, electricity can be generated making the sensor a 

self-powered device. In other words, it is based on power generation rather than 

measuring the change in capacitance. Since the sensor sends out voltage or current 

signals only when there are changes in external forces, it is restricted to dynamic 

pressure measurement, which is similar to piezoelectric pressure sensors in Section 

2.4.2. 

 

Breath figure method provides an effective alternative to fabricate micro- or 

nano-structured polymer films. It uses the self-assembly of water droplets on the 

surface of organic polymer solution to achieve honey-comb-structured polymer films. 

When nano-needle polymer films prepared by breath figure method are used as the 

dielectric layer of capacitive pressure sensors, the sensitivity can reach 1.76 kPa-1 in 

the low pressure regime (< 1 kPa) [22]. Nevertheless, the aluminum electrodes used in 

the sensor provide limited flexibility.  

 

2.4.1.5 Textile Structured Sensors 
Woven fabrics, due to the pliability, conformability, and durability, provide excellent 

platforms to make pliable and durable pressure sensors. Flexible pressure sensors for 

sitting posture classification have been made by sandwiching foam spacer between 

embroidered conductive wire electrodes [23]. The sensor is insufficient in both 

softness and sensitivity for low pressures. As explained in Figure 2.4, large area 

capacitive tactile sensors have been developed by measuring the capacitance at the 

crossing points of conductive warp and weft yarns [24]. The nylon yarns acquire their 

conductivity via a coating of poly (3,4-ethylenedioxythiophene):poly 

(styrenesulfonate) (PEDOT:PSS). There is an outer layer of perfluoropolymer (Cytop), 

a dielectric polymer, to insulate the conductive yarns at the crossings. Such sensors 

can detect pressures from 9.8 kPa to 98 kPa. The main features of the sensors include 

large area applicability, simple structure, conformability, and durability. 
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Figure 2.4 Schematic of the fabric pressure sensor array. (a) The capacitive pressure sensor 
array is formed by weaving conductive polymer yarns with dielectric film-coatings. (b) The 
sensing mechanism. 
 
2.4.1.6 Three-axial Pressure Sensors 
Despite of the high sensitivity and stretchability, all the capacitive pressure sensors 

discussed above are incapable of detecting shear stress. By contrast, the skin senses 

forces in all directions. Capacitive tactile sensors can realize three-axial force 

detection by using multiple electrodes.  

 

In 2010, Lee et al developed a three-axial capacitive tactile sensor with four 

capacitors embedded at each corner of a truncated pyramid-shape PDMS bump [25]. 

The dielectric layers are air gaps. The average capacitance value of the four capacitors 

reflects the normal force; and the difference in capacitance values between opposite 

capacitors indicates shear forces. The sensors detect pressures between 0 and 250 kPa 

for all three axes even when at a bending radius of 4 mm. One concern of the structure 

is the use of copper electrodes which has a Young’s modulus several orders of 

magnitudes larger than that of PDMS. The mismatch in rigidity would affect the 

sensors durability especially under repetitive loadings. 

 

In 2013, Dobrzynska et al demonstrated sheet capacitive pressure sensors with 
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finger-shaped electrodes [26]. On a polyimide (PI) substrate, the sensor unit 

comprises one top electrode over four bottom electrodes with a silicone rubber 

dielectric layer in between. The finger shape of electrodes could enlarge the change in 

capacitance during deformation since they equal to several parallel capacitors. 

However, in this work, the sensitivity values are only 0.024 kPa-1 for normal pressures 

below 10 kPa, and 2.8 ×10-4 kPa-1 for shear forces.  

 

By far, the most sensitive capacitive pressure sensor for three-axial force detection 

was reported in 2014 by Lucie et al [27], where one top textile electrode was placed 

above the centre of four bottom textile electrodes (Figure 2.5). There were 

fluorosilicone and air gap between electrodes. The whole device was encapsulated 

using PDMS. The textile electrodes were copper-tin coated woven fabrics, thus not 

stretchable. The unique feature of the sensors is that there are three stages in 

deformation. The first stage is compression of the air gap, which contributes to the 

high sensitivity in a low pressure range (< 2 kPa, sensitivity 0.91 kPa-1); the second is 

the deformation of the fluorosilicone layer (2 – 190 kPa, sensitivity 0.91 kPa-1); And 

finally the deformation of the fabric electrodes at very large pressures of around 400 

kPa (sensitivity 0.0025 kPa-1). For tangential force detection, the reported values were 

0.32 ± 0.02 N-1 and 0.34 ± 0.02 N-1 for 0.5 N and 1 N normal force conditions. This 

type of pressure sensor is by far the most sensitive capacitive one when considering 

both normal and shear force measurement. The only limitation is that, due to the use 

of woven fabric electrodes, the sensor is flexible but not stretchable at all. 
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Figure 2.5 Schematic of the 3-D fabric pressure sensor. (a) components; (b) cross-sectional 
view; (c) schematic of a bent sensor; (d) optical picture of an as-made sensor.  
 
For all the capacitive tactile sensors discussed above, technical specifications are 

summarized in Table 2.2.
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Table 2.2 Specifications of typical capacitive tactile sensors 

Type Elements* Working range Sensitivity 
Strec
habili

ty 
Flexibility Unit sensor size Ref. 

A: Spray-coated CNTs on 
PDMS 
B: Ecoflex silicone elastomer 

50 – 1000 kPa 0.23 MPa-1 150% Excellent 
Width: 0.6–2 
mm 
Thickness: 
0.7–1.3 mm 

[8]  

A: SWNTs films in PDMS 
surface 
B: Ecoflex  silicone 
elastomer 

10 – 124 kPa 0.59 kPa-1 300% Excellent — [9]  

A: AgNW networks in PU 
B: Acrylic spacer 0.001 – 1 MPa 0.51 MPa-1 60% Excellent 1.5 mm×1.5 mm [10]  

Nanotube/nanowire 
 electrodes 

A: AgNW/PDMS film 
B: Ecoflex  silicone 
elastomer 

1.2 MPa 1.62 MPa-1 <500 kPa;  
0.57 MPa-1 > 500 kPa 50% Excellent 2 mm×2 mm×0.9 

mm [11]  

Conductive liquid 
 electrodes 

A: Galinstan 
B: PDMS 0 – 2.5 N ~0.1 N-1 Good Excellent 0.5 mm×0.5 mm [14]  

Foam dielectric layer A: Deposited gold film 
B: PU foam 1 – 100 kPa 0.015 pF kPa-1 Good Excellent 1 cm×1 cm [16]  

A: ITO/PET film 
B: Microstructured PDMS 
layer 

0.3 – 15 kPa 0.55 kPa-1 — Yes 8 mm×8 mm [19]  

A: ITO/PET film 
B: Microstructured PDMS 
layer with OFET 

0 – 60 kPa 8.4 kPa-1 < 8 kPa — Yes — [20]  

Microstructured  
dielectric layer 

A: ITO/PET film 
B: Microstructured PDMS 
layer 

As low as 13 mPa 18 V at a current  
density of 0.13 μA/cm2 — Yes 3 cm×3 cm [21]  
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A: Aluminum plate 
B: nano-needle PU film from 
Breath Figure method 

0 – 6 kPa 1.76 kPa-1 < 1 kPa — Yes 50 mm2 [22]  

A: Embroidered electrodes 
made from silver coated yarns 
B: Spacer fabrics or foam 

0 – 120 kPa — — Yes 2 cm×2 cm [23]  

Textile structure A: PEDOT:PSS coated nylon 
yarns 
B: Cytop coatings 

9.8 – 98 kPa Tunable — Good 2 cm×2 cm [24]  

A: Copper 
B: Air gap and PDMS 0 – 250 kPa 

0.013 mN-1; 
0.012 mN-1; 
0.012 mN-1 

— 
Radius of 
curvature 
4mm 

2 mm×2 mm [25]  

A: Platinum & gold 
B: Silicone rubber 

Normal: 20 kPa 
Shear: 220 kPa 

0.024 kPa-1 normal <20 kPa; 
2.8×10-4 kPa-1 shear force — Good 6~10 mm×6~10 

mm [26]  
Three-axial 

A: Copper/Tin coated woven 
fabric 
B: Air gap and flurosilicone 

Nromal: 0 – 190 kPa 
Shear: 0.4 – 1.2 N (normal 
0.5 N) 0.8 – 1.6 N (normal 
1 N) 

Shear sensitivity:  
0.32 ± 0.02 N-1 (normal 0.5 N) 
0.34 ± 0.02 N-1 (normal 1 N) 
Normal sensitivity: 
0.91 kPa-1 0 – 190 kPa 

— Good ~10 mm×10 mm [27]  

* For the element column, A stands for electrodes; B stands for dielectric layer. 
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2.4.2 Piezoelectric Tactile Sensors 
Piezoelectric materials are insulators that generate a voltage potential gradient when 

they are mechanically deformed [28]. The electricity either comes from crystal 

structures, in which the deformation causes the cations and anions to move 

asymmetrically, resulting in a high polarization; or comes from the alignment of the 

permanent dipole moment in the molecules of the crystals. Typical piezoelectric 

tactile sensors involve a configuration similar to capacitive tactile sensors, where the 

dielectric layer is a piezoelectric thin film of area A and thickness D. When a force F 

is exerted onto the top plate, there will be a decrease in thickness of the film and 

opposite charges will assemble in the two electrodes, leading to a voltage V as given 

in equation (2-2), where d is the piezoelectric constant of the material; rε  and 0ε  

are the same as in a capacitor. To achieve a high sensitivity, rd ε  of the 

piezoelectric material should be as large as possible. In this regard, lead zirconium 

titanate (PZT) and polyvinylidene fluoride (PVDF) are commonly used for tactile 

sensing because of their high sensitivity, facile fabrication, and mechanical properties. 

 
04 r

dDV F
Aπε ε

=                           (2-2) 

When a load is exerted onto piezoelectric materials, the charges generated are highly 

dependent on the angle between the crystallographic direction and the loading 

direction. When electrodes are placed along the crystal direction, a voltage is 

generated with the value in proportion to the force applied. Therefore, highly aligned 

piezoelectric materials can be used to make very sensitive tactile sensors. In 2013, 

Rogers’ group reported a high performance piezoelectric tactile device which could 

sense a pressure of 0.1 Pa [29], because the device deployed highly aligned nanofiber 

arrays of poly(vinylidenefluoride-co-trifluoroethylene), shorted as P(VDFTrFe). The 

high alignment of nanofibers came from electro-spinning process with a collector disk 

rotating at a speed of 4 000 r.p.m. However, unlike the capacitive tactile sensors, such 

piezoelectric sensors are not applicable to static force detection because the 
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piezoelectricity is transient in nature.  

 

Apart from pressure, piezoelectric materials are also sensitive to temperature 

fluctuations. Therefore, in order to measure pressure in a precise manner, the 

piezoelectric tactile sensors need additional temperature sensors for compensation. 

Nonetheless, two piezoelectric materials with disproportional temperature and 

pressure sensitivities can be combined to detect temperature and pressure 

simultaneously. For example, when a piezopyroelectric (a mixture of 

poly(vinylidenefluoride-trifluoroethylene) (P(VDF-TrFE)) and BaTiO3,   

nanoparticles) gate dielectric and piezo-thermoresistive (pentacene) organic 

semiconductor are integrated into field effect transistor films, real-time bimodal 

sensing can be realized [30]. Table 2.3 lists the specifications of typical piezoelectric 

tactile sensors. 
Table 2.3 Specifications of typical piezoelectric tactile sensors 

Type Key materials Working range Sensitivity 
Stretcha

bility 

Flexibilit

y 
Size of unit sensor Ref.

Piezoelectric pressure 

sensor 
P(VDFTrFe) 3 Pa – 2 kPa 1.1 V kPa-1 — Excellent 

Width: 0.6–2 mm 

Thickness: 0.7–1.3 mm 
[29] 

Piezopyroelectric pressure 

and temperature sensor 

P(VDFTrFe) & BaTiO3 

Pentacene 

0 – 0.5 MPa 

35 – 40 ℃ 
— — Yes 0.5 mm×1 mm [30] 

 

2.4.3 Resistive Tactile Sensors 
Many commercial rigid pressure sensors and load cells use metal strain gauges as 

highly precise sensing elements. There are also many MEMS sensors deploying 

traditional strain gauges. These MEMS sensors are excluded in this chapter since the 

metallic or semiconductor (e.g. silicon) strain gauges are rigid whereas this chapter 

focuses on soft tactile sensors.  

 

To emulate the softness, compliance and stretchability of the human skin, elastomers 

are one of the best candidates, because they have very low Young’s modulus and a 

high failure strain. They are typically cross-linked rubbery polymers with a 
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random-coil molecular structure. Their exceeding deformability is often referred to as 

hyper-elasticity in large deformation. Elastomer and rubber are two interchangeably 

used terms. Although there are many commercially available elastomers with various 

mechanical properties, the most common type in use by scientific researchers are 

silicone-based elastomers.  Unlike most polymers with their backbones composed of 

organic constituents (e.g. C, O, N, S, etc.), the backbone of silicones involve organic 

(O) and inorganic (Si) constituents.  

 

Conductive elastomer composites have found a broad spectrum of applications in the 

electronic industry. Typically, they are elastomers such as PDMS or PU impregnated 

with conductive filler particles or fibers including carbon blacks (CB), metal powders, 

CNTs, etc. Although the elastomer matrix is insulating, the fillers in them can form a 

conductive network rendering the composite electrically conductive. These pressure 

sensors are often referred to as pressure sensitive rubbers (PSR) or force sensitive 

resistors (FSR). When a normal force is applied, the resistance of PSR decreases 

mainly because the filler particles come closer to each other forming more effective 

conductive networks. Conductive elastomer composites are therefore categorized to 

piezoresistive materials. 

 

As regards the conductivity of elastomeric composites, one important concept is the 

percolation threshold. It is a critical value of conductive filler fraction and only when 

the filler fraction reaches or goes beyond it, the composite becomes electrically 

conductive. Conductivity of the composite depends on three factors: (i) the 

conductivity of the filler material; (ii) the geometrical shape of the filler material; (iii) 

the volume fraction/ratio of the filler material to the elastomer matrix [31]. The factor 

volume fraction is often used to adjust the sensitivity of PSR.  

 

The advantages of conductive elastomer composites include corrosion resistance, 

wide temperature range applicability, low cost, facile fabrication, stretchability and 

softness. Besides, the pressure sensitivity of PSR is tunable simply by changing the 
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volume fraction of the conductive fillers. The major limitation is the large hysteresis 

arising from the viscoelasticity of the elastomers used, which restrict the application 

of PSR to low frequency pressure detection.  

 

In recent years, substantial research has been carried out in this field. The most 

representative soft resistive tactile sensors are discussed below.  

 

2.4.3.1 PSR Tactile Sensors 
Discrete PSR pressure sensors were deployed in multifunctional balloon catheters for 

cardiac electrophysiological mapping and ablation therapy [32]. Despite the PDMS 

embedded inside the PSR to enhance the sensitivity, the resistance of such pressure 

sensors changed by only 4% at a pressure of 120 kPa. 

 

To take good advantage of the soft and stretchable PSR sheets, organic field-effect 

transistors have been integrated with PSR into large area flexible pressure sensor 

arrays [33-35]. PSR was placed at the drain-source path and Pentacene was used as 

the semiconducting material. Due to the piezoresistive properties, PSR regulates the 

current of the transistor according to the pressure applied onto PSR. Sensitivity of the 

integrated pressure sensors largely depends on the gauge factor of PSR and the 

field-effect mobility of OFET. In 2004, the same group reported a large-area, flexible 

pressure sensor matrix of this category [33]. One year later, they improved the device 

in its conformability and integrated thermal sensors as well [34]. In 2013, using an 

ultra-lightweight design, their device further evolved into an ultrathin active-matrix 

array with tactile sensors, which was 27-fold lighter than common office paper and 

could be stretched to twice the original length [35]. Technical specifications of the 

sensors above can be found in Table 2.3. Due to the requirement of precise, robust and 

monolithic integration, these devices, however, are rather complicated in fabrication 

processes and highly demanding in the machines deployed.  
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Besides OFET, nanowire semiconductors have also been employed to make flexible 

tactile sensor arrays based on PSR. Ali Javey research group in 2010 reported such 19 

×18 transistors using germanium/silicon inorganic nanowires [36]. Similar to 

Someya’s approach [33] , the source electrodes of the transistors were connected to 

ground through PSR. The transistors were able to monitor distributions of pressure up 

to 15 kPa at a low operating voltage of below 5 V. The sensors showed no degradation 

in performance even after bending to small radii of curvature of 2.5 mm for over 2 

000 cycles demonstrating excellent mechanical robustness and reliability.  

 

In addition to field effect transistor matrix, electrical impedance tomography (EIT) 

provides a unique pathway to realize flexible and stretchable pressure sensors. Based 

on inverse problem analysis, EIT is a non-invasive imaging technique, in which the 

internal resistance distribution of an object is inferred simply via electrode 

measurement on the boundary. EIT is free from complex wires inside the circuit 

matrix. It transforms a PSR sheet into pressure sensor arrays simply by connecting 

electrodes on the sheet boundary, which is by far the easiest approach to fabricate 

large-area stretchable and flexible pressure sensors arrays. In 2007, Hassan and 

coworkers reported such a highly stretchable tactile distribution sensor for smooth 

surfaced humanoids [37]. 

 

All the above-mentioned PSR use carbon black or graphite as conductive fillers, there 

are also composites of metallic fillers and PDMS. In 2013, Debao et al reported a 

skin-like sensor with high stretchability where nickel powder/PDMS composite was 

used as the piezoresistive elements and AgNW/PDMS composites as stretchable wires 

[38]. Table 2.4 presents specifications of the PSR tactile sensors.  
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Table 2.4 Specifications of typical PSR tactile sensors 

Type Key materials 
Working 

range 
Sensitivity Stretchability Flexibility 

Size of unit 

sensor 
Ref.

Discrete PSR sensors PSR, PDMS 120 kPa ~0.003 kPa-1 — Yes ~ 0.2 mm×0.4 mm [32]

PSR, Pentacene FET 0 – 30 kPa — — Yes 
2.54 mm×2.54 

mm 
[33]

PSR, OFET 0 – 30 kPa — 25% Excellent 4 mm×4 mm [34]OFET 

PSR, OFET — — 230% Excellent 
12 × 12 array in 8 

cm×8 cm 
[35]

Nanowire transistor 
PSR, Ge/Si NW-array 

FET 
0 – 15  kPa 

~11.5 μS 

kPa-1. 
— 

Radii 2.5 

mm 

19×18  array in 7 

cm×7 cm 
[36]

EIT PSR 
Depends on 

PSR 

Depends on 

PSR 
Excellent Excellent Tunable [37]

Nickel powder 
Nickel powder, AgNW, 

PDMS 
0 – 250 kPa — 30% Excellent 4.5 mm×6 mm [38]

 

2.4.3.2 Fabric Based Resistive Tactile Sensors 
Most of the above sensors suffer from deterioration in performance after a prolonged 

period of wearing or repetitive loadings. Knitted fabrics, due to their excellent 

softness, stretchability and durability, provide a great substrate to build robust 

wearable electronic components. Tao’s research group has developed a resistive fabric 

strain sensor (FSS) which is stable (repeatability ±5% FSO, full-scale output) in 

measuring strains up to 50% even after 100,000 loading cycles [39]. These sensors, 

which have a coating of composite comprising carbon black, silicone elastomer and 

silicone oil on a knitted fabric, have been deployed in the development of a family of 

soft pressure sensors. Two typical types in the family are described below with their 

specifications listed in Table 2.5. 

 

In 2011, flexible pressure sensors were reported by sandwiching a FSS between two 

tooth-structured PDMS layers [39]. The configuration of the sensor is illustrated in 

Figure 2.6. The highly durable FSS and the simple configuration endow the pressure 

sensors mechanical robustness, flexibility and superior fatigue resistance. Two 

subversions of such sensors were stable even after 100 000 compression cycles. The 

sensors could measure pressures from 0 to 2 MPa with a sensitivity of 2.98 MPa-1, 
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covering the range of human foot pressure measurement. They are therefore adopted 

in i-Shoe [40], a foot pressure mapping system registering spatial and temporal 

plantar pressure distributions in most daily activities.  

 
Figure 2.6 Schematic illustration of the fabric pressure sensor. 

 
In 2013, we demonstrated another resistive soft pressure sensor. The sensor consisted 

of two components only: a PDMS cylinder and an FSS. The FSS was mounted on the 

equator of the cylinder. The FSS can slip freely on the surface of PDMS except for the 

adhesion part. Due to the large Poisson’s ratio of PDMS, the midline perimeter of the 

cylinder will increase significantly under a normal pressure, leading to a membrane 

stretch on the sensing element. Such soft pressure sensors can have a large workable 

pressure range (0 – 8 MPa), a high sensitivity (1 MPa-1) and a short response time (≤ 

0.1ms) [41]. The sensitivity of the sensors can be adjusted by using elastomers of 

different elastic modulus. In addition, different from the previous tooth-structure 

design, no compressive forces will be directly exerted onto the surface of FSS. 

Therefore, this type of sensors can be used for impact pressure measurement in 

martial arts, contact sports, or vehicle collision tests. Smart clothing imbedded with 

such pressure sensor arrays has been developed for in-situ pressure distribution 

measurement of seatbelt in vehicle collision. The smart clothing was examined in 

simulated vehicle frontal-impact tests. Pressure distributions along the seatbelt in the 

tests were successfully obtained.  
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Table 2.5 Specifications of typical fabric tactile sensors 

Type Key materials Working range Sensitivity Stretchability Flexibility Size of unit sensor Ref.

Tooth-structure FSS;  PDMS; 0 – 2 MPa 2.98 MPa-1 — Yes 10 mm×16 mm×4.8 mm [39]

Cylinder shape FSS;  PDMS; 0 – 8 MPa 1 MPa-1 — Yes Ø 11 mm×5 mm [41]

 

2.4.3.3 Micro-structured Resistive Tactile Sensors 
Similar to the microstructured capacitive tactile sensors, resistive sensors can also 

achieve ultrahigh sensitivity via replicated microstructures. Below are four distinctive 

sensors in this category reported in 2014. Specifications of the sensors are listed in 

Table 2.6. 

 

(1) Pyramid Shape 

The first is highly stretchable resistive pressure sensors using a conductive elastomer 

composite on a micropyramid array (Figure 2.7). First, microstructured PDMS layers 

were replicated from silicon mould. Then PEDOT:PSS/PUD (aqueous polyurethane 

dispersion) was coated onto the PDMS layer and covered with a counter electrode 

made from Au knitted fabric or other flexible materials [42]. PUD was incorporated to 

effectively minimize the potential cracks of PEDOT:PSS upon repeated strains. 

Resistance of the pressure sensor includes three parts: resistance of the counter 

electrode (Au knitted fabric), resistance of the piezoresistive electrode 

(PEDOT:PSS/PUD), and contact resistance between electrodes. Since the surface of 

PDMS layer was small pyramid in shape, the contact area between the counter 

electrode and PDMS layer will increase dramatically under normal pressure, leading 

to a drop in contact resistance. As all the materials here were soft in nature, the 

sensitivity of tactile sensor was still as high as 10.3 kPa-1 when stretched to 40%.  
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Figure 2.7 Schematic illustration of the highly stretchable resistive pressure sensor. 

 

(2) Dome Shape 

The second example chose dome shape micro-structures as given in Figure 2.8. A 

composite of multi-walled nanotubes (MWNT) mixed in PDMS (Sylgard 184) was 

silicon moulded into dome features [43]. Two composite films were placed with 

domes face to face. When there is an external pressure, contact area of the two layers 

will get larger leading to a decrease in contact resistance. The dome shape is 

extremely effective in improving the sensitivity. Such sensors were able to detect a 

pressure as low as 0.2 Pa and the response/relaxation time was around 0.04 s. 

 
Figure 2.8 Schematic illustration of the dome-shaped resistive pressure sensor. 

 
(3) Nanohair Shape 

The third representative pressure sensor is based on two interlocked arrays of 

high-density nanohairs (~1.85 ×109 cm-2) supported on thin PDMS layers [44]. The 

platinum coatings on nanohairs render the structure electrically conductive. As 

illustrated in Figure 2.9, when there is normal pressure, shear force or torsion applied, 

contact resistance between the two interlocked layers will change accordingly with 

specific and discernable gauge factors. The high-aspect-ratio configuration of 

nanohairs imparted the device high gauge factors: ~11.45 for pressure, ~ 0.75 for 
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shear, and ~ 8.53 for torsion. The minimum detectable pressure was ~ 5Pa. 

Unfortunately, the performance of the sensor was basically stable, only within 8 000 

cycles of compression. Besides, stretchability of the device has not been 

demonstrated.  

 
Figure 2.9 Schematic illustration of working mode of the multi-modal sensor with interlocked 
Pt nanohairs. 
 
(4) Silk Fabric 

Apart from silicon, silk fabric has also been used to mould PDMS layers [45]. 

Microstructured PDMS films replicated from silk fabric were laminated with 

free-standing SWNT ultrathin films (30 nm in thickness) on the patterned surface. 

Then two such PDMS films were placed face to face into a flexible soft tactile sensor. 

The sensor demonstrated excellent performance: the sensitivity was high as 1.8 kPa-1, 

and the minimum detectable pressure was 0.6 Pa; the sharp peaks between layers 

remained intact even after over 67 500 cycles of compression. It is believed that such 

excellent sensing capability is attributed to two factors: (i) large numbers of sharp 

micro/nano features on the interface of the two SWNTs/PDMS films generate 

abundant effective contact points; and (ii) the SWNT ultrathin film, which was 

partially embedded onto the patterned PDMS substrates, imparts the sensor 

mechanical and electrical stability.  

