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13.1 Introduction

13.1.1 Overview of Tactile Sensors

In the fascinating realm of human physiology, the skin stands out as the largest and
one of the most versatile organs [1], endowed with remarkable properties that have
inspired technological innovation, particularly in the development of electronic
skins (e-skins). This extraordinary organ boasts a tactile-sensing capability with a
force detection threshold as delicate as 1 mN [2], coupled with a high sensitivity
of nearly 2kPa~!, extending up to forces of 10N [3] or pressures of 70kPa [4].
Beyond its touch sensitivity, the human skin exhibits an impressive stretchability,
capable of fully recovering after elongating up to 40% of its original length [5, 6].
This elasticity is complemented by the skin’s ability to discern pressure even
amidst the complex interplay of simultaneous tension, shear, and twist forces.
These intricate sensory and mechanical characteristics of human skin not only
highlight its biological sophistication but also serve as a blueprint for the design
and engineering of advanced tactile-sensing e-skins, aiming to replicate the skin’s
multifaceted functionalities in artificial systems.

E-skins have a broad array of applications centered around both humans and
robotics [2, 7-10]. Selected examples are displayed in Figure 13.1 [11-19]. For
humans, the applications span pulse sensing [12, 20, 21], prosthetics [13, 22],
human-machine interaction (HMI) [14, 23], and biometric authentication such as
fingerprint and typing style recognition [15, 24]. For robotic applications, e-skins
can aid in identifying the shape or stiffness of objects [16, 17, 25], facilitating precise
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Figure 13.1 Tactile-sensing e-skin and its applications. (b): Tactile-sensing human skin
versus e-skin. Source: Reproduced with permission from Ref. [11]. Copyright 2015 AAAS.
(a): human-centered applications including pulse sensing. Source: Reproduced

with permission from Ref. [12]. Copyright 2022 John Wiley & Sons, prosthesis. Reproduced
with permission from Ref. [13]. Copyright 2022, Springer; tactile sensing. Reproduced with
permission from Ref. [14], Copyright 2020 Elsevier; and texture recognition.

Reproduced with permission from Ref. [15]/Springer Nature/CC BY 4.0. (c): robotics
applications including stiffness recognition. Source: Reproduced with permission from
Ref. [16]/Frontiers Media S.A./CC BY 3.0. Reproduced with permission from Ref. [17].
Copyright 2019 Springer; manipulation. Reproduced with permission from Ref. [18].
Copyright 2022 Wiley; sensation. Reproduced with permission from Ref. [19]. Copyright
2020 MDPI.

manipulation [18, 26], and endowing robots with somatosensory capabilities
[19, 27].

As a central component of e-skins, mechanically soft tactile sensors have been the
subject of extensive research for decades [28-32]. Recent advances in tactile sensors
commonly adopt pressure-sensing mechanisms, including resistive [33-37], capaci-
tive [38—44], iontronic [45], piezoelectric [46-48], triboelectric [49], optical [50, 51],
and magnetoelastic [52] readouts, as summarized in Table 13.1. Under compres-
sion, different pressure-sensing materials generate a change in electrical resistance
AR, capacitance AC, capacitance of electrical double layer AC, charge Agq, trans-
mittance of light AI, or magnetic flux density AB, respectively. Each mechanism
possesses its own set of advantages and disadvantages, as outlined in Table 13.1. This
chapter only focuses on resistive tactile sensors (RTSs) and capacitive tactile sensors
(CTSs) because they rely on basic materials and readout circuits for pressure sens-
ing with a long history. In addition, they can maintain a stable performance over
extended time [28, 53]. Compared with resistive and capacitive tactile sensors, ion-
tronic tactile sensors only emerged a decade ago. They leverage the supercapacitive
nature of electrical double layers achieved through the movement of ions within an
ionically conductive material. Iontronic sensors can be ultrathin, optically transpar-
ent, mechanically soft, and highly sensitive over a large pressure range. But they
are sensitive to environmental factors such as temperature, humidity, and exposure
to chemicals and may suffer from ion migration over time [54]. Moreover, many
electrolytic liquids used in intronic sensors are not biocompatible [55]. Piezoelectric
and triboelectric sensors do not require input power, but they are only suitable for
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Table 13.1 Summary of tactile sensors: mechanism, advantages, and disadvantages.
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measuring dynamic pressures such as pulses or vibrations, and triboelectric sensors
are sensitive to humidity and temperature [56]. Optical sensors are simple to wire up
and almost immune from signal drift, but they require a high power input, and opti-
cal signals may be polluted by ambient light [57]. Magnetoelastic sensors can be used
in chemical environments with high durability, but they have limited sensitivity due
to weak magnetoelastic effects [52].