 

Here, it is worth noting again that, despite the excellent mechanical and electrical 

properties of carbon nanotubes, they pose serious toxic and hazardous concerns [12, 

13]. Such concerns also exist in CNT pressure sensors for normal and shear force 

detection [46].  
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Table 2.6 Specifications of typical microstructured tactile sensors 

Type Key materials 
Working 

range 
Sensitivity Stretchability Flexibility 

Size of unit 
sensor 

Ref.

Pyramid 
PEDOT:PSS/PUD, PDMS,  
Au knitted fabric 

0 – 8 kPa 

56.8 kPa-1 (13 – 200 Pa) 
4.88 kPa-1 (0.37 – 5.9 kPa) 
10.3 kPa−1 when stretched 
by 40%. 

Over 40% 
Radius 4 
mm 

Over 8 μm×8 
μm 

[42]

Dome 
PDMS, MWNT, Platinum 
electrode 

0 – 60.5 kPa -15.1 kPa-1 (< 0.5 kPa) — Yes 5 mm×5 mm [43]

Nanohair PU nanohair, Platinum 

Pressure: –1.5 
kPa 
Shear: 0 – 1 N 
Torsion: 0 – 0.1 
Nm 

~11.45 (pressure), ~0.75 
(shear) and ~8.53 (torsion). 

Yes Yes 
Nanohair 50 

nm in radius
[44]

Silk 
fabric 

PDMS, SWNT ultrathin film 0.6 Pa–1.2 kPa 1.80 kPa-1 Yes Excellent Tailorable [47]

 

2.4.3.4 Self-healing Tactile Sensors 
One of the fundamental differences between the above artificial touch-sensitive skins 

and natural skins is the regeneration capability. The human skin, even if severely 

damaged, may heal itself by forming scar tissue; while the man-made ones don’t. In 

2012, Bao’s group reported for the first time an electrically and mechanically 

self-healing composite with piezoresistive properties [48]. The composite was 

composed of a supramolecular organic polymer doped with nickel microparticles. 

Electrical conductivity could be as high as 40 S/cm. After rupture, the conductivity 

restored to 90% after 15s healing time; and mechanical properties could fully recover 

after ~ 10 min. The great self-healing capability is attributed to the large quantity of 

weak hydrogen bonds in the supramolecular polymeric hydrogen-bonding network. 

The hydrogen bonds can break preferentially during a mechanical separation. And 

they can associate and disassociate at ambient conditions. In addition, the low glass 

temperature of the composite allows the polymer chains on the broken surface to 

rearrange, wet and diffuse, thus healing at room temperatures. The composite is a big 

step towards self-healing artificial skins. Unfortunately, the sensitivity was so high 

that it is impractical to use a sensor whose resistance change spans several orders of 

magnitude. And if the loading percentage of nickel powders increased, the 

self-healing ability may be severely affected. Much remains to be done towards 

highly sensitive self healing tactile sensors.  
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2.4.4 Optical Tactile Sensors 
All the sensors discussed above are based on electricity, there are also tactile sensors 

operating on light, a propagation of electromagnetic radiant waves. Light is a very 

effective form of energy for measuring diverse stimuli, ranging from distance, 

temperature to chemical composition. Optical tactile sensors normally involve a light 

source, a transduction medium, and a photodetector (camera or photodiode). They 

operate on two types of principles: intrinsic and extrinsic. For intrinsic type, the 

exerted force induces variations in light transmission/reflectance intensity, reflective 

wavelength or spectrum, where the light path does not change. For extrinsic type, the 

light path changes according to exerted force and the sensor usually involves a camera, 

which inevitably hinders the miniaturization of sensors. Therefore, only intrinsic type 

of sensors will be discussed in this section. 

 

The major advantages of optical tactile sensors include high spatial resolution and 

accuracy, intrinsic safety, light weight, and most importantly, immunity to external 

electromagnetic interference. However, since they need both light emitters and 

receivers, the size is relatively larger than the other sensors. In addition, for sensors 

working on light intensity, they may suffer from signal alteration or attenuation by 

bending or misalignment. 

 

Selected typical optical tactile sensors will be discussed below with the specifications 

listed in Table 2.7. 

 

2.4.4.1 Plastic Optical Fibers 
Polymer optical fibers (POF) are optical fibers made from polymers. Together with 

cotton yarns, they have been woven into fabrics [49]. Both the warp and weft yarns 

include POFs, so they periodically interlace with each other. The POFs here are more 

readily to deform than the cotton yarns. Therefore, for POFs at the crossings, the 

cross-sectional areas will decrease under compression. By detecting the attenuation in 
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transmitted light intensity, corresponding pressure values can be acquired. The 

combination with weaving technology enables large area pressure sensitive fabrics.  

 

2.4.4.2 Fiber Bragg Gratings 
A fiber Bragg grating (FBG) is a Bragg reflector built in a segment of optical fiber. 

The Bragg reflector reflects only the light of particular wavelengths and transmits all 

the others. The core of FBG has a periodic fluctuation in refractive index, forming a 

wavelength specific mirror. FBG can therefore transform the strain into variations in 

wavelength. Soft FBG pressure sensors for precision measurement of shear stress and 

normal pressure were reported in 2013 [50], where two polymer FBGs (one horizontal 

and one tilted) were embedded inside a PDMS cuboid. The deformation of PDMS 

cuboid upon applied pressure leads to strains on the gratings. It is therefore practical 

to decouple shear and normal forces. The pressure sensitivity for the sensor was 0.8 

pm Pa-1 within 2.4 kPa and shear sensitivity 1.3 pm Pa-1 within 0.6 kPa.  

 

2.4.4.3 Polymer Waveguide 
A polymer waveguide is a polymeric structure that guide light waves inside it. When 

the shape of the structure changes, the intensity of the light transmitted will change 

accordingly.  

 

In 2012, Bao’s group reported a transparent, optical, pressure sensitive artificial skin 

[51]. The structure of the sensor is presented in Figure 2.10. This pressure sensor is 

based on two phenomena: the compression of the waveguide layer under pressure and 

the out-coupling of the guided light at the pressure points. When the PDMS 

waveguide layer is under compression, the thickness reduced. The photodetector will 

detect less light. Coupling of the grated in and out light can be calculated by their 

relationship with the out-coupling angle. This proposed pressure sensor features 

transparency, stretchability, large area coverage and a high sensitivity of 0.2 kPa-1. 
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Figure 2.10 Schematic of the transparent optical pressure sensitive skin. 

  
In 2013, another soft, transparent skin for distributed and multiple pressure sensing 

was reported by Alessandro et al [52], where a similar working principle was 

deployed to that of Bao’s sensors in 2012. When there is a pressure on the sensing 

area, the light signals reaching the peripheral photodiodes experience a loss as a result 

of the Frustrated Total Internal Reflection and deformation of the waveguide. As an 

extension of Bao’s sensor, there were eight light emitters and eight photo-diodes 

evenly distributed on the four edges, namely a 2 × 2 sensor array. The sensors were 

therefore able to detect pressures of multiple points simultaneously.  

 

In addition to uniform polymer waveguide with a clad throughout, the waveguide at 

the sensing area can have a bare core with a touch layer above and without touching it 

[53]. As explained in Figure 2.11, photo-detectors at the end of each core provide 

information on light intensity change. So when there is an external force, the touch 

layer comes into contact with it, and light passing through the waveguide will be 

easily scattered. The amount of light scattered varies with the size of the contacting 

area which is a direct result of the pressure applied. Three kinds of polymers 

(cellulose acetate: CA; poly(tert-butylacrylate): PTBA; polyethylene terephthalate: 

PET) have been used as touch layers. The CA (cellulose acetate) touch layer eallowed 

the force sensor to respond quickly without significant hysteresis to repetitive 

loadings (ca.0 – 3 N). Such pressure sensor arrays can be thin, highly transparent and 

highly flexible.  
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Figure 2.11 Schematic of the polymer waveguide flexible tactile sensor array and the working 
principle. 
 

Table 2.7 Specifications of typical optical tactile sensors 

Type Key materials Working range Sensitivity Stretchability Flexibility 
Size of unit 

sensor 
Ref.

POF 
Cotton yarns, POF, LED, 

Phototransistors 
0 – 30 N — — Excellent 

2x2 matrix in 

1.5x1.5 cm 
[49]

FBG FBG fibers, PDMS 
Normal 0–2.4 kPa

Shear 0–0.6 kPa 

Normal 0.8 pm Pa-1 

Shear 1.3 pm Pa-1 
Yes Yes 

27 mm × 27 

mm×25 mm 
[50]

PDMS waveguide, 

(O)LED, (O)PD 
0 – 35 kPa 0.2 kPa-1 (< 1 kPa) Yes Excellent 50 mm×50 mm [51]

PDMS waveguide, LED, 

PD 
3 – 160 kPa 1.93 kPa-1 Yes Yes Ø 5.5 cm [52]Polymer 

Waveguide 

PDMS waveguide, CA, 

PTBA, PET 
0 – 3 N 0.16 N-1 Yes 

Bending 

radius 1.5 

mm 

3×9 

matrix in 110 

mmx 60 mm 

[53]

 

2.4.5 Conductive Liquid Tactile Sensors 
Eutectic gallium indium (EGaIn), a liquid metal alloy, is ideal for micro-channel 

injection to form stable liquid metal structures. Under a surface stress of 0.5 N/m, it is 

an elastic material; beyond that, it begins to flow [54]. As a homogeneous conductor, 

the shape change will induce significant resistance change of EGaIn, hence EGaIn 

tactile sensors. The key advantage of this kind of sensors is that they can be fully 

elastomeric and soft: the whole stretchable structure can have a modulus at 63 kPa 

[55], which is close to that of the human skin around 30 – 70 kPa [6]. 

 

The Park’s research team has made much progress in the development of EGaIn 
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pressure sensors (Table 2.8). In 2012, a three-layer pressure and strain sensor was 

developed [55]. The first layer is coil shape, responsible for pressure sensing, and the 

second and third for x and y strain sensing, respectively. It remains functional at a 

250% stretch. The hysteresis is however large due to the viscoelasticity of the 

elastomer used and the internal flow friction of EGaIn in micro channels. The sensors 

also suffer from a strong strain rate effect. Later in 2013, they reported a 3D pressure 

sensor using one force-post over three radioactively positioned EGaIn channels [56]. 

The durability of such a sensor is very doubtful since it consists of moving rigid parts 

within elastomeric materials. In 2014, soft pressure sensor array for contact force 

measurement and force localization has been investigated by the coworkers [57]. The 

array consists of four parallel top channels over two parallel lower channels which are 

perpendicular to the top ones. Compression at any of the crossings will lead to 

increment in electrical resistance of corresponding top and lower channels.  
Table 2.8 Specifications of typical conductive liquid tactile sensors 

Type Key materials Working range 
Sensiti
vity 

Stretchabilit
y 

Flexibilit
y 

Size of unit sensor Ref. 

EGaIn (three layer) EGaIn, PDMS 15–50 kPa — 250% Excellent 25 mm×25 mm [55] 

EGaIn (three dimensional) 
EGaIn, PDMS,  
Plastic force-post 

Normal 0–5 N 
Shear 0–0.45 N 

— Excellent Excellent 50 mm×60 mm×7 mm [56] 

EGaIn (force localization) EGaIn, PDMS < 50 mN — Yes Excellent 200 μm×200 μm [57] 

 

As seen from Table 2.9, each sensing technique has its own merits and limitations. 

Each was developed for specific applications. There is currently no best universal 

solution for human-machine interface. Considering that even the human skin, after so 

many years of evolution, contains four types of mechanical receptors, it is probable to 

emulate the human skin by combining the above mentioned sensing techniques. 
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Table 2.9 Comparison of various sensing techniques in terms of parameter, advantages and 
disadvantages 
Transduction 

technique Modulated parameter Advantages Disadvantages 

Capacitive Change in capacitance 

•High sensitivity 
•Temperature independent 
•Large dynamic range 
• Small sizes and high spatial resolutions 
possible 
•Large areal coverage possible 
•Well-established design and 
 fabrication techniques 
•3D force sensing possible 

•Parasitic capacitance 
• Cross-talk between sensor 
units 
•Susceptible to electromagnetic 
interference 
•Complex circuitry 

Piezoelectric Strain/stress polarization

•High sensitivity 
•High frequency response 
•Robust and chemically resistant 
•Mechanically flexible 
•Suitable for dynamic tests 

•Low spatial resolution 
•Dynamics sensing only 
•Not stretchable 

Conductive elastomer 
composites 

Change in resistance 
(piezoresistivity) or 
contact resistance 

•Stretchability 
•Soft material mimics human skin 
•Simple structures and fabrications 
•Low cost 
•Large areal coverage possible 
•Tailored measurement range 
•High sensitivity with micro-structures 

• Hysteresis of composite 
material 
•Restricted to pressure sensing 
• Sensitivity to temperature 
change 

Optical 
Light 
intensity/wavelength 
/vision 

•Immune to electromagnetic interference 
•High sensitivity and precision 
•POFs: Flexibility and durability 
•LEDs: high spatial resolution 
• LEDs can work as both transmitter and 
detector 
••3D force sensing possible 
•Transparency 

• Signal attenuation due to 
bending (for Polymer 
Waveguides) 
•Low stretchability 

Conductive liquid Change in resistance 

•Superior stretchability 
•Fully elastomeric 
•••Soft 
••Simple structure 
•3D force sensing possible 

•Strain rate effect 
•Large hysteresis 

 

2.5 Discussions 

In view of the increasing demand of reliable and soft tactile sensing techniques for 

robotics, medical diagnostics, and smart textiles, etc., substantial effort has been made 

to exploit various tactile sensing systems, from sensing materials, transduction 

methods, to matrix circuits and processing algorithms. However, after nearly two 

decades of research and development, few products can be found in either commercial 

or industrial markets besides touch-screen devices such as an iPhone (Apple Inc. USA) 

and touch-screen computers. Here, the author tries to find out current problems in 

research on soft tactile sensors for human-machine interaction. 
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2.5.1 Current Problems 
The first general problem lies in the lack of comprehensive characterization of tactile 

sensors in relation to their intended applications. To make a critical assessment of a 

particular kind of sensors, sensor parameters including sensitivity, repeatability, 

hysteresis, standard deviation, temperature, and humidity effect, are all essential. 

However, few researchers have reported all the parameters in their publications. Some 

researchers began to realize this problem. Eltaib and Hewit [58] put forward design 

considerations for minimally invasive surgery in 2003. An appropriate 

characterization protocol of the sensors, which may lead to standards for tactile 

sensors, needs to be developed to guide future development. 

 

The second general issue is the poor design criteria. The most effective way in 

designing tactile sensors should be task centered design, which refines the design 

criteria based on the field of application. For instance, automated production lines 

require no biocompatible sensors; biomedical devices normally need no pressure 

sensors with wide dynamic range; while tactile sensors with non-biocompatible 

materials should be avoided in biomedical field.  

 

Besides, there are some specific issues in terms of cost, force measuring dimension 

and range, stretchability and softness, etc. 

 

(1) The high cost of tactile sensors largely hinders their applications in the field of 

service robot and health care [59]. Complex fabrication processes are required for 

most flexible tactile sensors, which inevitably increases the cost. In this regard, 

the conductive (especially CB or graphite doped) elastomer composite tactile 

sensors are probably the most promising candidate.  

(2) The lack of tactile sensors that measure three dimensional forces is obviously 

another critical issue. There are a great number of tactile sensors for normal force 

measurement, while tactile sensors for shear force measurement are much less 
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studied. A tactile sensor with the capability of three-dimensional force 

measurement remains challenging to achieve. A soft shear force sensor can be 

used in gait analysis, slippage detection and dexterous manipulation of robots, etc, 

where friction measurement is of utmost importance. 

(3) The contact force in human-machine interaction is normally small as compared 

with the other applications of force sensors. Most force sensors in the literature are 

sensitive in the range from medium to large forces, but not small forces. It remains 

an urgent need to develop reliable sensors with sufficient sensitivity and accuracy 

for small forces. On the other hand, certain special scenarios like vehicle impact 

involve large and high-speed impact loadings. However, soft sensors for such 

large pressure measurement have been scanty in the literature.  

(4) Current tactile sensors lack in stretchability and softness. Although most 

researchers aimed at emulating the tactile sensation of a natural skin, only flexible 

tactile sensors have been realized. Tactile sensors as soft and stretchable as the 

human skin remain scarce. 

(5) One key component for stretchable tactile sensors is stretchable conductive wires. 

Stretchable metallic geometries involve complex and expensive fabrication 

processes; and current conductive composites generally have poor printability and 

stretchability. It remains challenging to combine high conductivity and 

stretchability.  

(6) Another problem lies in the safety of materials. In the realm of human-machine 

interaction, safety is the top concern. Tactile sensors contain certain materials with 

hidden health risks such as carbon nanotubes [12, 13] would not get regulatory 

approval in the biomedical field. Unfortunately, there are still tactile sensors being 

continuously developed using such potentially hazardous materials. 

(7) There are also deficiencies in matrix circuits and processing algorithms, which are 

beyond the scope of this chapter. 
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2.5.2 Future Directions 
Challenges in current tactile sensing technique will guide the direction of research and 

development of tactile sensing techniques. 

 

The first direction is task-centered design [60]. In recent years, bionics has been 

attracting increasing interests in the science and research community. As regards 

tactile sensors, many scientists hope to create artificial skins with tactile sensors that 

emulate the human skin in structure, physiological and mechanical attributes, and 

functionalities. While due to the extreme complexity of the human skin, particularly 

the fingertips, these ambitions are essentially not viable. But artificial tactile sensing 

for specific applications which emulate the subgroup of the human sense of touch can 

be practical and attainable. Therefore, task centered design can help to optimize the 

sensing system and reduce the cost. More emphasis should be put on the task based 

design criteria. Particularly in the low-pressure regimes (<10kPa), it’s still challenging 

to produce all-elastomer soft tactile sensors for three-dimensional measurement at a 

low cost. 

 

The second direction is the application of nano-material and micro-fabrication / 

replication technology. Recent development in material science, nanotechnology, and 

micro- and nano-fabrication techniques can help to advance the tactile sensing 

technology in terms of performance, reliability, miniaturization, and other mechanical 

properties. Detailed discussions can be found in [2]. 

 

The third is more elastic, flexible and dynamic tactile sensing. For example, PDMS 

has been increasingly used in recent advances of tactile sensing technology, for its 

biocompatibility and excellent mechanical properties. The adoption of such 

elastomeric encapsulation materials may effectively improve the sensors’ capabilities 

such as feeling motion and recognizing texture. On the other hand, the tactile sensing 

element itself has been made from these elastomeric materials (conductive elastomer 
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composites) to achieve soft, flexible, and stretchable sensing arrays. For detailed 

discussions on elastomeric pressure sensors, please refer to [31]. 

 

2.6 Summary  

After a brief introduction to the tactile sensing of the human skin and the important 

characteristics of soft tactile sensors, the transduction techniques and state-of-the-art 

of the five categories of soft tactile sensors have been reviewed, followed by a 

succinct comparison in their sensing parameters, specifications, merits, and 

limitations. Despite of the large quantity of research, few of the sensors have achieved 

the softness that rivals the human skin. Particularly in the low-pressure regimes (<10 

kPa), soft tactile sensors for three-dimensional measurement remains a challenging 

task. Further, current problems including force measuring dimension and range, 

characterization standards, cost, and design criteria have been analyzed. Finally, 

emerging trends of development have been identified: task-centered design, the 

application of nano-material technology, as well as more elastic and flexible tactile 

sensing.  
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CHAPTER 3 

A Preliminary Study of All-elastomer 
Sensors for Contact Force Measurement 

3.1 Introduction 

As stated in the previous chapter, the development of an electronic skin may enable 

many devices with new functionalities, including humanoid robots with the sense of 

touch, prosthetic skin for biomedical use, and touch-sensitive mannequins for garment 

comfort evaluation. To emulate the tactile sensing properties of a natural skin, large 

arrays of pressure sensors on a flexible and stretchable substrate are required [1]. For 

such pressure sensors, extensive research has been conducted employing various 

transduction techniques as elaborated in Chapter 2. Many have demonstrated high 

sensitivities or 3D force mapping capabilities. However, besides the inherent 

limitations of each category, most of them contain relatively rigid parts or are claimed 

flexible but with a noticeable difference from the softness of a natural skin. Thus, it is 

imperative to fabricate low-cost, large-area-compatible, highly sensitive and soft 

pressure sensors, especially in the low-pressure regime (<10 kPa). 

 

Therefore, in this chapter, a preliminary study will be conducted towards a kind of 

soft sensor for small contact force measurement. First, several structural designs of 

sensor will be proposed, analyzed qualitatively, and promising designs will be 
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identified. Secondly, materials for the sensor will be selected with reasons. Thirdly, 

samples of soft sensors will be fabricated according to one promising design. Then, 

they will be evaluated. Finally and most importantly, critical issues in the fabrication 

and evaluation of soft sensors will be identified and analyzed in the discussion section. 

Certain major issues are hopeful to be settled within this section, and the unsolved key 

problems will be studied individually in the following chapters. In this way, this 

preliminary study lays a solid experimental foundation for the subsequent chapters 

and identifies the direction towards all-elastomer sensors for three axial contact force 

measurement. 

 

3.2 Experimental 

One of the simplest and cheapest forms of resistive tactile sensors, as elaborated in the 

previous chapter, is pressure sensitive rubbers (PSR), a typical elastomeric conductive 

composite. Despite of the inherent softness and stretchability, the PSR tactile sensors 

need either field-effect transistor matrix [2-4] or electrical impedance tomography [5] 

to realize tactile sensor arrays. The former is quite complicated in fabrication; and the 

latter suffers from low pressure sensitivities. Therefore in this study, to take full 

advantage of the excellent piezoresistivity and stretchability, elastomeric conductive 

composites will serve as tensile strain gauges printed onto largely deformable 

materials rather than working directly under compression. Herein, it is regarded as a 

simple and direct method to produce all-elastomer pressure sensors by printing strain 

gauges onto a soft conversion structure. 

 

3.2.1 Structural Design and Analysis 
Nature always provides us with infinite inspirations for designs. The structural 

designs in this chapter are inspired by toads. Although both frogs and toads are 

amphibians, they are quite different in outward appearance. Unlike the thin, smooth 
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skin of frogs, the skin of toads is always dry and warty-looking. Under the warty 

bumps, there are mucous and granular glands, which are responsible for the 

production of mucus and toxic secretions respectively [6]. The special morphology of 

toad’s skin inspired us of an artificial skin dotted with small soft bumps (warts), 

which are actually pressure sensors protruding out from the surface. Because the 

biometric configuration is no longer confined to a flat surface, such designs shall 

render pressure sensors better able to handle small pressure measurement and 

three-dimensional pressure mapping – jobs at which conventional pressure sensors 

struggle. 

 

3.2.1.1 Structural Design 
Although the warty bumps on a toad’s skin are generally spherical caps in shape, the 

design of conversion structure for elastomeric sensors can have many variations. 

Several typical promising designs are presented in Table 3.1. There are three 

categories of design in terms of structures: hollow, cell, and solid structures. A hollow 

structure can be imagined as part of a pneumatic balloon; a cell structure resembles a 

capsule filled with some kind of liquid; and a solid structure is homogenous in 

material.  

 

Each of the three categories has at least five variations in geometric shapes: spherical 

cap, truncated spherical cap, cylinder, rectangular block, and truncated pyramid. The 

typical geometric shapes are marked as A, B, C, D, and E. For each shape, there are 

also numerous geometrical possibilities. Take shape A for an example, a spherical cap 

can range from a very thin layer of cap to a hemisphere, and further to a major portion 

of a sphere. Therefore, these three structural categories and five geometrical shapes 

actually have covered and contained a considerable number of sensor designs.  

 

In view of the great number of design possibilities, qualitative analysis will be carried 

out to identify appropriate candidates for pressure sensor use. 
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Table 3.1 Conversion structure designs for all-elastomer pressure sensors 

Design Hollow / cell structure Solid structure 

A: Spherical cap 

  

B: Truncated spherical cap  

  

C: Cylinder 

  

D: Rectangular block 

  

E: Truncated pyramid 

  

 

3.2.1.2 Structural Analysis 
The three structural categories, that is hollow, cell and solid structures, are expected to 

have radical differences in terms of pressure measuring range, sensitivity, fabrication, 

durability and stability.  

 

Consider three cylindrical main bodies made from certain kind of silicone rubber. 

Cylinder one is filled with air; cylinder two is filled with oil; and cylinder three is 

solid. Suppose the three cylinders are the same in outward dimension and the first two 

are the same in shell thickness. Apparently, cylinder one is the most readily to deform, 
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because the deformation mechanism is primarily buckling of side walls (neglecting 

the inner air pressure). Cylinder two is less deformable because oil is incompressible 

and there will be liquid pressure involved. Cylinder three has undoubtedly the largest 

rigidity. Therefore, hollow and cell structures have the advantage of a high sensitivity 

to small forces and solid structures merit a large pressure measuring range. However, 

since air and oil are involved, hollow and cell structures are more complicated to 

fabricate than solid structures. Besides, the long term stability of oil-filled structures 

maybe a concern, since the interface between liquid and elastomer needs special 

investigation. Nevertheless, oil-filled cell structures are preferred to hollow structures 

because they provide larger lateral strain under the same level of compression, which 

is of particular importance for measurement of small pressures. 

 

Sensor bodies with the five geometric shapes are also diverse in mechanical properties. 

Shape A, B and C are circularly symmetric, while D and E plane symmetric only. 

Therefore, deformation of D and E under shear forces will be direction oriented. On 

the other hand, shapes A, B and E have oblique lateral surfaces, which will induce 

larger strains than vertical walls under shear force. They are therefore more suitable 

for shear force detection than shape C and D. Nonetheless, shape C is more efficient 

than the other four for normal force detection, because it can produce a large and 

uniform strain on its midline.  

 

Finally, the five are different in fabrication processes if hollow or cell structures are 

used. Take liquid-filled A, B and C for comparison. Shape A can be fabricated simply 

by injecting liquid between two flat layers with different thicknesses and sealing the 

layers. Shape B has one more step in layer fabrication because the upper layer needs 

an inner bump to keep the top surface flat against the internal liquid pressure. 

Nevertheless, shape B theoretically has a higher normal force sensitivity than A. 

Shape C is more complicated to fabricate by liquid injection, because the inner liquid 

pressure needs strategic control to keep the top surface flat and side wall vertical. 
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Based on the above qualitative analysis, it is recommended shape A filled with liquid 

be deployed to fabricate all-elastomer pressure sensors for three dimensional contact 

force measurement. In addition, shape C in a solid structure will be explored to 

fabricate soft pressure sensors for large pressure measurement in Chapter 7. 

 

3.2.2 Material Selection 
In the previous section, it was recommended shape A filled with liquid be deployed to 

fabricate all-elastomer pressure sensors. Therefore, materials for at least four key 

components need to be selected carefully: conversion structure, strain gauge, liquid 

for injection, and stretchable conductive connectors. 

 

In order to emulate the softness, compliance and stretchability of natural skin, 

elastomeric materials are preferred. Elastomers, as the name suggests, are elastic 

polymers, including both thermoset and thermoplastic elastomers. Typically, they are 

soft, highly stretchable, and incompressible like a fluid (Poisson’s ratio close to 0.5). 

These rubber-like, isotropic mechanical properties make them especially suitable for 

strain and pressure sensors [7]. 

 

Among various types of elastomers, silicone elastomers (SE), a typical thermoset 

elastomer with a silicon-oxygen constituent backbone chain, are most commonly used 

by the research community. The curing process is simple: they can be cross-linked in 

ambient conditions or in heated conditions for accelerated curing. Cross-linked SE 

merits excellent biocompatibility, thermal and environmental stability, and an 

extremely low glass transition temperature (-125 ℃), which render them resistant to 

extreme environments and temperatures. However, the mechanical properties of SE 

can be severely affected by elevated temperature and pressure. Therefore, temperature 

or pressure compensations will be required when used for sensing applications [7].  

 

After choosing SE as the conversion structure material of pressure sensors, we need to 
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select strain gauges to measure deformation of the conversion structure. An ideal 

strain sensing material here should be printable, highly stretchable, piezoresistive (or 

piezoelectric), and compatible to silicone rubber substrate (forming robust covalence 

bonding or highly miscible). As discussed in section 2.3, conductive elastomer 

composites are one of the most promising candidates. Particularly, the composite of 

carbon black (CB) and SE is advantageous in corrosion resistance, wide temperature 

range applicability, low cost, biocompatibility and safety (especially when compared 

to carbon nanotube products), facile fabrication and softness. In addition, the isotropic 

CB/SE composite can be bonded firmly to SE substrate simply because the existence 

of SE component. Nevertheless, the conductive composites have limitations in both 

mechanical and electrical hysteresis. 

 

The selection of liquid is of vital importance. Neither should the liquid diffuse 

through the SE nor shall it cause swelling of the SE. Otherwise, the stability and 

durability of the pressure sensors will be damaged greatly. Corn (maize) oil has been 

reported as a suitable choice to be injected between silicone elastomer layers [8]. 

Therefore, corn oil will be chosen as injection material in the preliminary study. It is 

worth noting that, silicone grease might provide superior stability with SE than corn 

oil [9]. Unfortunately, the pressure sensor filled with silicone grease will be 

vulnerable to very large hysteresis due to the high viscosity of silicone grease.  

 

The last one is the material for stretchable conductive connectors, through which 

electrical signals are transmitted from the strain gauges to the recording device. As SE, 

the material for conversion structure and substrate, is highly stretchable, in order to 

achieve best performance of the whole device, mechanical properties of the 

conductive connectors should be as close to that of SE as possible. The conductive 

material also needs to be low in cost and high in conductivity, and 

environmental-friendly. Due to time limitation, commercially available silver coated 

yarns was selected as conductive connectors in the preliminary study. The printable 

and stretchable conductive connectors will be studied specially in Chapter 5. 
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The selected materials for the fabrication of all-elastomer pressure sensors in this 

study are listed in Table 3.2. The PDMS for conversion structure has an elongation at 

break as high as 600%. 
Table 3.2 Materials in the preliminary study of all-elastomer pressure sensors 

Component Materials Details 

Conversion 
structure Polydimethylsiloxane (PDMS) SILASTIC® 3483 Moldmaking Rubber, Dow 

Corning, U.S.A. 

Glue Silicone elastomer (SE) ELASTOSIL®　LR6200 A and B, Wacker 
Chemie AG, Germany 

Liquid Corn oil Lion & Globe Corn Oil, Hop Hing Oils & Fats 
Company, Hong Kong, China. 

Carbon black (CB) 
Low structure but highly porous carbon black 
nano-particles (Carbon® ECP600JD, Akzo 
Nobel, diameter of about 30 nm) 

Silicone elastomer (SE) ELASTOSIL®　LR6200 A and B, Wacker 
Chemie AG, Germany 

Strain gauge 

Silicone oil (SO) Che Scientific Co., Hong Kong, China. 

Conductive 
connector Silver coated nylon yarn (SCNY) 70D×2/24F/2, Xiamen Unibest Import and 

Export Co., Ltd. China 

 

3.2.3 Fabrication of Pressure Sensors 
Using the selected materials, pressure sensors of shape A filled with liquid will be 

investigated. A schematic of all-elastomer pressure sensor is shown in Figure 3.1. A 

spherical cell made from PDMS is filled with corn oil. On the side wall, a 

carbon/silicone strain gauge is attached along equator. Owing to the incompressibility 

of oil, when the cell is under compression, its equator will expand greatly, leading to a 

stretch on the strain gauge. There are SCNYs connecting the strain gauge to resistance 

recording device. In practice, since the strain gauge can be printed along arbitrary 

directions and locations, it is theoretically viable to fabricate three-dimensional 

pressure sensors using this configuration. However, as a preliminary study, only 

one-dimensional pressure sensors will be explored here. Three dimensional pressure 

sensors will be examined in Chapter 6. 
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Figure 3.1 Schematic of all-elastomer pressure sensor with a cell structure. Left is an oblique 
view and right is a cross-sectional front view. 

 

The carbon/silicone composite was prepared in advance. The CB nano-particles were 

heated at 80 ℃ for 24 hours to remove the moisture. The SE worked as matrix. The 

SO served as diluting agent and plasticizer. CB, SE and SO were fully blended on a 

three-roll mill (PTR 65, Puhler, Germany) [10] at room temperature. 

 

Then, a pair of PDMS layers for the conversion structure was fabricated as shown in 

Figure 3.2-1. Note that there is a sealing ring design to ensure sealing of the structure. 

Weigh 100 parts of SILASTIC® 3483 Base and 7.5 parts of SILASTIC® 83 Curing 

Agent in a clean container. After 2 min of intense mechanical mixing, the curing agent 

was completely dispersed in the base. Then the mixture was cast onto two sets of 

Polytetrafluoroethylene (PTFE, Teflon®) moulds and degassed in a vacuum chamber 

for 10 min at 30 inHg. The material cured into a flexible rubber block within 24 hours 

under ambient conditions. The two layers excluding the sealing ring part were ~1 mm 

and ~2 mm in thickness respectively. 
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Next are the oil injection (Figure 3.2-2) and the sealing processes (Figure 3.2-3). After 

release from the mould, the bottom layer was pasted onto a clean glass slide using SE. 

By injecting corn oil between the two PDMS layers which were clamped together by 

splints, a spherical cell confined by the two layers can be produced, which will serve 

as the conversion structure of the pressure sensor. To form such a spherical cell, a 

round perforation (ø9.5 mm) had been punched through the upper splint beforehand. 

After injection, the whole structure was heated at 100 ℃ for 1 hour to cure the SE 

(before injection, a small amount of SE was applied uniformly between layers except 

the cell region), which glued the two layers together.  

 

Finally, the conductive composite was printed onto the cell wall, and connected with 

wires (Figure. 3.2-4). Many technologies are available for the patterning of 

conductive composites, including ink-jet printing, screen printing, three-dimensional 

printing, and stencil printing, etc. However, few of them can be applied in this study. 

Due to the high viscosity and poor fluidity of the carbon/silicone composite, it is 

challenging to ink-jet print the composite. On the other hand, neither stencil printing 

nor screen printing was applicable here, because the PDMS substrate is sphere in 

shape rather than being flat. While it is possible to screen print the composite on the 

upper PDMS layer before the injection process, it’s still technically troublesome to 

produce continuous printed lines on such soft PDMS substrate. The three-dimensional 

printing is even more demanding in materials for printing.  

 

After considering these difficulties, a simple method similar to offset printing was 

adopted in this study. Dip a 70 denier (70D) or 70 denier×2 (70D×2) nylon yarn into 

the carbon/silicone mixture; keep the yarn under a fixed tension; flip the yarn twice to 

remove excess mixture; slowly move the strained yarn towards the spherical cell; 

when the yarn approaches the cell, the mixture can be printed into a line on the 

equator. SCNYs were then embedded at two endpoints of the line and the mixture was 

vulcanized at 100  for 5 min. An as℃ -made soft pressure sensor on glass slide is 

presented in Figure 3.3. 
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Figure 3.2 Schematic of the fabrication process of all-elastomer pressure sensors 
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Figure 3.3 Picture of an as-made soft pressure sensor. The size of the glass slide is 25 mm×75 
mm×1 mm. 
 

3.2.4 Performance of Pressure Sensors 
Targeted for small quasi-static pressure measurement, the resistive soft pressure 

sensors will be evaluated using a coupled electromechanical setup, including Instron 

5944 (Instron Corp., USA), an integrated versa channel, a voltage divider (excitation 

voltage is 10 V) [11], and a computer for data display and storage. The compression 

force and the output voltage of the pressure sensors were measured simultaneously by 

Instron and the versa channel respectively. A load was applied where the specimen 

was compressed to 0.5-2.5 mm (or to 3mm) for five cycles. A loading speed of 60 

mm/min was used for all the cycles. Electrical resistance of the sensor was then 

computed according to formula (3-1), where V is the output voltage of the sensor. The 

reference resistor was 30.1 kOhm. 

( )10sen ref
VR R

V
= ×

−
                                (3-1) 

Since the printing quality of strain gauge may greatly affect the sensor performance, 

samples with conductive printings of various width, thickness, and shapes were 

fabricated and evaluated. 

 

Initially, the samples were printed using 70D×2 yarns, which were hopeful to produce 

continuous and uniform printing tracks. Typical compression curves are shown in 
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Figure 3.4, where the printing was thick and uniform in appearance. The sensor was 

sensitive in continuous measurement of low pressures (<1 kPa) and the sensitivity 

was ~0.67 kPa-1. However, the hysteresis is as large as 32%. Therefore, many more 

samples were fabricated to explore ways to reduce the hysteresis. 
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Figure 3.4 Typical compression curves of soft cell pressure sensors. The strain gauge was 
printed using 70D×2 yarns. 

 

It was encouraging to discover that, different from the majority of samples with a 

hysteresis over 30%, one sample demonstrated a hysteresis of 16.5%, as shown in 

Figure 3.5. When scrutinizing the sample, we found that such a low hysteresis was 

achieved quite accidentally: the strain gauge was not printed well enough and there 

was a minor defect (crack) on the track. Therefore, it was postulated that this defect 

decreased the hysteresis. In the following experiments, one of the samples even 

demonstrated a hysteresis of 13.4% (Figure 3.6). The conductive printing was found 

not only with defect but also very thin.  

70D×2 
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Figure 3.5 Pressure-resistance curves of soft cell pressure sensors. The sensing element was 
printed using 70D×2 yarns. There were minor defects on the conductive printings. 
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Figure 3.6 Pressure-resistance curves of soft cell pressure sensors. The sensing element was 
printed using 70D×2 yarns. The conductive printing was not only with defect but also very 
thin. For this sensor, 0.6 N corresponds to a pressure around 7 kPa. 
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Besides the 70D×2 yarns, 70D yarns were also deployed to print the conductive 

composite. Figure 3.7 plots typical performance of pressure sensors with uniformly 

printed strain gauges. The hysteresis was 19%, which was significantly lower than 

most of uniform samples printed by 70D×2 yarns, but still a little higher than the 

defected samples. 
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Figure 3.7 Pressure-resistance curves of soft cell pressure sensors. The sensing element was 
printed using 70D yarns. The printing was relatively uniform in width and thickness. Here, a 
0.7 N load corresponds to a pressure around 7 kPa. 

 

One sample with defected conductive printings by 70D yarns demonstrated a low 

hysteresis of 7.7% (when not considering the first loop) and a high sensitivity of 0.643 

kPa-1 for a pressure from 0 to 7 kPa. The pressure-resistance curves for 0.5 mm to 1.5 

mm compressions are presented in Figure 3.8. Almost all the resistance values came 

back along the same path, which was strikingly different from pressure-resistance 

curves of all the previous samples. Unfortunately, the sample can not be reproduced. 

The inset in figure (a) is a picture of the strain gauge. Obviously, there was a major 

defect, an extremely thin and narrow part (~ 50 μm), on the right side of the strain 

gauge. This phenomenon partly confirmed previous findings that thin, narrow and 

defected printings would lead to a low hysteresis. In other words, the carbon/silicone 

70D 
uniform 
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conductive printings probably have a dimensional effect. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6

1000

2000

3000

4000

5000

R
es

is
ta

nc
e 

(k
O

hm
)

Load (N)

0.5-1.5mm compression
Max hysteresis: 7.7%

 
 (a) 

0.00 0.02 0.04 0.06 0.08 0.10

800

1000

1200

1400

1600

R
(k

O
hm

)

0.5mm compression
Max hysteresis: 7.7%

F(N)  
(b) 



Chapter 3 

  70  

0.00 0.05 0.10 0.15 0.20 0.25 0.30

1000

1500

2000

2500

R
(k

O
hm

)

1.0mm compression
Max hysteresis: 6% 

F(N)  
(c) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6

1000

2000

3000

4000

5000

R
(k

O
hm

)

1.5mm compression
Max hysteresis: 7.5%
(neglecting the 1st cycle)

F(N)  
(d) 

Figure 3.8 Pressure-resistance curves of the soft cell pressure sensor with the lowest 
hysteresis. The sensing element was printed using 70D yarns. There were minor defects on 
the lines and the printing was thin. (a) The complete curves in compression. (b), (c) and (d) 
are 0.5mm, 1.0mm and 1.5mm compression curves respectively. The maximum force of 0.6 N 
in (a) corresponds to a pressure around 7 kPa; 0.09 N in (b) corresponds to around 1.3 kPa. 
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3.3 Discussion 

3.3.1 Pressure Measuring Range and Sensitivity 

As demonstrated in the experimental section, the soft pressure sensor samples can be 

highly sensitive to pressures from 0 to 7 kPa, covering the low pressure regime (<10 

kPa) in the human machine interaction.  

 

The measuring range of this type of soft pressure sensors is mainly related to three 

factors: thickness of upper PDMS layer, curing time of PDMS, and volume of corn oil 

injected. The increase of each of the three factors can lead to a larger pressure 

measuring range and lower pressure sensitivity. When the thickness of upper layer 

grows, the cell structure will have a larger rigidity. On the other hand, if more liquid is 

injected to the same cell structure, the cell wall will undergo a greater strain and stress, 

leading to increased internal pressure. This is similar to the inflation of a balloon: the 

more a balloon is inflated, and the harder its touch will be. Although the PDMS gets 

cured within one day, it takes 7 days to reach final mechanical properties, during 

which, the material gradually hardens. It is therefore recommended to test the pressure 

sensors after 7 days of curing at ambient conditions.  

 

In addition to the above three factors, sensitivity of the pressure sensor is also directly 

related to the location and property of the strain gauge. Obviously, the equator of a 

uniform sphere under compression experiences the largest strain. The location of 

strain gauge has therefore been determined on the equator for a high sensitivity. 

Another dominating factor for pressure sensitivity is the property of strain gauge 

including gauge factor and morphology. The gauge factor of conductive printing is 

primarily determined by the loading percentage of conductive fillers. The formulation 

of carbon/silicone composite is based on previous research [10] and it will be kept 

unchanged through out this thesis. The morphology of conductive printing may also 
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strongly affect performance of pressure sensors as indicated in Section 3.1.4.  

 

3.3.2 Hysteresis of Pressure Sensors 

As shown in Section 3.1.4, the hysteresis values of pressure sensor samples ranged 

from 7.7% to 32%. Such a large variation in hysteresis should be closely related to the 

morphology of conductive printings. Theoretically, the hysteresis can have two 

origins: irreversible mechanical energy dissipation of the cell structure and 

time-dependent viscoelasticity of the carbon/silicone strain gauge. Next, both origins 

will be verified experimentally. 

 

The samples in the experimental part (Section 3.1) were further subject to cyclic 

compression tests on Instron 5944. The samples were compressed at 1 mm, 2 mm and 

3 mm for 5 cycles respectively. Figure 3.9 presents a typical compression-load curve. 

The maximum mechanical hysteresis was only 3.5%. Since the Silastic® silicone 

rubbers normally have a higher friction coefficient than organic rubbers, the 3.5% 

mechanical hysteresis in the tests probably originated from the friction between the 

stainless steel indenter and the pressure sensor. Therefore, mechanical hysteresis of 

the soft pressure sensor structure itself is sufficiently small (far below 3.5%), thus can 

be neglected.  
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Figure 3.9 Representative compression curves of the soft pressure sensors. 

 

As the mechanical energy dissipation of the cell structure has been proved 

insignificant, it can be reasonably deduced that the large hysteresis in 

compression-resistance curves of soft pressure sensors comes from the 

carbon/silicone strain gauge. Thus, a supplementary experiment was conducted to 

explore the electromechanical properties of the carbon/silicone composite as well as 

its raw materials. In total, 25 samples were made from SE, SE/SO, and SE/SO/CB, 

details of which are listed in Table 3.3.  
Table 3.3 Sample specification and processing parameters for strain gauge characterization 

Sample 

ID 

Composition* 

(CB/SE/SO) 

Dimension after baking 

(mm) 

Baking time 

(hour) 

Final mass 

(g) 

Initial resistance 

(kOhm) 

#1-#5 0/100/0 0.48(±0.02)×50×20 0.42 0.50 (±0.016) +∞ 

#6-#10 0/91/150 0.41(±0.02)×50×20 0.25 0.37(±0.028) +∞ 

#11-#15 0/91/150 0.36(±0.03)×42.6(±0.19)×17.3(±0.19) 34 0.27(±0.005) +∞ 

#16-#20 9/91/150 0.45(±0.01)×50×20 0.25 0.49(±0.009) 0.72(±0.03) 

#21-#25 9/91/150 0.45(±0.04) ×43.5(±0.4)×17.6(±0.2) 34 0.35(±0.011) 1.71(±0.09) 

* The composition was displayed in weight ratio. 
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Uniform mixtures of each composition were cast onto a PFTE mould, flattened with a 

draw knife, and vulcanized in a convection oven at 100  for 25℃  min (SE) or 15 min 

(the other formulations). Samples #11-#15 and #21-#25 were further heated at 100  ℃

for 34 hours to ensure full evaporation of SO. After 34 hours, the mass of samples 

changed no more. As all the samples were made from moulds with the same 

dimension, they were of the same initial dimension, 0.5×50×20 mm3. When silicone 

oil evaporated, the composite shrank in dimension and decreased in weight 

accordingly as listed in the table. The shrinkage of samples #11-#15 was slightly 

higher than that of samples #21-#25. This difference probably results from the 

existence of porous CB nano-particles that hold the SO in the latter group. 

 

After releasing from moulds, the samples were fixed between two cardboards. There 

were 30×25 mm2 hollow areas in the centre of cardboards. For each sample of 

#16-#25, two silver coated nylon yarns (70D×2) were parallel glued before hand on 

one cardboard with a distance of 36 mm. Figure 3.10 shows all the 25 samples fixed 

in cardboards. 

   

Figure 3.10 Samples fixed in cardboards 
 

A similar experimental setup was adopted as in Section 3.1.4. The only difference was 

that the samples were mounted between two clamping heads on Instron 5944 for 

tensile tests. Because the sample gauge length was 30 mm, all the samples were given 

3 mm (10% strain), 6 mm (20% strain), and 9 mm (30% strain) extensions for 10 

cycles respectively. The extension speed was 60 mm/min and there was an interval of 
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6 seconds when the maximum extension distance changed. Extension-load and 

extension-resistance curves for the 25 samples were plotted. Hysteresis will be 

calculated according to the 2nd cycle at each tensile strain because from the 2nd cycle 

on, the hysteresis became stable. Typical mechanical and electromechanical curves 

are displayed in Figure 3.11.  
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Figure 3.11 Typical electromechanical curves of the samples. (a) is the extension-load curve 
of sample #1 and (b) is the extension-resistance curve of sample #25. 

 

Figure 3.12 depicts the mechanical hysteresis of all the samples. Hysteresis of pure 

SE was 1.74% due to its weak plasticity. When SO was added, it reduced to 0.57%. 

This reduction is probably because the smaller SO molecules saturated in the 

cross-linked PDMS network serve as a lubricant weakening the internal friction. After 

heat treatment, hysteresis rebounded to 1.85%, reflecting the volatilization of SO and 

increasing porosity of the composite during heat treatment. In comparison, hysteresis 

of CB/SE/SO was very large at 6.38%, indicating the complex frictions between 

PDMS network and CB aggregates with fractal structures. The SO inside CB/SE/SO 

may have alleviated this friction. After further heat treatment, much SO volatilized. 

Consequently, the hysteresis of CB/SE/SO surged to 13.4%.  
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Figure 3.12 Mechanical hysteresis of the samples. 

 

Figure 3.13 compares the mechanical and electromechanical hysteresis of CB/SE/SO 

samples with and without a thorough heat treatment. The electromechanical hysteresis 

of SE/SO/CB was as large as 38.5%, six fold the mechanical hysteresis. To 

understand this large difference, it is necessary to take into account the conductive 

mechanism of conductive composite, particularly the percolation theory [12]. The 

resistance is determined by the shortest effective conductive path in the composite 

rather than by the real-time strain of the material. There are destruction and formation 

of the paths at every moment during the cyclic extension, which makes the conductive 

paths random and complex. The ever changing conductive paths are directly related to 

real-time strains. The high SO content may also contributes to the large hysteresis 

since SO is non-conductive. Probably, the ever changing conductive paths and the 

existence of SO contribute to a delay in resistance change, hence a large hysteresis.  

 

Interestingly, hysteresis of the composite changed radically after heat treatment. The 

electromechanical hysteresis was only 8.08%, which was even smaller than the 13.4% 
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mechanical hysteresis of the same material. This phenomenon can be explained by the 

change in SO content, which is an insulating material. Since much SO has volatilized, 

effective conductive paths formed by CB agglomerates may change in a more rapid 

manner, including the destruction and formation of the paths. Therefore the 

electromechanical hysteresis reduced dramatically. In this regard, it is suggested to 

bake the strain gauge thoroughly during pressure sensor fabrication.  
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Figure 3.13 Hysteresis of SE/SO/CB samples. 

 

From the above study, the mechanical and electromechanical hysteresis of SE, SE/SO, 

and SE/SO/CB has been measured and analyzed. After volatilization of some SO, the 

hysteresis of SE/SO and SE/SO/CB tripled and doubled accordingly, whereas the 

electromechanical hysteresis of SE/SO/CB declined significantly to ~ 8% after heat 

treatment, which is very close to the extreme hysteresis of 7.7% in the previous 

experiments.  

 

However, it remains necessary to investigate the morphological and dimensional 

effect of strain gauge on its hysteresis, so that a lower hysteresis can be achieved. This 

issue will be detailed in Chapter 4.  
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3.3.3 Liquid Compatibility of Pressure Sensors 

The selection of liquid is especially important to the stability and durability of 

cell-structured pressure sensors. Both diffusion of the liquid and swelling of PDMS 

can cause catastrophic effects. Unfortunately, the corn oil used in the preliminary test 

seeped from the cell after two weeks from fabrication, making the surface greasy and 

the pressure sensor unstable. After two months, more corn oil seeped and the cell 

sensor ruptured consequently. It is therefore of paramount importance and urgency to 

reselect the liquid for all-elastomer pressure sensor use.  

 

3.3.3.1 Compatibility of Liquid and PDMS 
The compatibility between liquid and PDMS involves two primary aspects: 

liquid-PDMS miscibility and seepage of liquid from PDMS.  

 

Miscibility between liquid and PDMS is closely related to at least three factors.  (1) 

Polarity.  Like dissolves like. Materials with similar polarities are more likely to be 

miscible. Since both silicone and silicone oil are non-polar, while corn oil is mostly 

fatty acids which are slightly polar, silicone oil can diffuse into silicone yet corn oil is 

hardly miscible. (2) Surface tension/wettability. Polymers with similar surface 

tensions will have better wetting and contact, resulting in easier permeation. (3) 

Viscosity. Polymers with high molecular weight tend to be more viscous. The high 

viscosity will hinder the molecule movement and diffusion, thus reducing miscibility.  

 

The seepage here refers to the slow escape of the liquid through PDMS layers. After 

curing, PDMS oligomer is cross-linked into PDMS networks, rendering PDMS 

porous in nature [13]. Small molecules such as nitrogen and oxygen can easily 

permeate thin PDMS films via the tiny pores. Water can also seep through PDMS in 
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our tests. For pure liquid, the molecules should be larger than the dimension of the 

pores in PDMS to prevent seepage. However, the corn oil is a compound; hence, at 

least one of its components can seep through the PDMS. In this regard, it is better to 

choose a pure liquid with its molecules larger than the pores of PDMS.  