Traditional resistive and capacitive tactile sensors suffer from a lack of flexibil-
ity and stretchability—unlike natural human skin. This results in some limitations
when used on surfaces that are curved or highly deformable. The lack of stretch-
ability means these traditional sensors can either separate from the surface they
are attached to or even break when they are stretched excessively [58, 59]. To over-
come these limitations, it is critical to incorporate thinness and stretchability into the
sensor design to transform conventional tactile sensors into e-skins. Such a design
ensures the sensors maintain conformal, or matching, contact with the surface. This
not only boosts the sensor’s accuracy and reliability in data collection and feedback
but also imparts unique adaptability. This adaptability enables the stretchable sur-
face to adjust to various shapes and movements, enhancing its responsiveness to
different tasks [60-62]. Therefore, stretchable e-skins surpass the challenges posed
by traditional sensors. It aligns e-skin technology closer to the mechanical properties
of human skin while enabling its use on surfaces with various shapes and contours
to perform a wide range of functions.

13.1.2 Bottlenecks of Soft Resistive and Capacitive Tactile Sensors

Years of research have significantly improved the fundamental capabilities of
resistive and capacitive pressure sensors. This includes enhancements in sensitivity,
sensing range, linearity, and response time through the materials and structural
innovations, which have already been well summarized in a few recent review
articles [57, 63-66]. Despite these advancements, Figure 13.2 illustrates two out-
standing obstacles with soft resistive and capacitive pressure sensors: a decrease
in sensitivity as pressure increases [67-69], and interference caused by lateral
deformation [43, 64, 70]. Figure 13.2a exhibits the simplest resistive and capacitive
sensors set up with parallel electrodes. The area of these electrodes is represented
by “A”, and “d” represents the distance between them. These sensors are subjected
to a normal pressure labeled as “P”. The lateral tensile strain is labeled as “¢” in
Figure 13.2b.

For a RTS, the resistance of the piezoresistive material sandwiched between the
electrodes can be expressed as

dg
R= o (13.1)

where R is the resistance of the piezoresistive material and p is its resistivity. Since
resistance is measured under a constant DC voltage “U” and given the well-known
Ohm’s Law:

U
[==—=—= 13.2
R (13.2)
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Figure 13.2 Two long-lasting bottlenecks in the stretchable resistive and capacitive
tactile sensors. (a) Schematics of the resistive or capacitive tactile sensor subjected to
pressure. (b) Schematics of the resistive (capacitive) tactile sensor upon pressure and
in-plane stretch. (c) Relative change of current or capacitance as a function of pressure
without and with in-plane stretch.

where I is the measured current response, the output of piezoresistive sensors
is often plotted as I versus pressure instead of R versus pressure, as shown in
Figure 13.2c.

The sensitivity of RTS is therefore the slope of the curve, which is given by:

@) 3
= 4P (13.3)

where I, represents the initial current measured before pressure P is applied.

For a CTS with parallel electrodes sandwiching a dielectric material, the capaci-
tance can be expressed as:

Ac
C=key— (13.4)
de

where k is the dielectric constant and €, is the permittivity of vacuum. The sensitivity
of CTS is therefore the slope of the curve, which is given by:

4()
dp
where C,, is the initial capacitance of the CTS before P is applied.

Both RTS and CTS exhibit nonlinear pressure responses, as illustrated in
Figure 13.2c. While the curve may start with a large slope at small pressure, it
can quickly bend with diminishing sensitivity. This phenomenon is called the
pressure-sensitivity trade-off, which is attributable to a marked increase in the effec-
tive stiffness of the pressure-sensing material under large pressure, accompanied
by boundary confinement from electrodes [64, 68].