 

3.3.3.2 Reselection of Liquid for Injection 
The swelling of PDMS caused by a solvent is closely related with the solubility 

parameter, which is based on the cohesive energy density of materials [14]. From 

literature, the least miscible solvents for PDMS include water, glycerol, ethylene 

glycol, methanol, etc [14]. The first three are non-toxic and biocompatible. Since 

water and glycerol have been proved permeable, polyethylene glycol (PEG) seems to 

be a promising candidate for all-elastomer pressure sensor use.  

 

PEG has been extensively used for medical, chemical, biological, industrial and 

commercial purposes, due to its low toxicity, water solubility, lubricating as well as 

other advantageous properties. PEG can change from liquid, grease, wax to solid, 

because its molecular mass ranges from 300 g/mol to 20 000 g/mol depending on the 

degree of polymerization [15]. For the reason that the molecular weight of corn oil is 

at ~200 and PEG 800 is grease-like, two types of liquid PEG, PEG 400 and PEG 600, 

were purchased from International Laboratory USA, and used as received. Both 

liquids were injected between PDMS layers as in Section 3.1.3. Before injection, the 

upper layer was 1 mm in thickness. No seepage was observed after 4 months of 

storage at ambient conditions. However, as given in Table 3.4, both the melting point 

and Tg of PEG 400 are much lower than those of PEG 600, it is recommended to use 

PEG 400 to achieve a wider working temperature range.
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Table 3.4 Specifications of PEG 400 and PEG 600 

Parameter PEG 400 PEG 600 
Formula H(OCH2CH2)nOH H(OCH2CH2)nOH 

Molecular weight (g/mol) 380-420 570-630 
Density (g/cm3) 1.125 1.120 

Melting point (℃) 4-8 17-22 
Boiling point (℃) >250 — 

Tg (℃)  ~ -60 ~ -40 

3.3.4 Elastic Conductive Wires 

Although most of the materials in the preliminary study were soft, the SCNY was not 

stretchable when compared to the other materials. As has been stated in material 

selection section, the SCNY was used for preliminary study only. Therefore, in order 

to make the whole device soft and stretchable, it remains urgent to develop stretchable 

and conductive materials for interconnects use here, which is however a challenging 

task at present. In this regard, elastic conductive connectors will be explored in 

Chapter 5.  

 

3.4 Summary 

In this chapter, a preliminary study was carried out towards all-elastomer sensors for 

small contact force measurement. First, designs using combinations of five different 

shapes and three structures (hollow, cell and solid) were proposed and analyzed 

qualitatively in terms of fabrication process, pressure measuring range and direction, 

sensitivity and durability. Secondly, materials for the sensors were selected with full 

considerations. Thirdly, according to the most promising design, samples of pressure 

sensor were fabricated with only four simple steps. The best sample demonstrated a 

high sensitivity of 0.643 kPa-1 in low pressure regimes (0.1-7 kPa) with the lowest 

hysteresis of around 7.7%. Hysteresis of the other samples can be as high as 30%. 
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Finally and most importantly, critical issues in the fabrication and evaluation of soft 

sensors were identified and analyzed in the discussion section, including pressure 

measuring range and sensitivity, hysteresis of pressure sensors, liquid compatibility of 

pressure sensors and elastic conductive connectors.  

 

Additional experiments proved that the large hysteresis of the cell-structured pressure 

sensors originated from the carbon/silicone strain gauge, rather than from the energy 

dissipation of oil-filled cell structure or from materials of the cell wall. Further 

experimental research revealed that the electromechanical hysteresis of 

carbon/silicone composite declined significantly to 8.08% after a thorough heat 

treatment. Besides, the hysteresis of pressure sensors were found closely related to the 

morphology of the strain gauge.  

 

Cell pressure sensors filled with corn oil demonstrated a shell life of only two weeks. 

Considering the miscibility and seepage of liquid and PDMS, PEG 400 was selected 

to replace corn oil, and a shelf life over 4 months was achieved.  

 

Certain unsolved key problems including dimension effect of the carbon/silicone 

strain gauge and elastic conductive connectors will be studied individually in the 

following chapters. In this way, the preliminary study lays a solid foundation for the 

subsequent chapters and identifies the direction towards all-elastomer sensors for 

three axial contact force measurement. 
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CHAPTER 4 

Effects of Aspect Ratio and Dimension on 
Hysteresis of Carbon/Silicone Composite 
Strain Gauges 

4.1 Introduction 

Due to the piezoresistivity, flexibility, and compliance, electrically conductive silicone 

composites with carbon particles, carbon nanotubes or metallic nanoparticles have 

been increasingly used as strain sensing materials, as discussed in Chapter 2. Among 

them, the composite of polydimethylsiloxane (PDMS) and carbon particles merits not 

only stretchability, softness, simple structure and facile fabrication, but also 

biocompatibility and low cost. However, the composite suffers greatly from hysteresis 

of stress-strain curves, primarily because of the viscoelasticity of the PDMS matrix. 

As demonstrated in chapter 3, when such conductive composites are printed onto 

deformable elastic materials for strain or force/pressure sensing, the aspect ratio 

(width/thickness) and dimension of printings may have a strong effect on the 

hysteresis of the sensors. This chapter, therefore, will focus on the investigation of 

aspect ratio and dimension with respect to hysteresis of the carbon/silicone composite 

strain gauges. 
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4.2 Experimental 

4.2.1 Materials and Sample Fabrication 

4.2.1.1 Materials 
Materials in this study include PDMS membranes (SILASTIC® 3483 Moldmaking 

Rubber, Dow Corning, U.S.A.) as deformable substrates, carbon/silicone composite as 

conductive tracks and silver coated nylon yarns (70D×2/24F/2, Xiamen Unibest 

Import and Export Co., Ltd.) as conducting wires. The PDMS membranes and 

conductive composites need to be prepared before hand, while silver coated nylon 

yarns were used without any pre-treatment. 

 

SILASTIC® 3483 was chosen as substrate material mainly for its excellent 

extensibility (600% elongation at break) and good elasticity. After manual mixing of 

the oligomer and curing agent (weight ratio 100:7.5), the uniform mixture was cast 

onto a PTFE (Teflon®) mould with pools (50×20×0.5 mm3) and degassed under 

vacuum for 10 minutes. Then the excess mixture was removed with a drawknife. 

After 24 hours’ curing under ambient conditions, the PDMS substrates were peeled 

off from the moulds. There was a fillet (radius 2 mm) on each corner of the pool to 

facilitate the demoulding process. 

 

Low structure but highly porous carbon nano-particles(CNP, Carbon® ECP600JD, 

Akzo Nobel, diameter ~ 30 nm) were heated at 80 ℃ for 24 hours to remove the 

moisture. SE (ELASTOSIL® LR6200 A and B, Wacker Chemie AG, Germany) 　

worked as matrix. SO (Che Scientific Co., Hong Kong) served as diluting agent and 

plasticizer. CNP, SE and SO were fully blended on a three-roll mill (PTR 65, Puhler, 

Germany). 
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4.2.1.2 Sample Fabrication 
Strain gauge samples in this study were fabricated using stencil printing technique. 

Five stencils were prepared by lithographically (photochemical machining) patterning 

steel sheets with different thicknesses (0.05 mm, 0.10 mm, 0.15 mm, 0.20 mm, and 

0.25 mm). Figure 4.1 illustrates the patterns of the five stencils, where aperture widths 

range from 50 μm to 1250 μm.  

  50       100       150      200      250       300      350      400       450      500 

 550  600  650  700  750       800      850      900       950    1000    1250

 
Figure 4.1 Schematic of the stencil design. The numbers below each aperture denote width of 
the above apertures. The unit is μm. The two rectangles at the two ends of the bars will be 
used for contact pads. All the apertures share the same effective length (length between wire 
connection parts) of 20 mm. 

 

The cured PDMS membranes were first adhered onto the back side of stencil by 

electrostatic force. Trenches were formed by apertures of the stencil and PDMS 

membrane. Then a small amount of carbon/silicone composite was squeezed into the 

trenches while the excess was removed by a drawknife. The printed PDMS 

membranes were then carefully removed from the stencils and heated at 100℃ for 15 

min to cure the mixture. One printed strain gauge is shown on the left side of Figure 

4.2. Two silver coated nylon yarns were further imbedded into connection parts with 

carbon/silicone composite and heated for another 15 min. The printed strain gauges 

with wire connections (Figure 4.2, right) were finally fixed between two cardboards 

(6.0 cm long, 5.5 cm wide, and with a 2.5×3.0 cm2 opening at the center) for cyclic 
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tensile tests. 

   
Figure 4.2 Picture of a carbon/silicone composite strain gauge: PDMS membrane with 
stencil-printed strain gauge (left) and a strain gauge connected with silver coated nylon yarns 
(right). 
 

4.2.2 Experimental Methodology 
Conductive printings with 5 levels of aspect ratios and thicknesses respectively were 

produced. Thus a complete replicate of the 52 design required 25 runs. If triplets are 

used for each design, as many as 75 runs in total were needed. Instead, response 

surface methodology [1] was adopted to reduce the amount of work while effectively 

optimize the two variables. Table 4.1 lists the levels and variables in the experimental 

design. Because the thickness of stencils available follows a pattern of 50 + n×50 μm 

(n=0, 1, 2…), alpha value, the distance of axial points from the center, has to be 2. 

Table 4.2 gives the detailed experimental design with 13 runs in total. For each run, 

three samples were fabricated to determine measurement errors and other sources of 

variations. Therefore, in total 39 samples were made and Figure 4.3 shows one third 

of the samples. The run order was randomized so that the system errors due to 

sequence were minimized. 
Table 4.1 Variables and levels in the experimental design 

Levels -2 -1 0 +1 +2 

Aspect ratio 1:1 2:1 3:1 4:1 5:1 
Variables 

Thickness (μm) 50 100 150 200 250 
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Table 4.2 Detailed specifications of the experimental design 
Variables (nature) Variables (coded) 

Standard 
order 

Run 
order 

Aspect 
ratio 

Thickness 
(μm) 

Aspect 
ratio 

Thickness 
(μm) 

Aperture
width 
(μm) 

1 6 2:1 100 -1 -1 200 
2 8 4:1 100 +1 -1 400 
3 3 2:1 200 -1 +1 400 
4 1 4:1 200 +1 +1 800 
5 2 1:1 150 -2 0 150 
6 12 5:1 150 +2 0 1250 
7 13 3:1 50 0 -2 150 
8 4 3:1 250 0 +2 750 
9 10 3:1 150 0 0 450 

10 5 3:1 150 0 0 450 
11 9 3:1 150 0 0 450 
12 7 3:1 150 0 0 450 
13 11 3:1 150 0 0 450 

 

 
Figure 4.3 Picture of 1/3 of the strain gauge samples with cardboards and wires in the thirteen 
runs. The digits after short line denote the sample number in each run. In other words, there 
are also #1-2, #1-3, #2-2, #2-3, etc, not displayed here. 
 
A coupled electromechanical experimental setup was used for the characterization of 

strain gauges, including Instron 5944 (Instron Corp., USA), an integrated versa 

channel, a voltage divider (excitation voltage is 10V) [2], and a computer for data 
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display and storage. The tensile force/displacement and the output voltage of strain 

gauge samples were measured simultaneously by Instron and the versa channel 

respectively. Cyclic tensile tests with a maximum of 30%, 60% and 90% strain were 

applied to all the samples for five cycles at each strain level and with an interval of 2 

minutes between different strain levels. The cross-head speed was 180 mm/min, the 

sample gauge length was 30mm, corresponding to a strain rate of 0.1/s. Electrical 

resistance of the strain gauge can be calculated according to formula (4-1), where V is 

the output voltage of the gauge. The reference resistors used are listed in Table 4.3, as 

well as the initial resistance of the strain gauge samples. 

                            
( )10sen ref

VR R
V

= ×
−

                    (4-1) 

Table 4.3 Initial resistance of samples and reference resistors in the tensile tests 
Resistance (kOhm) 

Run order 
#N-1 #N-2 #N-3 Mean (σ) 

Rref (kOhm) 

1 21.9 19.2 17.2 19.4 (±1.9) 51.1 
2 323.0 173.0 234.0 243.3 (±61.6) 1000.0 
3 33.8 41.2 45.2 40.1 (±4.7) 100.0 
4 19.6 19.1 18.2 19.0 (±0.6) 51.1 
5 40.3 76.2 80.1 65.5 (±17.9) 301.0 
6 400.0 236.0 329.0 321.7 (±67.2) 1000.0 
7 73.0 92.0 74.8 80.0 (±8.6) 301.0 
8 85.0 106.2 109.4 100.2 (±10.8) 301.0 
9 43.4 50.3 52.9 48.9 (±4.0) 100.0 

10 50.5 42.9 42.4 45.3 (±3.7) 100.0 
11 42.4 68.5 68.5 52.8 (±12.3) 100.0 
12 10.7 10.4 10.4 10.7 (±0.1) 30.1 
13 598.0 800.0 701.0 699.7 (±82.5) 3000.0 

 
The initial resistance values of the samples can be used to inspect the quality of 

stencil printing, which may be a serious concern directly related to the accuracy of the 

experiments. Different from most substrates for stencil printings, the PDMS here were 

very soft (Young’s modulus around 0.23 MPa). Therefore, the trench formed by the 

substrate and the aperture in stencil may exhibit a convex bottom rather than a flat 

bottom, especially when under pressure from the blades. Fortunately, since the 

carbon/silicone composite was uniform in composition, if the electrical resistance of 
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the printings follows equation (4-2), then the quality of stencil printing can be 

reassured.  

cs

lR
A

ρ=                                 (4-2) 

Where R is the resistance, ρis resistivity of the conductive material, l and Acs are the 

length and cross-sectional area respectively. 

 

After regression analysis on initial resistance (Rinit) and reciprocal of cross-sectional 

area (Acs), equation (4-3) can be derived, where the units of resistance and area are 

kOhm and mm2 respectively.  

Rinit  =﹣19.3+ 5.55×1/Acs                            (4-3) 

    R-Sq = 98.5%                                       

The coefficient of determination, R squared, indicates how well data points fit a line. 

Because the significance of regression is as high as 98.5%, the concern on printing 

quality can be reasonably removed. The 39 samples, therefore, shall be efficiently 

used in the response surface methodology.  

 

4.3 Results and Discussion 

4.3.1 Tensile Curves of the Strain Gauges 
A typical strain-resistance curve obtained from the tensile tests is given in Figure 4.4, 

where the resistance value follows well with the strain change in spite of the 

hysteresis. The relative resistance change was generally in proportion to the tensile 

strain. Gauge factor for the strain gauges can be as high as 2.4. 
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Figure 4.4 Strain-resistance curves of sample #1-1 in the tensile test 

 

However, as given in Figure 4.5, resistance of all the three samples in the 13th run 

soured to tens of mega ohms above 60% strain, indicating major cracks in the 

conductive printings, which has been confirmed in Figure 4.6. These horizontal cracks 

were formed due to the mismatch in Young’s modulus of the conductive printing 

material and the PDMS substrate. Elongations at break of the two materials are 154% 

[3] and 600% (from product information of SILASTIC® 3483) respectively. The 

dimension of CNP agglomerates in the composites was probably on a micrometer 

scale since the smallest distance between rollers in the milling of carbon/silicone 

composite was set at 10 μm. Therefore, if the thickness of conductive printing goes 

down to 50 μm, the interface between CNP agglomerates and SE matrix will provide 

higher possibility of breakage. 
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Figure 4.5 Strain-resistance curves of sample #13-1 in the tensile test 

 

 
Figure 4.6 Picture of sample #13-3 in the tensile test. Left picture is at ~90% strain level; right 
picture is an enlarged view of the conductive printing. 

 



Chapter 4 

  93  

In order to exclude the effect of fabrication or measurement errors, and other sources 

of variations, 8 additional samples for #13 were further fabricated and tested. None of 

them, however, survived in the tests. Therefore, for the 50 μm thickness printings, an 

aspect ratio of 3:1 is probably a critical threshold to breakage.  

 

In this regard, another group #14 (aspect ratio 4:1; thickness 50 μm) was appended to 

complete the response surface experiment. The hysteresis results of #13 will be 

substituted by those of #14, assuming that the two groups share similar 

electromechanical properties since they are very close in dimension. 
 

4.3.2 Hysteresis of the Strain Gauges 
There are five tensile cycles at each strain level. The relative hysteresis was calculated 

according to the second tensile cycle since after the second cycle the resistance curves 

overlapped each other (#14 also followed the rule). Table 4.4 lists the hysteresis of 

samples ranging from 3.87% to 25.39% in the thirteen runs. Hysteresis decreased at 

higher strain levels, which should result from the damper component in the 

conductive composite. 
Table 4.4 Hysteresis of strain gauge samples in the thirteen runs 

Hysteresis (%) with standard deviation 
Run order 

30% Strain 60% Strain 90% Strain 
1 22.10 (0.66) 11.16 (0.66) 5.64 (0.41) 
2 16.28 (0.37) 6.75 (0.75) 5.05 (0.01) 
3 24.60 (0.53) 12.50 (0.66) 6.36 (0.37) 
4 23.97 (0.43) 13.63 (0.16) 7.59 (0.26) 
5 18.69 (2.82) 8.86 (2.01) 4.57 (1.39) 
6 15.68 (0.28) 6.25 (0.25) 3.57 (0.63) 
7 20.87 (1.24) 9.44 (0.56) 6.36 (2.76) 
8 15.84 (1.34) 7.42 (0.37) 5.71 (1.42) 
9 23.29 (0.28) 11.87 (0.26) 5.53 (0.34) 

10 24.05 (0.30) 12.02 (0.41) 5.83 (0.39) 
11 24.22 (0.88) 12.80 (0.74) 6.93 (0.89) 
12 25.39 (0.51) 14.30 (0.38) 7.89 (0.32) 

13 (#14) 18.95 (1.61) 7.81 (0.84) 3.22 (0.09) 
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4.3.3 Results from Response Surface Analysis 
Commercial statistical software, Minitab, was used to establish empirical equations to 

predict the response. After filling in the test data, the software can provide regression 

equations and optimization results. 

 

4.2.3.1 Fitted Equations 
Regression equations have been developed by the software. The equations with R2 

values close to unit imply that they fit the experiment data very well. The fitted 

equations are listed as follows: 

2 21 0.12931 5.62226 0.10926 0.38399 0.00009 0.01330H X Y X Y XY= − + + − − − (4-4) 

2 0.5168R =  

2 22 6.34552 3.98904 0.08510 0.14373 0.00004 0.01255H X Y X Y XY= − + + − − − (4-5) 

2 0.6588R =  

2 23 5.14483 1.85671 0.07635 0.14666 0.00005 0.01430H X Y X Y XY= − + + − − − (4-6) 

2 0.7906R =  

H1: Hysteresis at 30% strain (%) 

H2: Hysteresis at 60% strain (%) 

H3: Hysteresis at 90% strain (%) 

X: Aspect ratio 

Y: Thickness (μm) 

 

4.2.3.2 Hysteresis as the Response 

4.3.3.2.1 Surface Plot 
Figure 4.7 presents the surface plot of hysteresis as the response at 30%, 60% and 

90% strain levels. At 30% strain level, hysteresis ranges from 10% to 25%. It 
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decreases either when the material becomes thinner or when the aspect ratio 

diminishes, which is similar to the trend in 60% strain. Hysteresis drops to below 15% 

at 60% strain, and further to below 8% at 90% strain level. For all the three scenarios, 

the minimum hysteresis value occurs at 50 μm thickness and 1:1 aspect ratio. 
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Figure 4.7 Surface plot of hysteresis: (a) (b) and (c) are hysteresis values at 30%, 60% and 
90% strain conditions respectively. 
 

4.3.3.2.2 Contour Plot 
Apart from surface plot, Figure 4.8 group provide another expression: contour plots of 

hysteresis at various strain levels. From the contour plots, the same trends can be 

obtained as from the surface plot. To achieve a lower hysteresis, both thickness and 

aspect ratio should be as small as possible. The lowest estimated hysteresis at 30%, 

60% and 90% strain levels are 5 ~ 10%, 0 ~ 5%, and 0 ~ 5% respectively. 
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Figure 4.8 Contour plot of hysteresis. (a) (b) and (c) are plots at 30%, 60% and 90% strain 
conditions.  

 

4.2.3.3 Parameter Optimization 
Based on the relationship between the two factors (thickness and aspect ratio) and the 

response (hysteresis), it is possible to identify an optimized region to achieve the 

lowest possible hysteresis at the three strain levels. From Figure 4.9, the white zone 
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shall meet such the requirements. Printings with thickness less than 150 μm and 

aspect ratio lower than 3.8 are expected to exhibit a hysteresis below 20%, 10% and 

5% at 30%, 60% and 90% strain levels respectively.  
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Figure 4.9 Overlaid contour plot of hysteresis at 30%, 60% and 90% strain levels. 

 

Figure 4.10 is another expression of optimization. Once the targets are defined, it is 

possible to obtain a set of parameters in selected regions to fulfill all the requirements. 

The difference between Figure 4.9 and Figure 4.10 is that the former shows an 

optimal zone only, whereas the latter provides both optimal parameters and calculated 

values of the yields. D means the composite desirability for the two variables and d is 

the individual desirability. 
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Figure 4.10 Optimal parameters and estimated values 

 

From the two optimization figures above, it is clear that printings with an aspect ratio 

of 1:1 and a thickness of 50 μm will have the lowest hysteresis at all the three strain 

levels. Unfortunately, according to previous experiments, for 50 μm thickness 

printings, an aspect ratio equal to or below 3:1 shall lead to breakage of the printing at 

a strain over 60 %. As a strain gauge, it is also necessary to take into account the 

thickness, stiffness and accuracy in strain sensing. The Young’s modulus of 

carbon/silicone composite is ~0.8 MPa, while the PDMS substrate 0.23 MPa. Thinner 

printings are preferred to reduce stress concentration between the printing and the 

substrates. Based on the above considerations, a thickness of 50 μm and aspect ratio 

between 3 and 3.8 will be chosen for verification of the prediction and finally for 
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application. 

 

4.2.3.4 Verification Experiments 
In order to evaluate the empirical equations and the response analysis, several 

verification experiments were carried out. According to Section 4.3.3.3, a thickness of 

50 μm and an aspect ratio between 3 and 3.8 were chosen for verification. 

Accordingly another two groups of tests were conducted with aspect ratio of 3.2 and 

3.5 respectively. There were three samples in each group similar to previous 

experiments. 
Table 4.5 Test results for the verification experiments 

Sample Aspect ratio Thickness (μm)  Aperture width (μm) 
#15 3.2 : 1 50 160 
#16 3.5 : 1 50 175 

Hysteresis (%) 
30% Strain 60% Strain 90% Strain Sample 

x'0 x'1 (SD) Di(%) x'0 x'1 (SD) Di(%) x'0 x'1 (SD) Di(%)
#15 17.04 18.20 (0.64) -6.8 7.09 6.31 (0.32) 11.5 3.70 3.09 (0.21) 16.5 
#16 17.75 16.99 (2.13) 4.3 7.81 5.78 (2.31) 26.0 4.34 4.56 (1.13) -5.1 

Note:  x'0—Estimated value 

x'1—Actual experimental value 

SD—Standard deviation 

Di—Percentage error, Di =( x'0－x'1) ÷ x'0 × 100% 

 

The results shown in Table 4.5 reveal that Equations (4-4), (4-5) and (4-6) can be used 

in the optimized region. Errors of most estimation are below 17%, which is generally 

acceptable, except for the error of estimation as high as 26% for #16 at 60% strain 

level. Since group #15 has much lower variance or standard deviation between 

samples than that of group #16, and smaller printings are desirable to minimize the 

overall stiffness and dimension, as well as improve the special resolution, factors in 

group #15, namely a thickness of 50 μm and an aspect ratio of 3.2, are recommended 

for future strain gauge fabrication.  
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4.4 Summary 

In order to minimize the hysteresis of carbon/silicone composite strain gauge, stencil 

printing was deployed to fabricate conductive printings with five levels of thicknesses 

and aspect ratio, respectively. The relationships between hysteresis at three strain 

levels and two factors (printing thickness and aspect ratio) were analyzed using 

commercial software Minitab, and three prediction equations were obtained with the 

optimization region defined. Printings with thickness less than 150 μm and aspect 

ratio lower than 3.8 are expected to exhibit a hysteresis below 20%, 10% and 5% at 

30%, 60% and 90% strain levels respectively. And 50 μm and 1:1 may have the 

lowest hysteresis value, which is unfortunately not viable for fabrication due to 

breakage of printing at 60% tensile strain. Verification experiments further testified 

the accuracy of the prediction within the optimization zone. When sample thickness, 

stiffness and accuracy in strain sensing were taken into account, a thickness of 50 μm 

and an aspect ratio of 3.2:1 are recommended for carbon/silicone strain gauge in 

future elastomeric force sensors. 
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CHAPTER 5 

Fast Fabrication of Printable and 
Stretchable Conductive Interconnects using 
Silver/Silicone Composites 

5.1 Introduction 

Different from traditional electronics, future electronics may be both foldable and 

stretchable. Among their required properties, stretchability is one of the most 

challenging to achieve [1]. Obviously, conductive and stretchable materials are an 

important prerequisite for such stretchable electronics, including stretchable displays, 

radio frequency antennas, energy devices, artificial muscles and conformable skin 

sensors, etc [1, 2]. Previous research on such materials generally involves several 

promising strategies: 1st, metals with special geometrical designs; and 2nd, 

non-conductive elastomers doped with conductive fillers. Here we exclude 

intrinsically conductive polymers such as poly(pyrrole)s (PPY), 

poly(3,4-ethylenedioxythiophene) (PEDOT), because they are not environmentally 

stable. Another special category is PDMS nano-network filled with liquid phase 

EGaIn, which remains highly conductive under a strain of 200% [3]. But this group is 

limited by complex fabrication, high cost, and possible leakage of conductive liquid 

after long-term use, which excludes it from promising strategies to be explored in this 

chapter. 
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The above mentioned two categories are based on solid film structure. Alternatively, 

fibrous structures with conductive pathways can provide effective stretchable and 

deformable electronics for long-term use [4]. 

 

5.1.1 Stretchable Metallic Geometries 
For the first strategy, metallic interconnects are shaped into complex wavy or 

serpentine geometries to reduce the strain [5-8]. The working principle is similar to 

that of a metallic spring. Although the metal itself is barely stretchable, the whole 

structure is readily deformable. In this way, metals including gold, copper and 

chromium, can become stretchable connectors, without developing new materials or 

technologies. The shaped metals are further encapsulated between neutral mechanical 

layers by thin polymer coatings. Such encapsulation layout allows facile integration 

with other electronic components while retaining the mechanical stretchability at 

utmost. Moreover, when using two levels of serpentine structure, or self-similar 

serpentine structure, reversible levels of stretchability up to 300% can be achieved [5].  

 

There are, however, several limitations of this strategy. First, it involves highly 

complex fabrication processes. For instance, it needs 80 processing steps and 8 

lithography processes to fabricate stretchable CCD array [9]. Second, the strategy 

requires photolithography and metal evaporation in vacuum, both of which are 

expensive. Third, the strategy includes a mechanical transferring process. The metallic 

structures should first be photo-lithographically made, and then strategically 

transferred to a flat or pre-strained substrate. The transferring process is technically 

demanding. By comparison, the application of conductive composites requires only 

two simple steps: printing and curing. 

 

5.1.2 Conductive Composites 
The second strategy to produce conductive and stretchable materials is to use 
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materials that are intrinsically stretchable. However, highly elastic materials tend to be 

electrically insulating, while highly conductive materials generally have poor 

elasticity. The solution is a composite of the two: non-conductive elastomers doped 

with highly conductive fillers.  

 

In the fabrication of stretchable and conductive composites, there are several key 

factors as listed in Table 5.1: material selection, conductivity of the composites, 

stretchability of the composites, sintering time of the conductive fillers, elastic 

modulus of the composites, and fatigue resistance of the composites.  

 

5.1.2.1 Elastic Matrix 
In order to produce stretchable and conductive composites, a variety of fillers 

including carbon blacks, carbon nanotubes (CNT), silver nano-particles, silver 

nanowires, copper nanowires, silver flakes, and nickel particles, have been mixed 

with elastic materials/elastomers like PDMS [1, 2, 10, 11] and polyurethane (PU) 

[12-14]. Compared to PU, PDMS has advantageous properties such as 

biocompatibility, facile fabrication, optical transparency, and wide temperature 

working range, etc. Therefore it has been increasingly used to fabricate microfluidic 

devices [10] and various flexible electronic devices. These devices are usually 

referred to as PDMS-based electronics. 

 

Most electronic devices require electrodes and connectors in the packaging process. 

However, since PDMS has a very low surface energy, it would be challenging to 

pattern metallic structures on PDMS during the fabrication of micro-devices [10]. 

Even if metals can be adhered to PDMS after additional procedures such as plasma 

treatment, the incompatibility between metal and PDMS may induce cracks and 

delaminations after long term use, especially in the bonding of thin layers. Hence, it 

has been a critical issue to integrate conductive materials into bulk PDMS. In 

comparison, PDMS-based conductive composites offer the overwhelming advantage 
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of easy and firm bonding/embedding into PDMS-based devices, thereby dramatically 

improving the potential functionalities of these devices.  

 

5.1.2.2 Conductive Fillers 
Common electrically conductive fillers include gold, silver, copper, nickel, as well as 

carbon allotropes. Gold is highly conductive, but most cost-prohibitive. While copper 

and nickel are cost-effective, they are prone to oxidation, which causes dramatic 

reduction in electrical conductivity. The carbon allotropes normally suffer from 

insufficient electrical conductivity. Therefore, the most commonly used conductive 

filler is silver, in either nano or micro scales. Silver offers the highest electrical 

conductivity (6.3 × 105 S/cm) among metals [15]. It also possesses superior 

malleability, mechanical robustness, and high resistance to corrosion [15]. For these 

reasons, most of the isotropically conductive adhesives on the market are silver-based 

adhesives. 

 

5.1.2.3 Conductivity and Stretchability 
Ideally, both electrical conductivity and stretchability of the composites should be as 

high as possible. However, for a given composite, neither can the conductivity exceed 

that of the conductive filler; nor can the stretchability be higher than that of the elastic 

matrix.  

 

On the other hand, higher loadings of conductive fillers lead to not only better 

conductivity, but also lower elasticity and printability. Therefore, a balance between 

conductivity and stretchability needs to be cautiously struck. Take the composite of 

silver flakes and PDMS as an example. If the loading of silver flakes is too high, the 

composite will become too viscous to print. Even if printed, the printings will be stiff 

and easy to break. If too low, conductivity of the composite will sacrifice. 
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5.1.2.4 Sintering Methods 
When silver or other metallic particles are used as electrically conductive fillers, the 

fabrication normally requires a sintering process. Metallic nano-scale or micro-scale 

particles, due to their large surface area–volume ratio, have much lower thermal 

stability than their bulk counterparts. This instability allows the particles to diffuse 

and melt across the boundaries at temperatures substantially lower than the melting 

temperature of bulk metal. Such a lower temperature melting is called sintering. Low 

temperature sintering process can effectively reduce the contact resistance between 

fillers. For example, metallic nanoparticles, due to their extremely low sintering 

temperature, have recently been used to improve the conductivity of composites [16]. 

 

To date, a number of sintering methods have been explored, including conventional 

thermal sintering [1, 3, 11-14, 16-20], photonic sintering (flash light sintering) [21-23], 

microwave sintering [21, 24], laser sintering [25-29], and plasma sintering [30, 31]. 

 

5.1.2.4.1 Thermal Sintering 
Thermal sintering, as the most commonly used method, requires a bulky heat source 

to reach a temperature typically above 200 °C [32]. The sintering temperature is 

higher than the glass transition temperature of many polymeric materials of interest, 

e.g. polyethylene (PE) and polyethylene terephthalate (PET). Also, the long sintering 

time, normally over 30 minutes [33, 34], hampers its application in fast industrial 

production. 

 

5.1.2.4.2 Photonic Sintering 
Photonic sintering employs intense pulsed light with a broad spectrum in the visible 

range to irradiate the sample [21], where a xenon flash lamp is often used. It can be 

considered as a variation of thermal sintering: the object is heated by absorbing 

energy in a form of light wave instead of convective heat transfer or thermal radiation. 

It is superior to thermal sintering in two aspects: an extremely short sintering time and 
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a wide substrate selection. It normally comprises a series of short flashes, each in a 

span of micro- to milliseconds [21]. Because the conductive particles are often darker 

in color than the polymeric substrate, and heat conductivity of metal is considerably 

higher than that of polymers, temperature of the substrate will be significantly lower 

than the conductive fillers [21]. The short sintering time and ambient sintering 

condition also minimize the damage to substrate. This method is primarily used for 

sintering of conductive ink, where the printings are very thin. However, the 

conductive ink printings show very limited stretchability and are vulnerable to cracks. 

 

5.1.2.4.3 Microwave Sintering 
In microwave sintering, the radiation energy is absorbed via the coupling with 

rotating dipoles or charge carriers [24]. Due to the merits of fast, uniform and 

volumetric heating, it has been extensively used in the sintering of dielectric materials 

[35] and in synthetic chemistry [36] . However, the penetration depth in microwave 

sintering is only ~1.6 μm for silver, gold and copper [37], which limits its application 

to very thin printings such as ink jet printings.  

 

5.1.2.4.4 Laser Sintering & Plasma Sintering 
In laser sintering, a laser beam follows the conductive printings and sinters them 

selectively. Because energy is concentrated on the printing zones, there will be little 

damage to the substrate. The energy efficiency is therefore good [28]. Nevertheless, 

the method is technically complex and cost-prohibitive due to the bulky laser system 

involved [22, 24]. Plasma sintering is also cost-prohibitive since it demands many 

types of equipment [24, 30].  

 

5.1.2.5 Elastic Modulus and Fatigue Resistance 
Elastic modulus of stretchable and conductive composites should be as low as 

possible so as not to jeopardize the mechanical properties of stretchable substrate. 

Similar to conductivity of composite, elastic modulus can only be somewhere 
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between the modulus values of elastic matrix and conducive fillers. Lower 

concentrations of conductive fillers contribute to smaller modulus but also poorer 

conductivity. There is always a trade-off between conductivity and elastic modulus.  

 

Unlike conventional epoxy-based conductive paste, the stretchable and conductive 

composites will be printed onto elastic substrates. The printings must be able to 

withstand repetitive deformations in practical application. Fatigue resistance is an 

important criterion for stretchable interconnects to be put into real application. 

However, little emphasis has been placed on fatigue resistance, as can be seen in 

Table 5.1. 

 

5.1.3 Selected Work in the Literature 
Extensive research has been conducted towards stretchable and conductive 

composites. Table 5.1 lists the most representative work and compares their key 

parameters. 

 

The composite of carbon black/silicone elastomer (CB/SE) serves generally as sensors 

[38] rather than as connectors due to the low conductivity of carbon black compared 

to metals. PU/CB composite can reach a conductivity of 200 S/cm at the same order 

of that of PU/MWNT [17], which is however still far below the conductivity of 

silver-based composites.  

 

CNT/SE could work as connectors [17, 39] if the conductivity is acceptable. As 

shown in Table 5.1, excellent conductivities [18-20] can be realized when CNT and 

silver flakes are used together as conductive fillers. Meanwhile, stretchability over 

140% has been achieved [19]. Despite of these outstanding properties, carbon 

nanotubes pose serious toxic and hazardous concerns [40-42]. These concerns hamper 

their application in flexible, stretchable or wearable electronics, which are mostly 

intended to interact with human beings.  
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As discussed in Section 5.1.2.2, silver is an excellent candidate for printable 

conductive materials. In particular, silver nanowires (AgNWs) can form a percolated 

network owing to the nanowire structure [15]. A conductivity of 5285 S/cm could be 

achieved within 50% tensile strain when AgNWs were densely dispersed in PDMS [2]. 

When using very long AgNW, the stretchability could even go beyond 400% [1], 

which is by far the highest level of stretchability ever achieved. Unfortunately, the 

long AgNWs (~500 μm [1]) can not be easily synthesized on a large industrial scale, 

because synthesis of such long AgNWs is complex and time consuming [13]. Another 

problem is the durability of such composites. Due to the special geometry of AgNWs, 

the relatively rigid nanowires may move within soft PDMS matrix during repeated 

loading and unloading. Only limited stretching cycles have been demonstrated [1, 2]. 

Furthermore, these composites are difficult to be screen or stencil printed. One special 

stretchable conductors based on AgNW used a binary network of PU sponge [13]. The 

conductors demonstrated favorable conductivity after 100 cycles of stretching at 50%. 

However, the special fabrication method implies rather limited possibility of printing 

usage.  

 

Another form of silver is Ag nanoparticles, which have a huge surface area to volume 

ratio. They are often made into Ag nanoink, a stable Ag nanoparticle dispersion, for 

inkjet printing [21, 22, 24]. After printing, the organic materials used to stabilize the 

nanoparticles are removed in the sintering process [21]. Therefore, only a thin film of 

Ag particles will be left on the substrate. The Ag thin film is flexible but barely 

stretchable. Besides, the bonding between Ag thin film and polymer substrate is 

problematic especially under repeated mechanical loadings. Ag nanoparticles can also 

be used with Ag flakes to formulate a bimodal distribution for a higher packing 

efficiency [16]. Inevitably, the adding of Ag nanoparticles would raise the cost 

substantially. 

 

The most successful form of silver for printable conductive paste application should 
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be silver flakes, on which the C. P. Wong research group has carried out extensive and 

in-depth research [11, 12, 16, 43, 44]. A variety of polymer composites were explored 

including PU [12], PDMS [11], epoxy resin [44] and flexible epoxy (diglycidyl ether 

of polypropylene glycol) [43]. Composites of Ag flakes in these polymer matrixes 

have been developed with low electrical resistivity at the level of 10-5 Ohm.cm. Some 

even surpassed the conductivity of common solders. Unfortunately, none of them 

demonstrated acceptable stretchability and fatigue resistance, both of which are 

important parameters for stretchable and conductive composites. 
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Table 5.1 Comparison of representative conductive composites 

Sintering 

Method 
Key materials 

Resistivity 

(Ohm.cm) 

Sintering 

time 

Young’s 

modulus 
Stretchability Fatigue Ref

Photonic 

curing and 

sintering 

Vinyl ester 

resin/Ag flakes 
7.54*10-6 0.14 s 

Shear 

strength 

6.75 MPa 

Nil Nil [23]

Thermal & 

Microwave 
Ag nanopaiticles 3*10-5 240 s Nil Flexible Nil [24]

Photonic & 

Microwave 
Ag nanoink 3.98*10-6 15 s Nil Flexible Nil [21]

Flash light Ag nanoink 3.632 * 10-6 <1s Nil Flexible Nil [22]

Thermal 

CNT, Ag flakes, 

Melamine and 

phenol 

3.68 * 10-5 30 min Nil Nil Nil [20]

Thermal 

Ag nanoparticle, 

Ag flakes, epoxy 

resin 

6*10-6 
260  ℃ 

10 min 
Nil Nil Nil [16]

Thermal 

Ag flakes, Ag 

nanoparticles, 

MWNTs, PVDF 

1.75*10-5 
160℃ 15 

min 
Nil 140% 

5000 cycles at 

20% strain 
[19]

Thermal PDMS, Ag flakes 8 *10-5 
160℃ 30 

min 

~0.7-2.1 

kPa 
Flexible Nil [11]

Thermal PU, Ag flakes 1 * 10-5 
150℃ 60 

min 
Nil 

Flexible to 

2.64% strain 

1000 bending 

cycles 
[12]

Thermal 

CNTs, Ag flakes, 

Nitrile butadiene 

rubber 

2.67*10-5 
170℃ 45 

min 
Nil 

bent to a radius 

of 4.5 mm 

3000 bending 

cycles 
[18]

Thermal 
Ag nanowire, 

PDMS 
1.89 * 10-4 

65℃ 12  

hour 
Nil 50% 

Over 40 

cycles 
[2]

Thermal 

Very long Ag 

nanowire on 

silicone 

9–70  

(ohm/square)

220℃ 2  

hour 
Nil 460% 

100 cycles at 

100% plus 

100 cycles at 

150% strain 

[1]

Thermal 
PU sponge/PDMS/ 

Ag nanowire 
5.2*10-2 

80℃ 5.5  

hour 
Nil 50% 

100 cycles 

50% tensile 

strain 

[13]

Thermal PU, Carbon black 5 * 10-3 
80℃   1 

hour  
Nil Nil Nil [17]

Thermal MWNT, PU 0.19 
70℃   

24 hour 
Nil Over 100% 

Over 100 

cycles 
[14]
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5.1.4 Rationale of This Study 
Stretchable interconnects are an important prerequisite for stretchable electronics. In 

spite of a vast body of literature on stretchable and conductive composites, durable, 

stretchable, and conductive composites can hardly be found.  

 

Interestingly, in previous studies of Ag flakes / PDMS composite, the conduction 

development mechanism was experimentally investigated by Zhuo Li et al [11]. It was 

found that unlike epoxy resins, PDMS experiences quite limited curing shrinkage; 

hence the shrinkage force is no major driving force for conduction development. The 

two dominant factors in conduction development of silicone-based electrically 

conductive adhesives proved to be the removal of surfactants and the sintering 

between neighboring silver flakes. Both processes can only occur before silicone is 

fully cross-linked. Based on this mechanism, when a fast-curing silicone is 

incorporated, as long as the two processes complete prior to the curing of silicone, the 

printed composite can turn into highly conductive printings within a short period of 

time. Such a composite will be suitable for fast roll-to-roll industrial processing. 

Besides, when serpentine layout [45] is deployed, stretchability of the printings can be 

further improved. 

 

Based on the above theory, herein we present a kind of silver/silicone composite 

which is highly conductive (~4000 S/cm), stretchable (elongation at break is ~40%), 

and can be printed onto PDMS-based electronics. In addition, the composite can be 

thermally sintered and cured within 20 seconds. When using a serpentine layout, 

printings of the composite remains highly conductive after 10 000 cycles of uniaxial 

tensile test at 40% strain. 
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5.2 Silver/Silicone Composite 

5.2.1 Materials of the Composite 
Four types of silver flakes as listed in Table 5.2 were kindly provided by Ames 

Goldsmith Corporation, U.S.A. The wide size distribution of silver flakes could 

enhance the packing efficiency [16]. According to literature [11, 16], 80 wt% loading 

of silver would lead to a highly conductive composite. In order to find the most 

effective formulation, four types of single-modal composites of Ag flakes and SE 

(ELASTOSIL® LR6200 A and B, Wacker Chemie AG, Germany　 ), as well as six 

types of bi-modal composites of any two of the Ag flakes (mass ratio 1:1) and SE (Ag: 

SE in a 80: 20 mass ratio) were fabricated. The bimodal formulation (two types of 

silver flakes different in dimension) has been reported to improve packing density and 

reduce viscosity of the composites [12, 16, 43, 46]. The KP-45 silver flake composite 

was too viscous to blend due to its low tap density. Therefore, a compromising ratio of 

70:30 was chosen for KP-45. Unfortunately, composites of all the ten types of 

composites were insulating even after hot-plate (IKA® C-MAG HP4, IKA Works, 

Germany) heating at 260 °C for 5 minutes. 
Table 5.2 Specifications of the silver flakes 

Product MBT-579 KP-45 SF-2J SF-25J 

Tap density (g/cm3) 3.8 0.9 3.9 3.7 

Surface area (m2/g) 0.68 2.49 1.61 1.94 

D10 0.6 1.5 1.4 0.4 

D50 1.4 3.4 2.9 0.9 Microtrac (μm) 

D90 3.0 6.6 3.9 1.9 

 

Interestingly, when reduction agent was introduced, the combination of KP-45 and 

SF-2J would achieve excellent conductivity. Commercial silver flakes are usually 

coated with a thin layer of silver salts of fatty acids, which help to prevent aggregation 

and improve the processability in ball-milling process. These silver salts, however, 

will significantly increase the contact resistivity between silver flakes in the 

composites [12]. Polymers with hydroxyl groups such as PEG and poly(vinyl alcohol) 
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have been reported to reduce silver salts into silver nanoparticles [11, 12, 16]. 

Therefore, in this study, the poly(ethylene glycol) ethyl ether methacrylate (MW 

262.29; International Laboratory USA) was incorporated as a reduction agent.  

 

5.2.2 Fabrication of the Composite 
As discussed in the introduction section, although a higher loading of silver flakes 

would theoretically result in higher conductivity, the printability and tensile properties 

shall deteriorate significantly. There is always a trade-off among conductivity, 

stretchability and printability. After experimental optimization, the final formulation 

selected is listed in Table 5.3. 
Table 5.3 Formulation of the silver/silicone composite 

Component Elastosil® 6200 KP-45 SF-2J PEGEEM 

Wt % 24 60 10 6 

 

Because of high viscosity, the composites were intensely mixed manually for 5 min. A 

thin layer (50 μm in thickness) of such composite was stencil-printed onto PDMS 

membrane (similar to the printing of CB/SE/SO in Chapter 4) and then 

convection-heated at 260 °C on a hot-plate (IKA® C-MAG HP4, IKA Works, 

Germany) for 20 seconds to sinter Ag flakes and cure SE. Although the melting 

temperature of bulk silver is 961.8 ℃, silver nanopaiticles, owing to their extremely 

large surface area–volume ratio, could melt at very low temperatures < 200 °C. 

Although the normal curing condition for the bulk SE used is 100 °C for 60 min, the 

fast curing of SE here can be explained through the time-temperature transposition 

principle.  

 

After heating, bulk resistances of the composite printings were measured using a 

Keithley 2000 multimeter. The width, length and thickness of printing were derived 

from specifications of stencils. The highest bulk conductivity of the composite was 

found to be 3 960 S/cm. 
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5.2.3 Confirmation of Fast Sintering Method 
The fast sintering method adopted here is based on the conduction development 

mechanism [11], which has been elaborated in Section 5.2.2. To further validate the 

mechanism, two groups of samples were fabricated with the same formulation as 

listed in Table 5.3. They were then printed onto 0.5 mm-thick PDMS membranes. All 

the printings were 50 μm in thickness. Subsequently, the two groups of samples were 

hotplate-heated in different manners at ambient conditions. Three samples in group A 

were immediately heated at 260 °C for 20 seconds; and those in group B were heated 

gradually from 60 °C to 260 °C at an increment step of 50 °C, and with an interval of 

1 min for each step. Therefore, the heating durations for the two methods were 20 

seconds and 5 minutes respectively.  

 

5.2.2.1 Hypothesis on the Sequence of Curing of SE and 

Sintering of Ag Flakes 
It is worth noting that, pure SE printings with a thickness of 50 μm can be hot-plate 

cross-linked at 100 °C within 20 seconds. The silver flakes films of KP-45 and SF-2J 

with the same thickness can only be sintered above 200 °C within seconds. At least 

150 °C is required in order to decompose the silver flake lubricant [47]. Therefore, it 

was hypothesized that, forming conductive paths in the composite should occur with 

an appropriate time sequence of curing of SE and sintering of Ag flakes, which would 

be different in the two groups of samples. A schematic diagram is drawn in Figure 5.1 

to elaborate the hypothesis. For group A, the sintering process should occur ahead of 

the curing process; while for group B, cross-linking occur first, forming SE barriers 

between silver flakes, thus preventing sintering of silver flakes to proceed. The 

barriers also hinder the vaporization of the products decomposed from silver flake 

lubricant. Group A would produce a closed network of Ag flakes with its pockets 

filled with SE (Figure 5.1-(b)); while group B a closed network of SE filled with 

isolated Ag flakes (Figure 5.1-(c)). Furthermore, most of the silver flake lubricant in 

group A has decomposed and vaporized (Figure 5.1-(b)); while even if the lubricant in 
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group B was decomposed, the products were still confined by SE to the surface area 

of silver flakes (Figure 5.1-(c)). 

 

(a) 

 

(b) 
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(c) 

 

(d) 
Figure 5.1 Schematic of the sintering of Ag flakes and curing of SE: (a) the mixture before 
heat treatment; (b) composite of group A after heat treatment; (c) composite of group B after 
heat treatment; (d) symbols for the schematic.  
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Besides the cross-linking rate and sintering rate, the volume fraction and shape of Ag 

flakes may also influence the conduction development process. A higher volume 

fraction of Ag flakes provides more contact pointes between flakes, thus facilitating 

the sintering process. But the high volume fraction also means more rigid composite 

and a higher cost. On the other hand, the shape of Ag flakes should be as flake-like as 

possible to achieve more contact points between flakes and lower modulus of the 

composite. In this regard, the KP-45 flake (see Table 5.2) is an excellent choice.  

 

5.2.2.2 Testing of the Hypothesis 
Next, the hypothesis will be tested using electrical and optical experiments 

respectively. 

 

Electrical conductivity for group A and B was measured in the same way as described 

in the previous section. The first group was highly conductive (in the order of 1 000 

S/cm) while the second much less conductive (below 0.01 S/cm). Thus the formation 

of highly conductive paths in group A was confirmed. 

 

Furthermore, scanning electron microscope (SEM) method was used to test the 

hypothesis. All the samples from group A and B were observed under a field emission 

scanning electron microscope (JEOL JSM-6335F, JEOL Ltd., Japan). Typical 

cross-sectional views in Figure 5.2 show that, boundaries of Ag flakes in group A 

were smooth while in group B clearly protruding out. Therefore, sintering process 

occurred only in group A, not in group B, which is also in good accordance with the 

results of electrical resistance confirmation. Hence, the hypothesis was again 

confirmed. 
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(a) 

 
(b) 

Figure 5.2 Typical SEM images of the silver/silicone composite. Sample in group A (a) and 
group B (b). 
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5.3 Printable and Stretchable Conductive 
Interconnects using the Silver/Silicone 
Composite 

In order to investigate the potential applicability of the silver/silicone composite in 

stretchable electronics, stretchable interconnects made from this composite will be 

fabricated using a stencil printing technique. Performance of these interconnects will 

be evaluated experimentally and further analyzed with a numerical simulation 

method. 

 

5.3.1 Design of Stretchable Interconnects 
Prior to the printing process of silver/silicone composite, stainless stencils need to be 

fabricated using photochemical machining. Stencils with a thickness of 50 μm were 

chosen here, so that the thickness of printed interconnects can be consistent with the 

CB/SE/SO strain gauges in Chapter 4. 

 

As shown in Figure 5.3, five types of stencils with straight line or serpentine layout 

were designed. The rectangles on the two ends of each line serve as contact pads. The 

first design of a straight line can be used to investigate the electromechanical 

properties of the composite. The middle three are intended to compare effects of 

various radii of serpentine structures and the fifth to assess the performance of 

interconnects under transverse stretch.  

 

Serpentine layouts have been extensively used in stretchable interconnects to 

effectively improve stretchability and alleviate stress concentration [5-8, 39, 45].  A 

horse-shoe pattern [6, 45] was reported to be able to significantly improve the 

stretchability, but it benefits only stretchability along the longitudinal direction and it 
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inevitably raises the resistance of interconnect. A self-similar serpentine layout [5, 7] 

could dramatically enhance stretchability in both directions. Unfortunately, the 

complex structure is demanding in printing technique and it raises the resistance of 

interconnect exponentially. Therefore, in this chapter, only the simplest serpentine 

layout, repetitions of semi-circles as illustrated in Figure 5.3, would be investigated. 

This design is a result of the trade-off between electrical resistance and stretchability 

in two directions. 

 

 
Figure 5.3 Design of stencils for printing, where W denotes the width of the serpentine or 
straight lines; R denotes the radius of the curves and L is the length between contact pads. 