The second bottleneck is called stretch interference, meaning that when pres-
sure and lateral stretch are simultaneously applied to the sensor, as illustrated in
Figure 13.2b, the lateral stretch may skew the pressure response, as indicated by
the red curve in Figure 13.2c. As a result, the lateral stretch would cause inaccurate
pressure readings. Both RTS and CTS suffer from this bottleneck because both the
R given in Eq. (13.1) and the C given in Eq. (13.4) depend on the sensor’s geometric
dimensions, A and d, both of which are affected by the lateral stretch (d is affected
due to the Poisson’s effect).

S= (13.5)
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To mitigate issues related to pressure-sensitivity trade-off and stretch interference,
diverse structural [42, 44, 71, 72] and material strategies [71, 73, 74] have been
researched for soft RTS and CTS. Notable structural designs are micro-patterned
surfaces [44], nanowire networks [71], foams [72], and textiles [42]. Common mate-
rials used include conductive composites [73], polymers [74], and nanomaterials
[71]. Comprehensive documentation of the materials, structures, sensor perfor-
mance, and applications of these sensors exists in several review papers [75, 76].
Therefore, this book chapter does not focus on those aspects. Despite a wealth of
publications, there still lacks a systematic electromechanics understanding of why
these strategies are effective and where the future research on RTS and CTS should
head. So, the objective of this chapter is to outline the existing electromechanical
models in soft resistive and capacitive tactile sensors, including simplified circuit
models, resistivity and dielectric constant of soft composites, and how these
properties change under applied pressure. Additionally, the chapter will discuss
the impacts of different structural designs. The hope is that this basic discussion
could facilitate cross-disciplinary description and understanding of soft RTS and
CTS among materials scientists, mechanical engineers, and electrical professionals.
Also, this chapter seeks to guide researchers in assessing and predicting sensor
performance and identify directions for future sensor research and development to
ultimately overcome the challenges of building human-like e-skins.

13.2 Resistive Tactile Sensors

13.2.1 Introduction of Resistive Tactile Sensors

Flexible RTS can be categorized into three types based on the materials/structures
of the sensor - microstructured contact, bulk conductive nanocomposites, and
porous conductive materials, as shown in Figures 13.3a-c. The microstruc-
tured contact-based RTS is highly sensitive at low pressure but has a limited
pressure-sensing range [77], while the RTS based on the bulk conductive nanocom-
posites exhibits relatively low sensitivity but can operate over a wide pressure
range [78]. The device based on the porous conductive materials can have varied
piezoresistive response performance [79]. Popular materials for these sensors are
composites of elastomers and conductive fillers [80], although fabrics [81] and
network of nanowires [82] or 2D materials [83] have also been explored. The
complexity of the material parameters increases from microstructured contact to
bulk conductive nanocomposites and porous conductive material.

The resistance of the RTS can be modeled by the equivalent circuit of contact resis-
tance and bulk resistance connected in series (Figure 13.3d), i.e.

R=2R +R, (13.6)

where R is the total resistance of the sensor, R, is the contact resistance, and R, is
the bulk resistance of the sensing layer. The piezoresistive response of the sensor
can be analyzed and modeled by changes in contact resistance R, and sensing layer
resistance R, under compressive pressure.
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Figure 13.3 Schematics of three representative types of RTS. (a) Microstructured contact.
(b) Bulk conductive nanocomposites. (c) Porous conductive materials. (d) A simple
equivalent circuit of RTS.

13.2.2 Resistive Tactile Sensors Based on Microstructured Contact

For RTS based on the microstructured contact, the bulk resistance (R,) of the con-
ductive elastomer can be negligible, and the total resistance (R) of the device equals
the contact resistance (R,). In this scenario, the filler concentration of the conductive
elastomer needs to be sufficiently high to achieve negligibly low bulk resistance, so
that the device performance is not affected by the filler concentration. The piezore-
sistive response with applied pressure largely depends on the area of the contact and
Young’s modulus of the conductive elastomer.

The relative resistance changes of the RTS based on the microstructured contact
can be expressed as follows:

AR _ @Ryg+Ry)— (@R +Ry) _Ry—R. _ R (37

R 2R00 + RbO RCO RcO .
where AR = R, —R, R, R.;, and R, are the initial total resistance, initial contact
resistance, and initial bulk resistance, respectively, R, R, and Ry, are the total resis-
tance, contact resistance, and bulk resistance under pressure, respectively.

The piezoresistive response can be modeled using contact theory [84-89].
Figure 13.4a shows two conductive elastic spheres composed of conductive filler
(e.g. silver particles) and elastomer (e.g. polydimethylsiloxane [PDMS]) in contact
with each other under a normal force (V). Both spheres undergo a local contact
deformation, creating a flat circular contact surface of radius a. Considering the
high filler concentration in the composite, the resistivity of the spheres, p,, is
significantly small, and the resistance of the system is governed by the contact
resistance. At the interfacial contact area, as shown in Figure 13.4b, the contact
resistance arises from two possible mechanisms - constriction resistance R, and
tunneling resistance R,.

R.=R,+R, (13.8)

where R, is the contact resistance, R, is the constriction resistance, and R, is the
tunneling resistance.

Constriction resistance originates from the roughness of the interfacial contact
area at the micro- or nanoscale, which results in an effective interfacial contact area
less than the cross-section of the interface [90]. The constriction resistance for a cir-
cular contact can be derived as [88],

Py Py pb(ﬂ)l/z
cr T 5 - 5
2a 5 2

A

(13.9)

2
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Figure 13.4 (a) Schematic diagram of two spheres contacting under normal force N.
(b) Schematic diagram showing the rough contact interfaces between two pieces of
conductive composites.

where p, is the bulk resistivity, A is the (effective) contact area, and a is the radius
of the circular contact. Tunneling resistance is associated with the tunneling cur-
rent between the conductive fillers at the interfacial contact areas. The tunneling

resistance is given as [87]:
Pt
R 13.10

where p, is the tunneling resistivity, depending on the barrier thickness and barrier
height by the following equation [89],
— 4rAs\/2m [—
N
|4 e
pp=—and J =

J 2nhAs? — 4nAs\/2m [—
—(¢ +eV)exp <——h Vot eV>

where V is the applied voltage, J is the current density, e is the elementary charge, h
is Planck’s constant, As is the effective barrier thickness, 5 is the barrier height, and
m is the electron mass.

Combining Egs. (13.9), (13.10), and (13.11), the contact resistance R, is

(13.11)

_ P ( n )1/2 LB
A
The contact resistance in Eq. (13.12) depends on the interfacial areas of the con-
tact A, the resistivity of the bulk material py, and the tunneling resistivity p, at the
interfacial contact area. The contact areas of the system shown in Figure 13.4a can
be analyzed using the Hertz normal contact theory [84], which gives the contact
surface radius a and areas A under normal force F as follows,

1 2
a=(3—1‘%’)3elnd141=7ta2=1:(3—Fr)3 (13.13)
4K 4K

(13.12)

'sdny wouy d '€TY0'80ECYBLZSEL6/Z00T 0T

YT'0T/10pAL00" Ao | A

0 PLe SwWis | 841385 *[7202/60/02] U0 ArIGI 8UIIUO A1 911G Sexa L JO AISBANIN AQ ETUO'B0EZYBL

fajm Al

35UB01 7 SLIOWIWOD 3AIE8.1D ajqedi|dde ay) Ag pauenob ae sspie O 'asn Jo sajni 10y Ariqi auluQ A3|Im uo



13.2 Resistive Tactile Sensors

where F is the normal force, K is the effective stiffness, and r is the effective radius
of curvature of two spheres in contact.
The effective stiffness is given by
1 1-v 1-v2
XK~ E | E
where E; and E, are Young’s moduli and v,, v, are the Poisson’s ratios of the two
spheres.
The effective radius is given by
1 1 1

r_1,1 (13.15)
r rl }’2

(13.14)

where r; and r, are the radii of the two spheres.
Substituting Eq. (13.12) for A in Eq. (13.13) gives,

1/2
1 2
Rc=@ x| . Py : =/’_b(£)3+ﬁ(£)3 (13.16)
2 3Fr\; 3Fr\ 3 2 3Fr n \3Fr
“(E) ”(E)
If a bias voltage of V is applied, the current I is,
=Y = 14 13.17)

R 1 2
C((E) e a(y
2 \3Fr n \3Fr
Equation (13.17) can be reduced to the following form if constriction resistance is
dominant or tunneling resistance is dominant:

2 (3
7~ P 4K
RV (3br
py \4K

1
) : ,if constriction resistance is dominant;

) (13.18)
) : ,if tunneling resistance is dominant.