 
 

L

W
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5.3.2 Fabrication of Stretchable Interconnects 
Fabrication of the stretchable interconnects is both facile and time-efficient. The same 

PDMS (SILASTIC® 3483 Moldmaking Rubber, Dow Corning, U.S.A.) membranes as 

in Chapter 4 were prepared in advance. A stencil was strategically laid onto a PDMS 

membrane. Then a suitable amount of silver/silicone composite was squeezed into the 

trench of stencil with excess removed by a drawknife. This process was repeated three 

times to ensure a full saturation of composite in the trench. Finally, the membranes 

with printings were heated at 260 °C on a hot-plate (IKA® C-MAG HP7, IKA Works, 

Germany) for 20 seconds. For each design, three samples were made for 

characterization. There were in total 15 samples. One group is shown in Figure 5.4. 

 
Figure 5.4 Samples of stretchable interconnects with a serpentine layout. Only printings with 
the 3rd design, W 0.2 mm and R 0.3 mm, are shown here. 
 

5.3.3 Uniaxial Tensile Test 
The five groups of samples were then mounted onto an X-table (Zaber Technologies 

T-LSR150B, Zaber Technologies Inc. Canada) as shown in Figure 5.5, by which 

various levels of uniaxial tensile strains can be applied. The resistance change were 

measured with a 2000 6½ Digit Multimeter (Keithley, U.S.A). To minimize the testing 

errors of resistance, no wires were pasted onto the contact pads. Once the sample was 

stretched to a specific strain level, the motor of X-table came to a halt, and 
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immediately two pointed probes from the multimeter were manually pressed onto the 

contact pads for resistance measurement. When measuring the resistance, two 

aluminum blocks were carefully placed beneath the membrane to avoid unnecessary 

deformation caused by the pointed probes. 

 

Figure 5.5 The X-table for uniaxial tensile tests. 

 

Figure 5.6 presents the resistance changes of printed interconnects under uniaxial 

tensile stretch. Naturally, the samples with serpentine layouts demonstrated 

overwhelming advantages over the straight ones. The gauge factor of straight line 

printing (R infinite) was much higher than those of serpentine layouts, because in 

theory the serpentine shape can effectively reduce stress concentrations on the 

printing. The serpentine interconnects could accommodate tensile strains of 80% 

while straight ones barely 40%. Elongation at break of the composites is therefore 

around 40%. Within serpentine groups, electrical resistance of R 0.4 mm samples was 

noticeably larger than the other two; possibly because the electrical current always 

takes the shortest path while the inner lines of R 0.4 samples are much longer (triple 

and 1.5 folds of R 0.2 and R 0.3). Interestingly, printings with R 0.2 and R 0.3 

behaved almost the same despite of larger deviations of the former. Therefore, 

stretchable interconnects with serpentine layouts R = 0.3 mm is recommended for 

future applications.  
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Figure 5.6 Resistance change of interconnects under various levels of longitudinal stretches. 
 

Since the serpentine layouts are actually repetitions of semi-circles, it seems their 

resistance should possess similar sensitivities to tensile strains in every direction. To 

confirm this property, transverse stretch of interconnects was carried out using the 

fifth group of samples. In the initial parts, they demonstrated quite similar sensitivities 

in longitudinal and transverse stretches. However, when strain exceeded 35%, the 

resistance change of transverse stretch became significantly smoother than that of 

longitudinal stretch. This is probably related to the severe shrinkage in the other 

direction (see inset of Figure 5.7), which resulted from Poisson’s effect. 
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Figure 5.7 Resistance change of interconnects under longitudinal and transverse stretches. 
Inset is a picture of one sample in group 5 under 90% strain. 
 

5.3.4 Fatigue Test 
Fatigue resistance is an important criterion for stretchable interconnects. In this study, 

however, there is no need to cover all groups of design, since in previous uniaxial 

tensile tests only two promising designs R 0.2 and R 0.3 demonstrated relatively low 

resistance change. They were similar in gauge factor, despite that the latter showed a 

smaller deviation. Therefore, six samples for these two designs were fabricated and 

fixed between cardboards as in section 4.2.1.2 for tensile fatigue test. 

 

The samples were then mounted onto Instron 5944 (Instron Corp., USA) for fatigue 
tests. Given that the maximum strain of human skin around the knee joint for a whole 
squatting and rising (flexion and extension) cycle is up to 44.6% in every direction 
[48], a maximum tensile strain of 40% was used here. A strain rate of 0.1/s was 
chosen to simulate quasi-static deformation. After a certain number of tensile cycles, 
the sample was detached from Instron and fixed onto the X-table for convenient 
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electrical resistance measurement using Keithley multimeter. Both resistances in 40% 
strain and in relaxed conditions were measured. Then again, they were mounted onto 
Instron to continue the cyclic stretching. In this way, the samples were intermittently 
stretched and measured until 10 000 tensile cycles. 
  
As shown in Figure 5.8, resistance values of both designs ascended substantially as 
test continued. Interconnects of R 0.3 mm demonstrated much superior fatigue 
resistance to interconnects of R 0.2 mm. They survived up to 10 000 cycles of stretch. 
To the best of our knowledge, such fatigue resistance is by far the best result of 
printable interconnects on PDMS material. Also, their resistance under relaxed 
condition remained below 80 Ohm with a small variation among samples. The 
reasons for a better performance of R 0.3 mm samples are believed to lie in the 
geometrical differences. Since the width W (see Figure 5.3) of them are both 0.2 mm, 
interconnects with R 0.2 mm are much geometrically closer to the straight line 
printings. In other words, the design of R 0.3 mm is more wavy and serpentine than 
the other. Therefore, the design of R 0.3 mm can make better use of serpentine 
structure; and the stress concentrations in R 0.3 mm samples would be less severe 
than the other group.  
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Figure 5.8 Resistance of interconnects after cyclic tensile deformation. The resistance values 
were measured in relaxed condition. 
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Figure 5.9 compares the best samples of each group in fatigue tests, including 
resistance values of samples in both relaxed and stretched conditions. Naturally, both 
resistance values increased as fatigue tests continued, but the slopes were significantly 
different. Resistance increasing speeds of the R 0.2 mm sample was slower than the R 
0.3 mm sample within 2000 tensile cycles; after 2000 cycles, the former showed a 
sharper change in resistance. In addition, resistance values of the former seem 
divergent while the latter convergent. The most promising sample therefore is the 
sample of R 0.3 mm, whose resistance gradually approached a constant value in the 
fatigue test. The resistance of sample at 40% strain remained within 100 Ohm even 
after 10 000 cycles of tensile test. 
 
Based on the fatigue tests, it can be concluded that interconnects of R 0.3 mm 
printings are the most promising prototype among the three serpentine designs. They 
are therefore recommended for interconnect use in future fabrication of soft pressure 
sensor arrays.  
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Figure 5.9 Resistance changes of the best samples in both groups in cyclic tensile tests. 
 

5.3.5 Finite Element Analysis 
Finite element (FE) simulation (ANSYS®) was deployed in this study to reveal the 
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underlying physics of deformation. The promising types of interconnects, W 0.2 mm 

and R 0.3 mm, will be simulated, together with straight line printings. Material 

properties have been measured by uniaxial tensile tests on Instron 5944 (Instron Corp., 

USA) and listed in table 5.4. Because of symmetry, only half of the subject (see 

Figure. 5.10) was considered. The conductive composites and the PDMS membrane 

were glued together, assuming that the two parts experience no detachment during 

deformation. Two levels of tensile strain were selected, 30% which is below the 

elongation at break of the conductive composite (40%), and 60% above the elongation 

at break. Since this type of PDMS is basically linear in strain-stress curves at 60% 

stretch, herein, a simple linear and isotropic model was used. In the software, a 20 – 

node element SOLID186 (3 degree freedom) was chosen to support the large 

deformation. In total, 5028 elements were generated. Convergence tests showed that 

the results don’t vary notably if more elements are used.  
Table 5.4 Material properties of the composite and the membrane 

Material Silver/Silicone Composite (Elastosil® 6200) PDMS (Silastic® 3483)

Young’s modulus (MPa) 7.25 0.23 
Poisson’s ratio 0.32 0.48 

Elongation at break (%) ~40 600 

 
Figure 5.10 FEM model of interconnects. Straight and serpentine designs were simulated 
simultaneously on one piece of PDMS membrane.  
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Figure 5.11 presents the contour plot of strain distributions in longitudinal and 

transverse directions when the whole device is subject to a 30% stretch. While most 

of the PDMS membrane and the straight interconnect experience a uniform XX strain 

of 30%, strain on most parts of the serpentine printing is below 12.2%. In the other 

direction ZZ, the serpentine design also shows lower strain. This difference arise from 

the capability of the serpentine interconnects to yield slight rotation to accommodate 

the large stretch [39].  

 

For comparison, interconnects under a 60% stretch were also simulated. Figure 5.12 

gives the contour plot of strain distribution on these interconnects. The difference of 

strain between serpentine and straight structures is quite similar to that of a 30% 

stretch. The maximum XX strain on the serpentine structure is only 35%, which is 

around half of the strain on the straight printing. Since the elongation at break of the 

conductive composite is around 40%, theoretically the serpentine printing will break 

upon a stretch over 60%. This result agrees very well with the breakage of serpentine 

printings at 70% in uniaxial tensile tests (Figure 5.6). 

 

Von Mises strain distribution, a parameter more directly related to the yielding of 

materials, is given in Figure 5.13. When the whole structure is stretched to 60%, the 

maximum strain on the serpentine parts is 32.4%, which is also approaching 40%. 

Therefore, the FEM simulation can effectively predict the breakage of serpentine 

structure. 
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(a) 

 

(b) 
Figure 5.11 Contour plot of strain in XX direction (a) and ZZ direction (b) under 30% 
deformations.  
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(a) 

 

(b) 
Figure 5.12 Contour plot of strain in XX direction (a) and ZZ direction (b) under 60% 
deformations.  
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(a) 

 
(b) 

Figure 5.13 Contour plot of von Mises strain under 30% (a) and 60% (b) deformations. 
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5.4 Summary 

In this chapter, a new kind of printable, stretchable and conductive composite was 

developed for stretchable interconnects application. The composite was made from 

silver flakes and silicone elastomer with an optimized formulation. A thin printing 

layer of the composite can be thermally sintered and cured within 20 seconds, 

achieving conductivity as high as 4000 S/cm. Such fast preparation attributes to the 

investigation of conduction development mechanism of silicone-based conductive 

pastes. Also, the composite exhibits excellent compatibility to PDMS material, 

because it is based on silicone. When a serpentine structure is deployed, the printed 

interconnects can be uniaxially stretched to 70%. These interconnects have 

demonstrated excellent fatigue resistance of over 10 000 cycles of 40% stretch. FEM 

was conducted to reveal the underlying physics of deformation. The simulation results 

were in good accordance to the results in uniaxial tensile tests. 

 

The advantageous properties including fast preparation, facile fabrication, high 

conductivity, good stretchability, compatibility to PDMS, and excellent fatigue 

resistance make this conductive composite a very promising material for interconnect 

application in printed soft electronics.
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CHAPTER 6 

All-elastomer Sensors with Cell Structures 
for Three-axial Contact Force 
Measurement 

6.1 Introduction 

In Chapter 3, a preliminary study of all-elastomer pressure sensors was carried out, 

where highly sensitive soft pressure sensors were demonstrated. In addition, major 

problems of the sensors were identified and analyzed, including liquid compatibility 

of the pressure sensors, pressure measuring range and sensitivity. Another two critical 

issues found in the preliminary study, hysteresis of the sensors and elastic conductive 

wires, were effectively settled in subsequent chapters. Based on these studies, this 

chapter aims at realizing an all-elastomer sensor with a cell structure for three-axial 

contact force measurement. The chapter therefore includes design, analysis, 

fabrication, and characterization of the all-elastomer 3-axial force sensors. 

6.2 Structural Design and Materials 

6.2.1 Sensor Design 
As introduced in Chapter 3, the design of all-elastomer pressure sensor was inspired 

by the warty bumps on a toad’s skin. Compared with the spherical design in the 



Chapter 6 

  140  

preliminary study (Figure 3.1), the structural design here is more analogous to the 

morphology of bumps on a toad’s skin, which is expected to be more sensitive in 

3-axial force measurement. 

 

A schematic diagram of all-elastomer 3-axial force sensor is given in Figure 6.1. The 

main part of the sensor is a spherical-cap cell growing on a PDMS substrate layer. The 

cell is filled with polyethylene glycol (PEG) 400. On the outer surface of the cell, 

there are printings of carbon/silicone composite strain gauges, including one 

straight-line gauge around the mid-level for normal force measurement and four 

U-shape gauges at the foot for shear force measurement. At the peripheral of the cell, 

stretchable conductive tracks are printed on the substrate layer for the signal read-out 

of the strain gauges.  

 

The working principle of the sensor is described as follows. When there is a normal 

force (opposite direction of z-axis) applied on the sensor, the cell will expand 

significantly in the x-y plane, leading to a stretch on the straight-line strain gauge. On 

the other hand, when there is a shear force, e.g. along the opposite direction of y-axis, 

the corresponding U-shape strain gauge will be stretched. Shear force along arbitrary 

in-plane directions can be measured by establishing a set of equations from the 

corresponding two U-shape strain gauges. In other words, the two gauges are coupled 

in shear force measurement. Therefore, this sensor can simultaneously detect both 

normal force and shear force. Both the magnitude and direction of a shear force in a 

given plane can be measured. 

 

This design endows the sensor with many advantages. The major advantage is the 

excellent softness and stretchability, because all the materials used are either 

elastomeric or liquid. Such materials enable a reasonably wide operating temperature 

and humidity range. The design also ensures a high sensitivity especially for small 

force measurement, because the cell or membrane structure involved is more readily 

deformable than solid block structures. The liquid is theoretically incompressible and 
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the cell membrane material is fully elastic, providing a high accuracy in force 

measurement. Besides, there can be an encapsulation layer for overload protection, as 

well as protection of the strain gauge and printed connectors. Limitations of the sensor 

involve hysteresis coming from the strain gauge and potential requirement of 

temperature compensation. 

 

 
Figure 6.1 Schematic diagram of an all-elastomer 3-axial force sensor with a cell structure. 
Picture on the top is an oblique view and below is a cross-sectional view. 
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6.2.2 Materials 
The materials selected for the all-elastomer 3-axial force sensors are listed in Table 

6.1. The PDMS for the cell structure has an elongation at break as high as 600%. The 

formulations of carbon/silicone composite and silver/silicone composite were 

determined according to studies in Chapter 4 and 5 respectively. 
Table 6.1 Materials for all-elastomer 3-axial force sensors 

Component Materials Details 

Substrate layer Polydimethylsiloxane (PDMS)
SILASTIC® 3483 Moldmaking Rubber, Dow 
Corning, U.S.A. 

Cell structure Polydimethylsiloxane (PDMS)
SILASTIC® 3483 Moldmaking Rubber, Dow 
Corning, U.S.A. 

Glue Silicone elastomer (SE) 
ELASTOSIL®　LR6200 A and B, Wacker 
Chemie AG, Germany 

Liquid PEG 400 International Laboratory, U.S.A. 

Carbon black (CB) 
Low structure but highly porous carbon black 
nano-particles (Carbon® ECP600JD, Akzo Nobel, 
diameter of about 30 nm) 

Silicone elastomer (SE) 
ELASTOSIL®　LR6200 A and B, Wacker 
Chemie AG, Germany 

Strain gauge 

Silicone oil (SO) Che Scientific Co., Hong Kong, China. 

Silver flakes 
KP-45 & SF-2J, Ames Goldsmith Corporation, 
U.S.A. 

Conductive 
connector 

Silicone elastomer (SE) 
ELASTOSIL®　LR6200 A and B, Wacker 
Chemie AG, Germany 
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6.3 Fabrication of All-elastomer Force Sensors 

Fabrication process of the all-elastomer 3-axial force sensors is analogous to that of 

the preliminary study in Chapter 3. One significant improvement is the application of 

stencil printing for the strain gauges and conductive interconnects. In practical 

operation, the stencils need to be prepared before the fabrication of force sensors. 

However, in this chapter, they will be introduced after the fabrication process of a 

single force sensor, because the stencils shall contain large details about the design of 

a sensor array. It would be more logical and coherent to narrate the story from one 

sensor unit to a sensor array. 

 

6.3.1 Fabrication of a Sensor Unit 
The fabrication of a force sensor includes 6 steps: (1) moulding of the PDMS layers; 

(2) printing and curing of the carbon/silicone strain gauge; (3) printing and sintering 

of the silver/silicone interconnects; (4) applying the SE layer; (5) injection of PEG 

400; (6) sealing of the cell structure. A schematic diagram of the fabrication process is 

drawn in Figure 6.2. Note that the diagram is drawn translucent to better show the 

perspective of structures. A tangible all-elastomer 3-axial force sensor is not 

necessarily translucent in appearance. 

 

The carbon/silicone composite with the same formulation as in Chapter 4 was 

prepared beforehand. The CB nano-particles were heated at 80 ℃ for 24 hours to 

remove the moisture. The SE worked as matrix. The SO served as diluting agent and 

plasticizer. CB, SE and SO were fully blended on a three-roll mill (PTR 65, Puhler, 

Germany) [1] at room temperature.  
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1. Moulding of PDMS layers           2. Printing and curing of carbon/silicone composite 

3. Printing and sintering of silver/silicone composite  4. Applying the SE layer 

 
5. Injection of PEG 400 

 
6. Curing of the SE layer 

 

Figure 6.2 Schematic of the fabrication process of the all-elastomer 3-axial force sensor. 
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Step 1: a pair of PDMS layers for the cell structure and substrate was fabricated 

(Figure 6.2-1). There is a sealing ring design to ensure sealing of the cell structure. 

Weigh 100 parts of SILASTIC® 3483 Base and 7.5 parts of SILASTIC® 83 Curing 

Agent in a clean container. After 2 minutes of intense mechanical mixing, the curing 

agent was completely dispersed in the base. Then the mixture was cast onto two sets 

of PTFE (Teflon®) moulds and degassed in a vacuum chamber for 10 min at 30 inHg. 

The material cured into a soft rubber block within 24 hours under ambient conditions. 

The two layers excluding the sealing ring part were ~1 mm and ~2 mm in thickness 

respectively. 

 

Step 2: carbon/silicone composite strain gauge was stencil printed onto the top PDMS 

layer (Figure 6.2-2). A stencil prepared beforehand (refer to Section 6.3.2) was 

carefully aligned onto the top PDMS layer. A small mount of carbon/silicone mixture 

was squeezed into the trench of stencil with excess removed by a drawknife. This 

process was repeated twice to ensure a full saturation of mixture in the trench. After 

lifting off the stencil, the printed PDMS layer was heated at 100 °C for 15 min to cure 

the printing. A special simple and low-cost technology was adopted here to ensure a 

firm bonding between the strain gauge and the PDMS layer. The technology will be 

disclosed in future publications. 

 

Step 3: silver/silicone composite was stencil printed onto the top PDMS layer and 

thermally sintered, forming conductive interconnects (Figure 6.2-3). The 

silver/silicone mixture needs to be prepared before the printing process. Composition 

and fabrication of the composite were elaborated in Chapter 5. The stencil printing 

process was analogous to that in step 2; only the design of stencil and the paste for 

printing were different. Once the stencil was moved away, the printed PDMS layer 

was heated at 260 °C on a hot-plate (IKA® C-MAG HP7, IKA Works, Germany) for 

20 seconds. 

 

Step 4: applying the SE layer (Figure 6.2-4). Component A and B (mass ratio 1:1) of 
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the SE were manually mixed for 2 minutes. Then, a thin layer of the SE mixture, the 

glue, was uniformly applied onto the upper surface of the bottom layer except the cell 

region. 

 

Step 5: injection of PEG 400 (Figure 6.2-5). Around 0.15 ml of PEG 400 was 

syringe-injected between the two PDMS layers, which were clamped together by 

splints. There was a round perforation (ø10 mm) punched in the top splint. After 

injection, a spherical-cap shape cell will appear through the perforation. The syringe 

was then moved away. 

 

Step 6: curing the SE layer (Figure 6.2-6). The whole PDMS structure with splints 

was heated in a convection oven at 100 ℃ for 1 hour. Finally, the splints were 

disassembled. As the two PDMS layers were different in thickness, the cell will 

remain on the top layer and the counterpart in the bottom layer was comparatively flat. 

The heating process also benefits shape stabilization of the cell structure.  

 

An all-elastomer force sensor array is pictured in Figure 6.3. The fabrication process 

of the array is identical to that of a sensor unit as introduced above. Arrangement of 

the four sensors will be elaborated in Section 6.3.2.  

 

Since the sensor array is made exclusively from elastomeric materials and liquid, it is 

mechanically robust enough to withstand various deformations without structural 

failure. The sensor array has demonstrated excellent stretchability and flexibility as 

shown in Figure 6.4. It can be bent forward and backward along any direction. Also, it 

can be stretched to over 30%. Although the stretchability is much lower than that of 

the conductive liquid type pressure and strain sensors (250%) [2], it is very close to 

44.6%, the stretchability of the human skin [3]. 
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Figure 6.3 Picture of an all-elastomer 3-axial force sensor array. 

 

Horizontally bent backward.   Vertically bent forward.    Diagonally stretched. 

 
Diagonally bent backward.   Diagonally bent forward.   Drapery by gravitational force. 

Figure 6.4 The all-elastomer 3-axial force sensor array under various deformations. 

 

6.3.2 Stencils for Printing 
Two stencils were prepared by lithographically (photochemical machining) patterning 

stainless steel sheets with a thickness of 0.05 mm. Figure 6.5 illustrates the patterns of 
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the two stencils for a 2×2 sensor array, where the green circles mark the location of 

the sensors and the black lines indicate the apertures in the stencil. 

 

The size of both stencils (also the size of the sensor array) was 50 mm × 50 mm. At 

the center of stencils, four sensor units were uniformly arranged with a 2 cm distance 

between each other. For the stencil of strain gauge, the thin lines were 0.16 mm in 

width, which was an optimized value in Chapter 4. For the stencil of interconnects, 

the serpentine lines were 0.20 mm in width and 0.3 mm in radius (refer to Figure 5.3), 

which had been examined in Chapter 5. For both stencils, the black rectangles were 

designed as contact pads. The two stencils will be used in pairs so that contact pads of 

interconnects can be accurately positioned over those of the strain gauges. It is 

therefore essential to align the stencils precisely on the PDMS layer (step 2 and step 3 

of the fabrication process). 

 

In order to find the most effective design, the four sensor units were constructed 

differently from each other. The first sensor unit (in top left hand corner) involved 

four shear strain gauges only. The second sensor unit (in top right hand corner) added 

one strain gauge for normal force detection. The strain gauge was 1/8 segment of a 

circle (ø6.2 mm, which would be around midlevel of a cell with a height of 3 mm 

after injection). The third sensor unit (in bottom left hand corner) extended the normal 

force strain gauge to 1/4 segment of a circle (ø6.2 mm). The strain gauge for normal 

force detection had no contact pads in the last sensor unit, because it would be 

connected via silver/silicone composite instead of the carbon/silicone composite. 

 

Unfortunately in real operation, the normal force strain gauge in the last senor unit 

proved quite challenging to be connected with the interconnect, because the substrate 

material (PDMS) was soft and deformable, and the overlapping region of strain gauge 

and interconnect was very small. Besides, the elastic modulus of the silver/silicone 

composite was 7.25 MPa, 14 times larger than that of the carbon/silicone composite, 

which would inevitably cause more uneven deformations on the cell membrane. 
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Therefore, the design of the last sensor unit is not recommended, regardless of a low 

electrical resistance of the silver/silicone composite compared with the other. 

    
(1)                                 (2) 

Figure 6.5 Schematic of the stencils for printing in the fabrication of a 2×2 sensor array. (1) 
Stencil for printing the carbon/silicone composite. (2) Stencil for printing the silver/silicone 
composite.  
 

6.4 Performance of 3-axial Force Sensors 

In order to evaluate the 3-axial force sensors, a coupled electromechanical 

experimental setup was used, including Instron 5944 (Instron Corp., USA), an 

integrated versa channel, a voltage divider (excitation voltage was 10V), and a 

computer for data display and storage. The compression/shear force and the output 

voltage of the force sensors were measured simultaneously by Instron and the versa 

channel respectively. Electrical resistance of the sensor was computed according to 

formula (6-1), where V is the output voltage of the sensor. The reference resistor was 

511 kOhm. 

( )10sen ref
VR R

V
= ×

−                            (6-1) 
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6.4.1 Normal Force 
Figure 6.6 presents the resistance change of force sensors under cyclic compressions. 

Since the long strain gauge had a length twice that of the short one, its initial 

resistance doubled the short one. The sensors were compressed by 0.3 mm, 0.6 mm 

and 0.9 mm for five cycles respectively. The loading speed was 10 mm/min. Because 

there was only one channel for resistance measurement, data for the three lines (in 

blue, green and red) were achieved from three repetitive tests rather than 

simultaneously from one test.  

 

Compared with the short strain gauge, the long strain gauge demonstrated a good 

sensitivity (0.097 N-1) to normal forces below 1.62 N (the blue line), the signal of 

which declined cycle by cycle in the 0.3 mm and 0.6 mm compressions, but it kept 

relatively stable in the 0.9 mm compression. The hysteresis was, however, over 40%, 

suggesting that this structure is less efficient in normal force measurement than the 

pressure sensor in Chapter 3, where a high sensitivity of 8.18 N-1 for a normal force 

below 0.55 N was demonstrated. Interestingly, the U-shape strain gauge (shear strain 

gauge) was much less sensitive (the green line) to normal compression, which makes 

it easier to decouple shear force signals from normal force signals. 
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Figure 6.6 Performance of the soft force sensor array under cyclic compressions. 
 

6.4.2 Shear Force 
For shear force tests, a pulley was fixed on a bracket to change the direction of 

loading. Going through the pulley, multifilament polyester yarns connected the load 

cell and the PMMA plates on sensor arrays. The PMMA plates ensured a uniform 

distribution of normal load on the four sensors. 
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x
y

z
x

y

z     
Figure 6.7 Experimental setup for the shear force tests. The sensor array was glued onto a 
wood board to stabilize its bottom surface. 
 

Figure 6.8 plots the resistance change of the force sensor under cyclic shear loadings. 

The shear displacement ranged from 0.5 mm to 2.0 mm, and the normal force applied 

on one sensor unit was fixed at 0.1 N, 0.2 N, 0.3 N, 0.4 N and 0.5 N, respectively. 

Loading speed of the PMMA boards was 20 mm/min throughout the experiment. The 

initial resistance values of U-shape strain gauge decreased when Fz increased. This 

strange behavior was caused by the viscoelasticity and deformation history of the 

strain gauge. There were large deformations on the strain gauge before shear force 

experiments and there was not enough time for the strain gauge to recover. In future 

tests, relaxation will be implemented between tests. 

 

When the displacement of PMMS plates became larger, resistance changes of the 

U-shape sensor climbed accordingly, reflecting a high sensitivity in shear force 

measurement. However, within each five cycles of shear loading, the peak values of 

resistance declined gradually. This type of sensor therefore has a poor stability in 

repetitive shear force measurement.   
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Figure 6.8 All-elastomer 3-axial force sensors under cyclic shear loadings. 
 

Figure 6.9 depicts the displacement-shear force curves and shear force-resistance 

curves of the force sensor. At the same level of displacement, the magnitude of shear 

force increased when the normal force ascended. This can be reasonably explained by 

the deformation of the cell structure under compression. Besides, a higher cell 

structure is always more readily to be bent laterally.  

 

When the shear force exceeds the limiting static friction, the PMMA plates will slip. 

According to Coulomb’s model of friction, the limiting static friction force is 

proportional to the normal force. At a normal force of 0.1 N (Figure 6.9-1),  slippage 

occurred when the displacement changed from 1.0 mm to 1.5 mm and from 1.5 mm to 

2.0 mm, which agreed with the observation by naked eyes. There was also slippage in 

Figure 6.9-2. 

 

Mechanical hysteresis in the tests indicated the mechanical energy dissipation caused 

by friction. The mechanical hysteresis reduced from 11.3% to 7.5% when Fz increased 

from 0.1 N to 0.5 N. The electromechanical hysteresis of the sensor was however 
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37.8% when Fz was 0.5 N, despite of a high sensitivity to small shear forces. The 

large hysteresis here is also related to the fact that the PMMA plate was dragged 

actively to the right but it returned passively by the cell structure. An active loading 

and active unloading device for shear force testing will be developed in future study.  
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Figure 6.9 Displacement-force curves and force-resistance curves in shear force tests. Note 
that only force-resistance curves for Fz=0.5 N is plotted because the others exhibit even larger 
hysteresis.  
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In Figure 6.8, peak resistance values of shear force sensor dropped gradually in cyclic 

shear tests. Therefore, additional experiments were conducted to examine how many 

cycles were needed to stabilize the resistance signal. A similar experimental setup was 

adopted as in Figure 6.7. The transverse displacement of PMMA plates were 2 mm. 

As portrayed in Figure 6.10, all the peak values of resistance declined gradually, and 

approached stabilization after 100 cycles. This test also confirmed durability of the 

force sensor. 

 

Figure 6.10 Resistance changes of 3-axial force sensors under cyclic shear loadings. 

 

Finally, the sensor was calibrated using the same experimental setup. The only change 

was that the transverse displacement of the PMMA plates was set at 5 mm, far beyond 

the working range of the sensor. The sensor was tested five times with a normal force 

from 0.1 N to 0.5 N. Figure 6.11 gives the resistance changes and shear force changes 

in the calibration. The overall profiles of resistance curves were quite similar to those 

of shear force curves. In this sense, the 3-axial force sensor showed a good sensitivity 

to shear forces. Because the displacement of PMMA plate was beyond the working 

range of the force sensor, there were slippages between 0.25 min and 0.5 min, 
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accompanied with noticeable vibrations (Figure 6.11-1). The signals of resistance also 

displayed such vibrations, regardless of the small amplitudes. The shear force 

returned to zero from 0.7 min, while resistance values took a much longer period of 

time to recover due to the viscoelasticity of the carbon/silicone strain gauge. 

Therefore, this type of sensor is not suitable for the measurement of fast repetitive 

shear forces. 

 

The five lines were achieved in a sequence from Fz 0.5 N to Fz 0.1 N, with a 2 min 

interval between tests. Initial resistance values of the shear strain gauge declined 

when normal force reduced from 0.4 N to 0.1 N. The initial resistance at Fz 0.5 N was 

smaller than those of Fz 0.4 and Fz 0.3 N, which should originate form unexpected 

operational mistakes, such as unbalanced distribution of normal load on the four 

sensors.  
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Figure 6.11 Resistance change and shear force change in the calibration of force sensor. 
 

Based on the measured shear force and resistance data from the above tests, 

calibration curves of the 3-axial force sensor samples can be derived as shown in 

Figure 6.12. Since the initial resistance of the sensor under a normal force of 0.5 N 

was abnormal, it was excluded from the calibration curves. The 3-axial force sensor 

was highly sensitive to small shear forces even below 0.12 N (see inset of Figure 

6.12). The resistance change to shear force was basically linear in shape. When there 

was a normal force of 0.4 N, a shear force as much as 1.3 N can be measured with a 

sensitivity of 0.337 N-1. The best result in published research is 0.32 ±0.02 N−1 for 0.5 

N initial contact [4]. However, this previously reported sensor was not sensitive for 

shear force below 0.5 N and was not stretchable. In this respect, the all-elastomeric 

force sensor in this chapter marks a large stride towards highly sensitive 3-axial force 

sensors.  
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Figure 6.12 Calibration curves of the 3-axial force sensor under shear force conditions. 
 

6.5 Analysis of Sensor Deformation under 
Compression 

In order to achieve a high sensitivity, the carbon/silicone strain gauges should be 

arranged in large strain areas. The shear strain gauges were printed at the foot of the 

cell structure (Figure 6.3), which is undoubtedly an appropriate place. In comparison, 

location of the normal force strain gauges is yet to be confirmed. On the other hand, 

the height/diameter ratio of the cell structure may also severely influence performance 

of the 3-axial force sensors. Therefore, it is necessary to analyze deformation of the 

sensor under compression. 

 

There has been much literature on the deformation of circular micro-balloons made 

from silicon [5] or PDMS [6]. Despite the accuracy in predicting the thickness of cell 

during deflection, these models are complicated and inconvenient to validate. Besides, 
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only the injection process (see Figure 6.2-5) has been modeled, the compression of 

cell structure remains unsolved. In this regard, a simple analytical geometric model 

will be established and experimentally verified. 

 

6.5.1 Theoretical Analysis 
Consider a spherical-cap shape cell of initial height h and base radius a (see Figure 

6.13). The cell is subjected to a normal force from the top and undergoes large 

compression of Δh. A geometric model for the cell under compression is derived with 

the following assumptions. 

1) the membrane of the cell is uniform in thickness during compression, and its 

thickness sufficiently thin to be neglected; 

2) The PEG 400 inside the cell is incompressible; thereby the cell has a constant 

volume; 

3) the load is always normal to the substrate of sensor array; 

4) the original shape of the cell is a spherical-cap of radius r0; 

5) during compression, the side wall ( DE ) remains circular in shape with a 

curvature radius of r1, centre of which is O’(x1, y1); 

6) the base of the cell is fixed and not expandable; 

7) The area of the flat top (πb2) equals to that of the spherical cap that has been 

flattened (radius of curvature r0, height Δh). 

From the fourth assumption, radius r0 can be obtained: 

2 2

0 2
a br

h
+

=                                    (6-2) 

From the seventh assumption:  

 2
02b r hπ π= Δ                                   (6-3) 

Suppose point A is an arbitrary point on the cell, when Δh is zero, there is: 

 2 2 2
0 0( 0) [ ( )]x y h r r− + − − =                            (6-4) 

From the second assumption, the volume of cell during compression keeps constant: 
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2 2 2

0
(3 )

6
h hh a h x dyπ π

−Δ
+ = ∫                            (6-5) 

The two points E and D on the deformed cell wall have their coordinates given, then: 

2 2 2
1 1 1( ) (0 )a x y r− + − =                              (6-6) 

2 2 2
1 1 1( ) [( ) ]b x h h y r− + − Δ − =                           (6-7) 

 
Figure 6.13 Geometric diagram of the 3-axial force sensor under compression. The dashed 
blue line is the original shape of the cell, and the solid blue line is the profile of cell under 
compression.   
 

The profile of the cell under compression solved by the present theoretical model is 

plotted in Figure 6.14. By symmetry considerations, only the right half of the cell is 

drawn. Cell structures with h/a from 1 to 0.2 have been simulated. For h/a below 0.6, 

the profile of cell under 50% compression are unreasonable, because the top surface 

was no longer flat.  
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Figure 6.14 Geometric profiles of the 3-axial force sensor under various levels of 
compression.  
 

Assuming the expansion rate of the side wall is the change in its x coordinate, and 
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point G reaches E after compression. Then the latitudinal strain of the cell wall under 

compression can be calculated. Results after calculation are drawn in Figure 6.15. 

Cell structures with h/a ranging from 1 to 0.2 have been calculated. Because the cell 

structure will be compressed in practical applications, only the lower half has been 

included in the calculation. Hence, the maximum y value is from 0.5 to 0.1.  

 

For all the shapes, the latitudinal strain on the cell wall increases as the compression 

continues. The strain distribution from foot to mid-level of the cell is not uniform but 

shows a rising trend (except for the 50% compression in Figure 6.15-(1) and 6.15-(2)). 

Therefore, the normal force strain gauges are recommended to be printed along the 

mid-level of cell structure. At the same level of compression, higher cells (larger h/a) 

tends to exhibit larger increase in strain, which means force sensors with a higher cell 

are more sensitive in normal force measurement than the lower ones. In addition, 

compression in practical application should be less than 40% otherwise normal force 

may induce stretch on the shear strain gauges, making the decoupling of shear and 

normal force a necessity. 
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Figure 6.15 Latitudinal strain distribution of the cell structure under compression. 

 

Further, the longitudinal strain of the cell wall is calculated. Similar to the latitudinal 

strain analysis, only the lower half of the cell structure has been studied. The results 

are given in Figure 6.16. When the sensor is under compression, the longitudinal 

strain increases mildly before a 0.3 compression and it sores to over 30% strain when 

compression exceeds 0.4. On the other hand, sensor with a lower height shall 

experience a smaller strain in longitudinal direction when compression is below 0.45. 

In summary, it is recommended to lower the cell structure to avoid inaccurate shear 

force signals induced by normal forces, and the compression in real operation is 

suggested below 40%.  
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Figure 6.16 Longitudinal strain distribution of the cell structure under compression. 

 

6.5.2 Experimental Verification 
The all-elastomer 3-axial force sensors are made from incompressible materials, 

PDMS (Poisson’s ratio 0.48) and PEG 400. Therefore, once the coordinate of point E 

(see Figure 6.13) is obtained, the whole profile of the cell structure can be determined. 

Accordingly, a simple but effective method to verify the analytical modeling is to 

compare locations of point E in the experiment and in the modeling.  

 

For verification of the modeling, a cell force sensor without stencil printing was 

fabricated. The cell structure, whose bottom surface was glued onto a nylon plate, was 

compressed on the Instron 5944. Before the compression table, a digital camera 

(DMC-LX5, Panasonic Inc., Japan) was set-up to record the deformation of cell 

structure. Figure 6.17 shows the frame images of cell structure during compression. 

For the sample, the height of cell, h, was 4.32 mm; the radius of cell base, a, was 5 

mm. The width of the indenter was 20 mm. 
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Figure 6.17 Frame images of an unprinted cell force sensor under compression. 

 

Based on the geometric model, deformation of such a cell structure sample can be 

figured out and diameter change of the flat top can be obtained. Figure 6.18 compares 

the experimental results and theoretical results. The two results were in good 

accordance with each other, with a correlation of 97.57%. Therefore, the geometric 

model of cell force sensor under compression is basically accurate. The analysis on 

latitudinal and longitudinal strain changes should also be reliable. The arrangement of 

normal strain gauge at mid-level of the cell is thereby confirmed.  
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Figure 6.18 Comparison between experimental and theoretical results of diameter of the flat 
top. The height of the cell was 4.32 mm, so 2.16 mm means 50% compression. 

 

6.6 Summary 

Based on studies in the previous three chapters, this chapter has demonstrated an 

all-elastomer sensor array for three-axial contact force measurement. The sensor array 

can be fabricated by injecting PEG 400 between two PDMS layers with stencil 

printed carbon/silicone strain gauges and silver/silicone conductive interconnects. 

Comprising exclusively of soft materials and fluid, the sensor array is mechanically 

robust to withstand various deformations without structural failure. It is flexible in 

any direction and can be stretched to over 30%, which is analogous to that of a human 

skin [3]. Elastic modulus of the sensor array (~0.23 MPa) is also similar to a human 

skin [7]. For this sensor, a sensitivity of 0.097 N-1 to normal forces below 1.62 N and 

an excellent sensitivity of 0.337 N-1 to shear forces below 1.3 N (when the normal 

force was constant at 0.4 N) have been achieved. The sensor is more sensitive in shear 
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force detection than the impressive flexible three-axial force sensors [4] reported in 

the literature, especially for small shear force below 0.5 N. In this respect, this 

research marks substantial progress towards highly sensitive 3-axial force sensors. 

Theoretically, the sensor array can have a reasonably wide operating temperature and 

humidity range, only constrained by the polymer and fluid used.  

 

A geometric model on deformation of the sensor under compression has been 

developed. The model can predict the profile, latitudinal and longitudinal strain 

change of the cell. The prediction confirmed the arrangement of normal strain gauge 

at mid-level of the cell structure and recommended that compression in practical 

application should be less than 40%. Additional experiments validated the geometric 

model with a correlation of 97.57%.  

 

The all-elastomer 3-axial force sensor array merits low-cost, facile fabrication, 

structural robustness, softness, good stretchability, and flexibility, high sensitivity to 

three dimensional forces, and potential large temperature and humidity working range. 

In the future, the sensor array can be improved in hysteresis control and minimization 

of the dimension, etc. Besides, a scheme is needed to decouple the force components 

in three axial directions. Temperature compensation will be imperative in practical 

use.  
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CHAPTER 7 

Soft Pressure Sensors for Smart Protective 
Clothing against Impact Loading 

7.1 Introduction 

This chapter will report an investigation of soft pressure sensors using design C in 

Chapter 3 (see Table 3.1). Design C with a solid structure was believed to endow soft 

pressure sensors with a large pressure measuring range, a high sensitivity as well as 

an excellent durability, all of which are essential properties for applications in smart 

protective clothing against impact loading. 

 

7.1.1 Smart Protective Clothing against Impact Loading 
The modern lifestyle has an increasing demand for smart protective clothing against 

impacts from contact sports, traffic accidents or occupational accidents. Injuries in 

contact sports like rugby football can cause severe physical trauma or even be fatal; 

Traffic collisions inflict millions of casualties from head or spinal injury and thorax 

impact each year; Workplace accidents in the construction trade involve falls from 

heights, being struck by a moving object, etc. In the rescue of these casualties, quick 

detection of injuries is always of high importance in terms of preserving life. In the 

case of collision, real-time information like the spatial and temporal pressure 

distribution on the human body during the impact would facilitate the quick detection 
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of injury effectively. The information also provides a useful guide in training 

sportsmen who may effectively avoid impact injury. Therefore, in view of the huge 

toll in damaged lives, it is a matter of great interest to develop smart protective 

clothing with built-in flexible pressure sensors to obtain such real-time information, 

effectively shorten the detection time, and eventually reduce injury and save more 

lives. This smart protective clothing may also help in improving vehicle safety.  

 

7.1.2 Requirements of Soft Pressure Sensors 
The core elements of smart protective clothing are soft pressure sensors (SPS) which 

are demanding in flexibility/softness, pressure working range and response time. First, 

these pressure sensors need to be flexible or soft, so as not to impair the performance 

of protective clothing which requires not only protection and cushion, but safety and 

comfort [1, 2]. Commercial rigid load cells of various capacities can be perfectly 

accurate, yet their rigidity precludes their application in smart protective clothing. 

Second, a pressure working range of around 10 MPa or more is necessary. In primary 

blast injuries, the risks were determined by the maximum overpressure and the 

duration of the pressure. Under a pressure of 10 MPa for 0.1 ms, pulmonary and head 

survival rates are only 1% and 50% respectively [3]. The human tolerance of frontal 

abdomen impact is 166 kPa, 2.9 kN at 1.4 m/s, leading to an AIS 3+ (Abbreviated 

Injury Scale) injury [4]. The pressure tolerance for chest would theoretically be much 

higher due to the existence of the rib cage. The pressure sensors must also 

demonstrate a short response time to an impact in car crash (e.g. 60 km/h) or contact 

sport (e.g. a hand velocity of 9.14 m/s for a professional boxer [5]). Such impacts may 

last for less than 100 ms, so pressure sensors need to respond quickly enough.  

 

7.1.3 Related Work in the Literature 
As stated in Chapter 2, previous reports on flexible or soft pressure sensors have 

generally included optical and electronic prototypes. While optical pressure sensors [6, 

7] are both precise and flexible, their limited working range (0-500 kPa and 0-130 kPa 
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respectively) hinders their application in dynamic impact measurement. Electronic 

pressure sensors include capacitive, strain gauge, and piezoresistive sensors. Despite 

their good sensitivity, large area applicability and flexibility, capacitive pressure 

sensors [8, 9] also suffer from narrow measuring ranges of 0-100 kPa and 0-250 kPa 

respectively. Flexible pressure sensors were reported by using metallic strain gauges 

[10] or carbon nanotubes [11]; however, rigid and brittle metal and nanotube may be 

hazardous to a human in direct contact with the protective clothing. Flexible pressure 

sensors comprising a fabric strain sensor element sandwiched between two 

tooth-structured polydimethylsiloxane (PDMS) layers [12] have been reported by our 

group previously. They are effective in measuring pressures from 0 to 2 MPa. When 

subject to shear force, however, there may be a mismatch between the two PDMS 

layers, leading to large measurement errors. The piezoresistive sensors [13] can be 

both flexible and thin, with a measurement range of 0–1 MPa. Among other 

piezoresistive pressure sensors, it is worth noting that the HIGH SPEED I-SCAN® 

SYSTEM [14] developed by Tekscan Inc. is claimed to be an ideal choice for 

measuring high speed impact forces during martial arts and crash testing. Its sensel 

density is up to 3.9 /cm2 and its scanning speed is as high as 20 kHz [14]. 

Unfortunately, the piezoresistors adopted by Tekscan Inc. may have a limited lifetime 

[15, 16] especially when there is bending. 

 

In spite of a vast body of literature on soft or flexible pressure sensors, studies that 

focus on pressure sensors for dynamic impact loading have been scarce. Therefore, 

this chapter presents a kind of soft pressure sensors with a simple structure, a large 

workable pressure range and a high sensitivity which can potentially enable the 

development of smart protective clothing against impact loading. 
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7.2 Structural Design and Materials 

7.2.1 Pressure Sensor Design 
Previously, our research group has reported a resistive fabric strain sensor (FSS) 

which can measure strain up to 50% with a high sensitivity [17]. Further research has 

improved its repeatability (±5% FSO), fatigue resistance (> 100 000 cycles) and 

environmental stability. Flexible pressure sensors were investigated with a 

toothed-block conversion mechanism transmitting normal pressure to in-plain strain 

[12] and they were deployed in the development of an in-shoe plantar pressure 

measurement and analysis system [18]. The inadequate shear force resistance, 

however, hampers their application in dynamic impact loading.  

 

Herein, we adopt the design C (see Table 7.1) in Chapter 3 as illustrated in Figure 7.1. 

A cylinder made from silicone elastomer (SE) composites with tunable rigidity is 

enclosed by a FSS on the equator. The FSS can slip freely against the cylinder surface 

except the adhesion part at the back. Due to the large Poisson’s ratio (0.48) of SE, the 

midline perimeter of the cylinder will increase significantly under a normal pressure, 

resulting in a membrane stretch on the sensing element (Figure 7.2). Details of 

material and dimension of the FSS are illustrated in Section 7.1.2 and 7.4.1. 
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Figure 7.1 Schematic of the soft pressure sensor 

 

 

Figure 7.2 Sensor deformation under a normal pressure 
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This construction is advantageous in the following three aspects: (1) Unlike the 

previous design in [12], when considering only normal pressure, because the FSS is 

adhered laterally on the cylinder, no compressive stress will be directly exerted to the 

surface of the sensing element. (2) The pressure measuring range is adjustable by 

using SE composites with different Young’s Modulus. (3) When the FSS is adhered to 

the cylinder, various levels of pretension can be adopted. Besides, the width of the 

woven fabric (which has an elastic modulus ~ 2.8 GPa, four orders of magnitude 

larger than that of the sensing element ~ 0.5 MPa) can also be changed. By these 

means, the sensitivity of SPS can be regulated to an appropriate level. 

 

7.2.2 Materials 
The pressure sensor consists of FSS and SE. SE was adopted for its excellent 

elasticity, large Poisson’s ratio (0.48) and facile fabrication process. Resistive fabric 

strain sensors of 35 mm×3 mm were chosen for this study (refer to Figure 7.1, 7.2 

and 7.14). Similar to those in [12], these fabric sensing sensors were made by coating 

a composite of carbon black (CB) and silicone elastomer (SE) on a knitted fabric. On 

the back side of the knitted fabric, two pieces of woven fabric were hot-press 

laminated with their gap defining the strain sensing part. The sensing part was 5 mm

×3 mm in size with two parallel conductive yarns at the margin. The FSSs have 

variations in top-layer coating of silicone. Electromechanical properties of this kind of 

FSS under quasi-static conditions were described in [12]. Silicone elastomer, 

Elastosil® LR 6200 A, B (Wacker-Chemie GmbH, Germany), was used to mould the 

cylinder. The stress-strain curves of the SE under quasi-static compression are given 

in Figure 7.3. 
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Figure 7.3 Mechanical property of the SE adopted. The sample is a SE cylinder with a 
diameter of 10 mm and a height of 8 mm. It is compressed to 4 mm in height at a loading 
speed of 60 mm/min on Instron 5944 (Instron Corp., USA). 

 

7.3 Fabrication of Pressure Sensors 

Fabrication of the pressure sensors included four major steps. Step one: the SE 

cylinders were manufactured using a set of moulds. The cylinders were 10mm in 

diameter and 5mm in height. Step two: the FSS was stitched by two ends into a circle 

for a pretension of around 13% to encircle the cylinder. Step three: after the cylinder 

was put into the FSS circle, silicone adhesive was applied at the stitching part to keep 

the FSS in the middle. Step four: the whole set was placed in an oven at 80  for ℃ one 

hour to vulcanize the silicone adhesive. One sample of the pressure sensors is shown 

in Figure 7.4.  
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Figure 7.4 Photo of an as-made soft pressure sensor. 

 

7.4 Dynamic Impact Tests 

Targeted for the pressure measurement in dynamic loading, SPS samples were subject 

to drop tower impact loadings for calibration and evaluation. Prior to that, we 

investigated the effects of top-coating on impact sensing performance of the SPSs. 

 

7.4.1 Sample Specifications 
As mentioned in section 7.2.2, the FSSs have variation in top-layer coating of silicone, 

that is Elastosil® 6200, Elastosil® 3070 (Wacker-Chemie GmbH, Germany) or no 

coating. FSS with different top-coats may lead to different performance of the 

pressure sensors. To examine their effects and select a suitable FSS, 15 samples of 

pressure sensors grouped A, B and C were fabricated with details shown in Table. 7.1. 

Before being glued onto the SE cylinders, the FSS with different top-coats were 

pretreated at a tensile strain of 90% (excluding the woven fabric part) for 50 cycles to 

stabilize the FSS. The strain 90% was chosen because for the pressure sensors, in 
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theory the sensing part of FSS will elongate by less than 80% when the quasi-static 

pressure reaches 5 MPa.  
Table 7.1 Pressure sensors with different FSS 

Group & sample ID A (#1 - #5) B (#6 - #10) C (#11 - #15) 

Top-coat on FSS Elastosil® LR 6200 - Elastosil® LR 3070 

 

The 15 SPS samples were preliminarily tested using a drop tower machine (KING 

DESIGN KD-3186-E, King Design Industrial Co., Ltd, Taiwan) as shown in Figure 

7.5 (a). The drop hammer, the lightest one available, had a mass of 5 Kg. Each sample 

firstly underwent one impact at a drop height of 8 mm as pretreatment and then four 

impacts at 5 mm as testing. There was a 5 min interval between two impacts. To 

record the electrical resistance of the pressure sensors, a voltage divider [19] and data 

acquisition equipment (DEWE 2600 modular all-in-one portable instrument, 

DEWETRON GmbH, Germany, Figure 7.5 (b)) were integrated. An excitation voltage 

of 10 V was applied to the voltage divider, where a SPS and a reference resistor (56 

kOhm) were connected in series. The voltage across the SPS was then recorded by the 

data acquisition equipment with a sampling rate of 10 kHz. Electrical resistance of the 

SPS can be computed according to formula (3-1), where V is the output voltage of the 

sensor.  

( )10sen ref
VR R

V
= ×

−
                                (7-1) 
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(a) 

 

(b) 

Figure 7.5 Experimental setup for dynamic tests: drop tower machine and DEWE 2600 

 

Figure 7.6 describes the electrical resistance variations of the 15 samples in the 
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preliminary impact tests. In the legend, the digit after dashed line denotes the round of 

impacts. In panorama (a), for all the three groups, the series of descending waves of 

resistance may have well matched the aftereffect of the dynamic impact. It would be 

more convincing to compare the curves of electrical resistance with those of the force 

(below 1000 N). Unfortunately, the working range of the load cell (Interface 1210 

AF-50 kN) in the drop tower is from 4.9 – 49.0 kN, far beyond the working range of 

our samples (below 1 kN). 