The sensitivity of the piezoresistive response of the contact resistance between two
spheres can be estimated as:

(%) 4z Ly E NS
R COIORETE O

(13.19)
{(5) ()
S = IO ~ I
- dp T dF
" <1 ) ’ (l ) *,if constriction resistance is dominant; (13.20)
_J3p,\ak/ \F
2nR,

z L
(1 ) ’ (l ) *,if tunneling resistance is dominant.
3p, \4aK/) \F
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The model aforementioned describes the piezoresistive response of two spheres
in contact. For the device with arrays of spheres in contact, the equivalent circuit
can be considered as the parallel contact resistor, which gives the device resistance
as Ryevice = R./N, in which R, is the device resistance, and N is the number of
spheres in contact. The piezoresistive response of the device still follows the similar
relationship described in Egs. (13.16)-(13.20).

Assuming that p, and p, are intrinsic material properties that do not change
when the system is subjected to a normal pressure, the change of the contact
resistance would be dominant by the change of the contact areas under pressure.
This assumption is valid only for conductive elastomeric composites with con-
ductive filler concentration well above the percolation threshold. In this case, the
piezoresistive response is governed by Eq. (13.12) and is related to the pressure, the
mechanical properties of the device, and the geometry of the device by Egs. (13.13),
(13.16), and (13.17). The sensitivity of the device, as shown in Egs. (13.19) and
(13.20), decreases with an increase in the applied pressure, following a negative
power law relationship with applied pressure. The variation of the sensitivity (i.e.
the linearity of the piezoresistive response) depends on the structure and stiffness
of the device.

Both constriction resistance and tunneling resistance contribute to the contact
resistance (Eq. (13.12)). As Egs. (13.16) and (13.18) indicate, the constriction resis-
tance and tunneling resistance follow the power law relationship of different expo-
nent values with respect to pressure. The plot of log(R.) versus log(P) may help
understand the contribution of constriction resistance and tunneling resistance. In
the composite composed of the conductive fillers embedded in a matrix, the size of
the filler is typically much smaller than the contact area. Therefore, the constriction
resistance is negligible, and the contact resistance is dominated by the tunneling
resistance [87]. For the tunneling resistance, the material parameters essential to
the tunneling current are the effective barrier thickness As and the barrier height
¢, as indicated in Eq. (13.11). These parameters are related to the electrical proper-
ties of the filler, the distribution and concentration of fillers in the composite, and
the interactions between the filler and matrix, which may be challenging to control
precisely in composites.

The change of contact areas in the RTS based on the structural contact depends
on the dimensions and shapes of the microstructure. For the two elastic spheres, the
contact areas increase with the applied pressure and the radius of the sphere but
decrease with the stiffness of the material, all following the 2/3 power law relation-
ship. Different microstructures, such as hemispheres [89], micro-pyramids [74, 91],
micro-pillars [92], hierarchical structures [93], and epidermis-inspired microstruc-
tures [94], have been explored for the RTS. While analytical models for the change
of the contact areas in these microstructures under applied pressure may be chal-
lenging, finite-element simulations are routinely used to simulate and understand
the mechanics of these microstructures under pressure.

Park et al. reported an RTS based on interlocked micro-domes (or hemispheres)
arrays of carbon nanotube (CNT)/PDMS composite, as shown in Figure 13.5a(i).
Finite-element analysis (FEA) was used to simulate the local stress and contact
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13.2 Resistive Tactile Sensors

areas under applied pressure. By varying the elastic modulus of composites with
different CNT concentrations, the simulation results indicate that composites with
low elastic moduli will undergo large deformation. The geometric contact area A 4,
obtained by the simulation was refined to accurately represent the electrical con-