 

In the general views of first impulses, the three groups differed obviously as in (b), (c) 

and (d). The smoothest and clearest one is group A and the worst is group B, which 

should result from the different FSS. In relatively high strain rate condition, the 

irregular curves in resistance reflect the existence of cracks on the sensing element. 

For group A, the top-coat is Elastosil® 6200, the same as the SE in the conductive 

composite layer. For group C, the top-coat is Elastosil® 3070, which has a better 

elasticity but a smaller Young’s Modulus than that on A. In the 90% tensile 

pretreatment for the FSS, the soft top-coat of group C probably couldn’t protect the 

conductive layer well and there may be certain levels of stress concentration. Hence 

the small cracks. For group B, clear cracks on the sensing part were observed with 

naked eyes in the pretreatment of FSS because there was no top-coat. The variations 

between samples within each group may come from different levels of elongation of 

the sensing area on the FSS due to the unevenness of top-coat. The inaccuracy in 

pretension and pasting process (step 2 and 3 in fabrication) may also induce sample 

variations.  

 

Based on the preliminary tests, group A, the most promising prototype in terms of 

signal quality, will be investigated. 
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   (d) 

Figure 7.6 Electrical resistance of the samples in preliminary impact tests of 5 mm drops. (a) 
is the typical profiles of each group in the dynamic impact; (b) (c) and (d) are general views 
of the first impulse for group A, B and C respectively. 
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7.4.2 Calibration of Pressure Sensors 
Pressure sensors in group A, the best group in previous tests, were calibrated using a 

similar experimental set-up. A second load cell (Interface 1210 AF-1.5 kN, Interface 

Inc., USA) was installed in the drop tower machine for the small loading range. Both 

the SPS (with a voltage divider in the cable) and the load cell (with TEDS) were 

connected to DEWE 2600, the data acquisition equipment. Sampling frequency was 

set at 10 kHz. The drop hammer was 5 kg in weight. A high speed camera (Phantom 

MIRO 4) and Nikon micro lens (AF Micro-Nikkor 60 mm f/2.8 D) were set up before 

the impact table to monitor the impact process. Each sample firstly underwent an 

impact at a drop height of 8 mm as pretreatment and after 5 minutes, another impact 

at 5 mm for calibration. The pretreatment is necessary because this experiment was 

carried out 6 months after the preliminary test in Section 7.3.1. The initial electrical 

resistance after pretreatment is listed in Table 7.2. 
Table 7.2 Initial resistance of SPS of group A 

Sample ID #1 #2 #3 #4 #5 

Initial resistance (kOhm) 9.9 16.4 8.1 14.8 19.5 
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(a) 

 

(b) 

Figure 7.7 Experimental setup for PFS calibration. (a) Drop tower machine with Interface 
1210 AF-1.5 kN load cell; (b) DEWE 2600 data acquisition equipment and high speed camera 
system. 
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Figure 7.8 presents the temporary curves of force and resistance for sample #1. The 

other four SPS samples share fairly similar curves to those of #1.  Figure 7.8 (a) 

depicts a panorama of the impact calibration process. Force read from the load cell 

portrays a damped wave, due to the viscoelasticity of the SE cylinder in the SPS. 

After around 10 attenuating impulses, the force value ends at around 50 N which is 

the weight of the drop hammer. The resistance-time curves of SPS (blue line) follow 

very well with the force curves, demonstrating good response of SPS and its high 

sensitivity to forces between 50 and 650 N. An obvious difference between these two 

curves lies between impulses especially the first two intervals: the bottoms of force 

curve are flat, while the bottom of resistance curve is parabola shaped. This difference 

arises from different physical properties of FSS and load cell plate. Due to the 

viscoelastic nature of the CB/SE/SO composite on FSS, the SPS exhibits creep of 

electrical resistance. The resistance did not have sufficient time to return to its stable 

value before the arrival of the following impulse. Compared to SPS, the plate on load 

cell is rigid. When the drop hammer bounces away from the SPS, the force is zero.  

 

To ascertain the sequence of force and resistance signals, Figure 7.8 (b) is an enlarged 

first impulse in Figure 7.8 (a), where Δt1 refers to the time interval between the start 

point of force and resistance signals; Δt2 is the time interval between the two peaks. 

For all the five SPS in Group A, Δt1 is ~ 0.1 ms, with force signal earlier than 

resistance; while the resistance value reaches the peak ~ 0.3 ms earlier than the force 

signal. Three factors may contribute to the discrepancy in sequence: response time of 

FSS (~0.01 ms) and load cell (~0.001 ms); propagation speeds of longitudinal wave in 

SE cylinder and steel plate; propagation speed of transverse wave from SE cylinder to 

FSS. Nevertheless, considering the duration of the first loading at ~ 11 ms (the time 

span was confirmed by the high-speed video), Δt1 and Δt2 are small and may be 

ignored.  

 

Figure 7.9 shows the frame images of SPS #1 during the impact corresponding to the 
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rising part in Figure 7.8 (b). Since the high-speed camera system was not 

synchronized with the DEWE 2600, it is hypothesized that the hammer came into 

contact with the SPS at 153ms of the time base in Figure 7.8 , i.e. the physical contact 

and change in force occurred simultaneously. This 5mm tall SE cylinder was 

compressed to ~2.1 mm by the hammer. In such large deformation, the top-coat 

Elastosil® 6200 protected the conductive composite layer from cracks. 
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(b) 

Figure 7.8 Force and resistance curve of sample #1 in calibration. (a) a panorama profile. (b) 
The first impulse.  
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Figure 7.9 Images of sample #1 in the calibration. 
 

Based on the measured force and resistance data of the first impulse, calibration 

curves of the five SPS samples can be derived as shown in Figure 7.10. Considering 
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the negligible discrepancy Δt1 and Δt2, only data within the overlapping time-span of 

force and resistance are included. In other words, the period of rising part of 

resistance determines the selection of data. All of the five SPS are highly responsive 

to pressure up to 8 MPa and their resistance value notably increases to quintuple or 

even octuple. The full measuring range of these SPS samples was therefore 8 MPa. 

Variations between samples may come from different top-coat thickness, pretension 

and pasting processes as discussed in Section 7.3.1. The five calibration curves were 

then fitted with 6 degree polynomial equations. These equations were used in the 

assessment of SPSs.  
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Figure 7.10 Calibration curves of the five SPS. 

 

7.4.3 Evaluation of Pressure Sensors 
SPS samples in group A were further tested by another three rounds of 5 mm-drop 

impact with the same experimental setup as in Section 7.3.2. There were 5 min 

intervals between two impacts. With the calibration equations derived from the 
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previous section, the measured resistance data of SPS samples were converted into 

pressure during the impact process. For the rising part of the first impulse, pressure 

values given by the SPS samples and load cell are compared in the following Figure 

7.11. The five SPS samples demonstrate good repeatability. The non-repeatability 

within 0.8–8 MPa was ± 10%, ± 8.7%, ± 2.4%, ± 10.1%, and ± 12.5% 

respectively. Here, the large variations between samples may also come from errors in 

drop hammer operations, apart from the reasons given in Section 7.3.1.  

 

When compare the average of three peak resistance values with those in Section 7.3.1 

which were acquired six months ago, the five SPS samples have been found drifted by 

7.7%, 16.9%, 2.6%, -8.6%, 8.3% respectively (Figure 7.12). Besides the hammer 

operation errors, the large instability probably comes from the undesirable residual 

stress of FSS concentrated during manufacturing process. The residual stress within 

the FSSs gradually relieved over 6 months. Thus the consistencies of three impacts in 

Jul were considerably superior to those conducted in Jan. In this regard, it is necessary 

to include annealing treatment in future SPS manufacturing process.  
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Figure 7.11 Assessment of SPS samples in group A. 
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Figure 7.12 Six-month stability of SPS samples in group A. 



Chapter 7 

  191  

 

7.4.4 Strain Rate Effect of Pressure Sensors 
Due to the viscoelastic nature of the conductive composites on FSS, the SPS may 

suffer from strain rate effect: the PFS sensitivity is directly related to the strain rate. 

The five SPS samples in Group A were further subject to quasi-static compression 

tests.  

 

A coupled electromechanical experimental setup was used, including Instron 5944 

(Instron Corp., USA), an integrated versa channel, a voltage divider (excitation 

voltage is 10V) [19], and a computer for data display and storage. The compression 

force and the output voltage of the pressure sensors were measured simultaneously by 

Instron and the versa channel respectively. A load was applied where the specimen 

was compressed to 2.75 mm for five cycles. After a recovery period of 2 min, the 

sensor was compressed to 2.5 mm. A loading speed of 60 mm/min was used for all the 

cycles. Electrical resistance of the sensor was then computed according to formula (1), 

where V is the output voltage of the sensor. The reference resistor was 30.1 kOhm. 

 

Curves in Figure 7.13 with solid symbols describe the performance of the pressure 

sensors. In quasi-static compression, all the five samples are highly responsive to a 

pressure from 0 to around 3 MPa with their resistance doubled. The loading curves of 

the pressure sensors are smooth and seem quadratic. The other curves with hollow 

symbols are the calibration curves in Figure 7.10 under dynamic impact loading. The 

free drop height of hammer was 5mm, so the velocity of hammer when approaching 

the SPS was 0.3 m/s. Assuming the velocity of hammer decelerated uniformly, the 

strain rate was around 50 /s. The five SPS samples demonstrated notable strain rate 

effect: for a pressure of 3 MPa, relative resistance changes of pressure sensors under 

dynamic impact loading (~50 /s) were double those in quasi-static compressions (0.4 

/s). Strain rate effect of the FSS can be further studied by experiments in a wide range 

of strain rates.  
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Figure 7.13 Strain rate effect of the pressure sensor 

 

7.5 Effects of Sensor Parameters 

As has been stated in Section 7.1.1, both the measuring range and the sensitivity of 

the SPS can be tuned by changing certain parameters. We therefore conducted 

theoretical analysis on sensor configuration to determine the effects of structural 

parameters on sensor performance. 

 

7.5.1 Pretension of the FSS 
When the fabric strain sensor (FSS) is mounted on the SE cylinder, a pretension 

should be applied to stabilize the FSS and improve the sensor sensitivity. The 

dimension of FSS is sketched in Figure 7.14. Consider a cylinder with a height of hc 

and diameter of dc. The overall length of FSS equals to the perimeter of the cylinder 

πdc. There are two pieces of woven fabric with adjustable length lw. The original 



Chapter 7 

  193  

length of sensing area is ls and in fabrication a pretension (denoted as Pr) to FSS is 

necessary. Therefore the sensing area has a length of ls (1+Pr). When the cylinder is 

compressed to half of its original height, its midline perimeter shall increase by△l, 

which is the elongation of FSS. Then compared to the original length ls, the sensing 

area will have a total strain of: 

△l (1+Pr)/( πdc - 2lw) 

With this equation, the maximum strain of FSS can be controlled by adjusting lw and 

Pr. 

 

Figure 7.14 Dimension of the FSS 
 

7.5.2 Position of the FSS 
In fabrication, the FSS may not be placed exactly along the center line (Figure 7.15). 

This vertical excursion will probably affect the sensor’s performance. To predict the 

influence of excursion on perimeter, finite element (FE) simulation (ANSYS®) was 

used to calculate the perimeter change of FSS. The SE adopted has a Young’s 

modulus of 2.13 MPa, Poisson’s ratio 0.48. As a hyperelastic material, silicone rubber 

is usually simulated using the Mooney-Rivlin model [20, 21]. In this study, however, 

only geometrical relations are investigated. Since for an isotropic material subjected 

only to uniaxial compression, the function between strain in normal direction and 

deformation along other axis in three dimensions is determined by Poisson’s ratio only, 

a simple linear and isotropic model was therefore chosen. Consider a SE cylinder with 

a height of 8mm and diameter of 10 mm. We make the following assumptions: 

 

(1) The upper surface of the silicone cylinder is fixed in all horizontal directions. It 

can only move vertically. 
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(2) The bottom surface is bonded in all directions. 

(3) Simplify the FSS as a line and it has no width or thickness. 

(4) The SE cylinder is uniform in density. 

 

In addition, suppose there is only excursion, no declination. Excursions from 0 mm to 

3.5 mm at a 0.5 mm step have been simulated. The compressed shapes are shown in 

Figure 7.16. 

 
Figure 7.15 Schematic of excursion 

 
Figure 7.16 Case of 2 mm excursion:No compression, 25% compression and 50% 
compression. 
 

Figure 7.17 shows the normalized results of excursion. First, if there is no excursion, 

the cylinder midline has a linear perimeter change with a maximum value of 30% at 

half compression. Second, the functions from compression to perimeter change rate 

are still linear despite of the excursion. At 50% compression, for a 4/16 off excursion, 

perimeter change rate is 26%, around 88% that of no excursion condition. To make 

the results clear, we define the deviation of perimeter change as: 
'(With excursion) (No excursion)(excursion) 100%

(No excursion)
Perimeter PerimeterDeviation

Perimeter
Δ − Δ

= ×
Δ

 

If the FSS is above the midline, we define the excursion as positive. After calculation, 
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the deviation profile is drawn in Figure 7.18: the deviation is independent of the 

compression and its absolute value increases when excursion is larger. To limit the 

deviation to below 1%, excursion should be less than 16.25%, which is easily 

attainable in laboratory. Therefore, vertical excursion of FSS has a weak (normally 

below 1%) negative effect on SPS sensitivity. 
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Figure 7.17 Compression to Perimeter change rate 
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Figure 7.18 Deviation of perimeter change caused by excursion 

 



Chapter 7 

  196  

7.5.3 Declination of the FSS 
Because pliable woven fabric (young’s modulus ~2 GPa) is used to tune the 

sensitivity of SPS, there will be relative displacement between FSS and cylinder. The 

FSS is bonded by a small area in the rear seam. When in use, there might be external 

force to dislocate the FSS vertically, hence the declination. In practice, it is possible 

the declination leads to an irregular curve of FSS. To simplify the calculation, 

consider only the case as shown in Figure 7.19: the right view of FSS is a straight line 

and FSS is an ellipse in 3D space. Assuming there is no relative vertical displacement 

between the FSS and cylinder, we used FEA to predict the effect of declination 

(Figure 7.20). 

 
Figure 7.19 Schematic of declination (front view) ,The declination angle is

θ, 21.8 21.8θ° °− ≤ ≤  

   

Figure 7.20 Case of 10° declination. Original shape, 2 mm and 4 mm compression 

 

Declinations from 0°, 5°, 10°, 15°, and 20° have been calculated and Figure 7.21 

describes the perimeter change rate by compression. The functions remain linear 

regardless of the declination which decreases the perimeter change rate. Similar to the 

analysis of excursion, we define the deviation of perimeter change as: 
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'(With declination) (No declination)(declination) 100%
(No declination)

Perimeter PerimeterDeviation
Perimeter

Δ − Δ
= ×

Δ
 

Figure 7.22 describes the deviation of perimeter change by declination. Deviation 

becomes large when the declination angle increases. Nevertheless, the error will be 

below 0.5% as long as the declination is within ±3.2°. 
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Figure 7.21 Perimeter change rate by compression. 
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Figure 7.22 Deviation of Perimeter change value 
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7.5.4 Aspect Ratio hc/dc  

7.5.4.1 Compression 
As designed, the cylinder will be compressed to half its height and the midline strain 

is around 30%, corresponding to a pressure over 2.5 MPa. The aspect ratio between 

height hc and diameter dc may result in different midline strains. FEA was used to find 

the best ratio. All the cylinders (height from 2 mm to 10 mm) are compressed to half 

their heights (Figure 7.23) .Simulation results are shown in Figure 7.24. 

When 0.3 / 0.9c ch d≤ ≤ , the maximum strain is between 29.5% and 30.5% (hc = 5 mm). 

Therefore, with regard to the maximum strain, heights from 3 mm to 10 mm are all 

acceptable, and 5 mm is the best one. 

   

    
Figure 7.23 Selected screenshots in FEM. Original height: 8 mm and 5 mm 
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Figure 7.24 Cylinder height to max perimeter strain 

 

7.5.4.2 Shear 
For this pressure sensor, the measurement of normal pressure may be disturbed by 

shear forces. It is therefore necessary to analyze the shear force’s effect on cylinder 

deformation. When the top surface is moved to the right horizontally, the side wall 

will incline by a shear angle (Figure 7.25). Figure 7.26 shows some screenshots in the 

simulation.  

 

Figure 7.25 Schematic of sensor under shear force 
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Figure 7.26 Selected screenshots in FEA of shear analysis. Shear angle: left 20°and right 50 °.  
Height: 8 mm and 5 mm. 
 

Figure 7.27 portrays how the circumferential strain will change at different shear 

angles. The strain shows a climbing trend in general. When the shear angle is 50°, 

aspect ratio 0.8 has the largest strain of more than 4% and 0.2 the smallest to nearly 

zero. For all these shapes, shear stresses are around 1 MPa at 50°. It can be 

reasonability estimated that when shear stress is below 2 MPa (in the same order of 

magnitude of the targeted normal pressure range 8 MPa), cylinders with an aspect 

ratio less than 0.6 will probably produce a strain less than 10%. Therefore, aspect 

ratio below 0.6 is preferred.  
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Figure 7.27 Shear stress to circumferential strain 
 

The above simulations by FEA illustrate that the cylinder height / diameter ratio of 0.5 

would be the best shape in terms of both electrical response and shear resistance. 

Therefore, an aspect ratio of 0.5 ( hc = 5 mm, dc = 10 mm) has been chosen to 

fabricate the soft pressure sensors. The dynamic impact tests further confirmed the 

design of SPS.  

 

7.6 Summary 

Based on a resistive fabric strain sensor, we have designed, fabricated and tested a 

simple and soft pressure sensor for impact measurements. The pressure measuring 

range and pressure sensitivity are adjustable by changing the SE composites used and 

the processing parameters. We conducted drop tower impact tests and investigated the 

effects of top-coating on impact sensing performance of the SPSs. Dynamic 

calibration and evaluation of the sensors were carried out by using drop-tower impact 

method. The SPSs demonstrated a large workable pressure range (0-8 MPa), a high 
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sensitivity (100% /MPa), an excellent repeatability (lowest nonrepeatibility ±2.4% 

from 0.8 to 8 MPa) as well as a good shelf stability (the lowest drift in 6 months was 

2.6%). Further quasi-static compressions revealed strain rate effect of the SPS. FEA 

simulations illustrated that the cylinder height/diameter ratio of 0.5 would be the best 

in terms of both electrical response and shear resistance. The large workable pressure 

range, high sensitivity, facile fabrication and low cost of the soft pressure sensors 

make them promising candidates for smart protective clothing against impact loading. 

The smart protective clothing will benefit the study and assessment of occupant injury 

in vehicle crash. It could also help in improving vehicle crashworthiness design and in 

training sportsmen to avoid impact injury. 
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CHAPTER 8 

Conclusions and Recommendations for 
Future Work 

This thesis has described a systematic and intensive research on all-elastomer sensor 

technology for three-dimensional contact force measurement. Major findings and 

contributions of the research will be summarized in the concluding remark. Due to 

time and resource limitations, the research is far from being mature and complete. 

Therefore, based on limitations of the thesis, recommendations for future research 

will be proposed at the end. 

 

8.1 Conclusions 

1. In the preliminary study, an all-elastomer cell-structured pressure sensor has been 

fabricated by injecting corn oil between two PDMS layers and printing 

carbon/silicone strain gauges. When being evaluated on an electromechanically 

coupled testing device, the sensor demonstrated a high sensitivity of 0.643 kPa-1 in 

a low pressure regime (0.1-7 kPa) with the lowest hysteresis around 7.7%. The 

critical issues of the sensor were identified and analyzed, including pressure 

measuring range and sensitivity, hysteresis, liquid compatibility and elastic 

conductive tracks. Pressure sensors filled with PEG 400 demonstrated a much 
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longer shelf life than those filled with corn oil.  

 

2. The large hysteresis of the cell-structured pressure sensors arose from the 

carbon/silicone strain gauge, rather than from the energy dissipation of oil-filled 

cell structure or from materials of the cell membrane. The electromechanical 

hysteresis of carbon/silicone composite declined significantly to 8.08% after a 

thorough heat treatment. 

 

3. The hysteresis of carbon/silicone composite strain gauge was found to be related 

to its printing thickness and aspect ratio, of which the optimized values were 

found to be 50 μm and 3.2:1 respectively by using a central composite design 

method. 

 

4. A new kind of printable, stretchable and conductive silver/silicone composite has 

been explored for stretchable interconnects application. The composite can be 

thermally sintered within 20 seconds, achieving conductivity as high as 4000 S/cm. 

The fast fabrication attributes to the investigation of conduction development 

mechanism of silicone-based conductive pastes. When a serpentine structure is 

deployed, the printed interconnects can be uniaxially stretched to 70%. The 

serpentine printings demonstrated excellent fatigue resistance of over 10 000 

cycles at 40% stretch. 

 

5. An all-elastomer sensor array for three-axial contact force measurement was 

fabricated by injecting PEG 400 between two PDMS layers with stencil printed 

carbon/silicone strain gauges and silver/silicone conductive interconnects. The 

sensor array exhibits a stretchability and elastic modulus analogous to those of a 

human skin. For this sensor, a sensitivity of 0.097 N-1 to normal forces below 1.62 

N and an excellent sensitivity of 0.337 N-1 to shear forces below 1.3 N (with a 

normal force at 0.4 N) have been achieved. A geometric model on deformation of 

the sensor under compression has been developed, which further confirmed the 
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arrangement of normal strain gauge at mid-level of the cell structure and 

recommended that compression in practical application should be less than 40%. 

Additional experiments validated the geometric model with a correlation of 

97.57%.  

 

6. Based on a resistive fabric strain sensor, a soft pressure sensor with tunable 

pressure measuring range and sensitivity has been designed and fabricated for 

smart clothing against impact loadings. Dynamic calibration and evaluation of the 

sensors were carried out by using drop-tower impact method. The SPSs 

demonstrated a large workable pressure range (0-8 MPa), a high sensitivity (100% 

/MPa), an excellent repeatability (lowest nonrepeatibility ±2.4% from 0.8 to 8 

MPa) as well as a good shelf stability (the lowest drift in 6 months was 2.6%), 

which is by far the best reported result for soft pressure sensors against impact 

loadings. Additional quasi-static compressions revealed strain rate effect of the 

SPS. FEA simulations illustrated that the cylinder height/diameter ratio of 0.5 

would be the best in terms of both electrical response and shear resistance. 

 

8.2 Recommendations for Future Work 

The above findings mark substantial progress towards soft tactile sensor technology 

for touch-sensitive artificial skins in human-machine interaction. Despite this, the 

technology remains insufficient for real application. The following issues are of 

profound scientific and practical importance for future research. 

 

1. A systematic characterization of the all-elastomer 3-axial force sensors is needed. 

Due to time and resource limitations, only sensitivity and hysteresis of the sensors 

were evaluated in Chapter 6. However, sensor parameters including sensitivity, 

repeatability, hysteresis, standard deviation, fatigue life, shelf life, thermal and 

humidity responses are all essential to make a critical assessment of the sensor 
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towards practical applications. An appropriate characterization protocol of the 

sensors may lead to establishment of standards for tactile sensors. 

 

2. Temperature compensation for the all-elastomer 3-axial force sensors is obviously 

the second research topic. Since the cell structure comprises PEG 400 and PDMS, 

both of which have a large coefficient of thermal expansion, thermal response of 

the all-elastomer sensors is expected to be notable, which can be predicted via 

commercial Finite Element based software. The first essential attempt is to 

minimize the thermal sensitivity by annealing process. However, the thermal 

sensitivity can not be removed totally. Additional temperature compensation will 

be necessary. One of the effective approaches is to apply the Wheatstone bridge 

circuit. Another approach is to integrate temperature sensors into the force sensor 

arrays, which makes compensation possible by measuring temperature and using a 

series of correction curves to correct the data.  

 

3. The all-elastomer sensor is designed for three-axial contact force measurement. In 

the thesis, the normal or in-plane force was measured individually. To realize 

three-axial contact force measurement, a scheme is needed to decouple an 

arbitrary force into components along three axial directions. In this regard, 

calibrations of the sensor along each of the three-axis directions will be conducted. 

Each calibration contributes to three electromechanical equations of the three 

strain gauges. Then, the set of nine equations can be deployed to decipher an 

arbitrary force. Finally, an experimental setup with a 6-axis load cell mounted 

onto a 3-axis translation stage can be used to assess the scheme systematically. 

 

4. Miniaturization of the sensor is another prerequisite for real application. The size 

of all-elastomer sensor is in centimeter scale, which is apparently too bulky for 

tactile sensing in a small area, e.g. fingers of a humanoid robot. To downsize the 

sensors, more advanced fabrication techniques will be deployed. For instance, 

injection of PEG 400 can be easily handled using micro-fluidic technology; 
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patterning of the carbon/silicone strain gauge may be done by 3D printings. Such 

fabrication techniques may bring up the cost. Therefore, a trade-off between cost 

and fabrication techniques should be struck.  

 

5. Similarly, the soft pressure sensors (SPS) for impact loadings may also need 

miniaturization. Besides, the strain-rate effect of the SPS arising from 

visco-elasticity of conductive composite would be a major concern for application. 

There are two approaches to deal with the problem: either calibrate the SPS under 

various strain rate conditions or establish a strain-rate dependent 

electromechanical model of the SPS. The latter approach is much more 

cost-effective and efficient to implement. Material parameters in the model can be 

determined by fitting the experimental data with the method of least-squares. 