2
tact area of CNTs, formulated as Aqyp = <§) . Here, V; symbolizes the volume

fraction of the CNT in the composite and 217‘[ represents the areal fraction in the
cross-sectional area of the composite. Figure 13.5a(ii) plots the simulated Ay as a
function of the applied pressure for composite with different CNT doping ratios. The
result can be fitted with the power law function y = ax? with exponent b = 0.7 for all
samples. The value is close to 2/3 in Eq. (13.13), suggesting that the contact between
the interlocked micro-domes is elastic within the simulated pressure range. The elec-
tric contact area increases with the increase of the fraction of CNT in the composite.
For the device shown in Figure 13.5a(i), the tunneling resistance was calculated by
R, = Ryevice — Ry, omitting the constriction resistance. The tunneling resistance ver-
sus pressure can be fitted using Eq. (13.11), as shown in Figure 13.5b(viii). The fitting
results reveal that the initial barrier thickness decreases with the increase of the frac-
tion of CNT in the composite.

Pang et al. reported the RTS based on the epidermis microstructures of graphene/
PDMS composite. The mechanism of the sensor is shown in Figure 13.5b(i-iii) [94].
The simulation of pressure distribution under 5kPa pressure load for pyramid,
hemisphere, nanowire, and randomly distributed spinosum (RDS) is visualized in
Figure 13.5b(iv, v, vi, vii). Pyramid and hemisphere structures experience pressure
concentration on the local contact area, leading to a pronounced increase in the con-
tact area and heightened sensitivity at lower pressures, but this sensitivity sharply
declines with increased pressure. The micro-pillar nanowire array has a uniform
pressure distribution, while the RDS structure can transmit the concentrated stress
at the peak to the root segment, thereby achieving a more homogenous pressure
distribution. To further elucidate these observations, a MATLAB model was estab-
lished incorporating the simulated contact areas and an equivalent circuit model of
the parallel resistors in contacted structures. The resulting piezoresistive responses
under pressure loading for different microstructures are shown in Figure 13.5b(viii).
The results underscore an insight: randomly distributed microstructures can offer
synergistic effects of high sensitivity and wider linear ranges for the RTS based on
microstructured contact [94].

Ji et al. presented theoretical analysis and experimental design to optimize the
sensitivity and linearity of RTS based on microstructured contact [86]. Figure 13.5¢
(i, ii, iii) shows the working principles of the piezoresistive response of the single
conductive layer (SCL) devices composed of PDMS micro-domes spray-coated with
carbon black PDMS (CPDMS) or dip-coated with silver nanowire (AgNW), and
double conductive layer (DCL) device composed of PDMS micro-domes covered by
both CPDMS and AgN'Ws double conductive layer (CPDMS/AgNWs DCL). Detailed
theoretical analysis of these device structures reveals that the pass-through resis-
tance (R, in Figure 13.5c, denoted as orange resistors.) of the DCL structure balances
the nonlinear variation in contact resistance under pressure, which contributes to
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13.2 Resistive Tactile Sensors

Figure 13.5 RTS based on microstructured contact. (a) (i) Schematic showing the working
principle of the micro-dome-based RTS. (ii) The electrical contact area (A.y;) as a function
of pressure for different CNT wt% (5-8 wt%). A7 is estimated by considering the CNT area
fraction over the geometrical contact area, which is obtained by using FEM simulation. The
solid lines represent power law fits to A with an exponent of 0.7. (iii) Experimental
tunneling resistances (dots) of the interlocked micro-dome arrays for different CNT
concentrations (5-8 wt%) fitted to the tunneling resistance model (curves). Source:
Reproduced with permission from Ref. [89]. Copyright 2014 American Chemical Society.

(b) Working mechanism of the randomly distributed spinosum (RDS) graphene pressure
sensor. Photographs and schematic illustrations of circuit models corresponding to (i) the
initial state of unloading, (ii) light loading, and (iii) heavy loading. The pressure distribution
of the simulation results for different geometries: (iv) pyramid, (v) hemisphere, (vi)
nanowire, and (vii) RDS microstructure at an external loading pressure of 5 kPa. (viii) The
simulation results of resistance variation versus applied pressure for different surface
microstructures. Source: Reproduced with permission from Ref. [94]. Copyright 2018
American Chemical Society. (c) Schematic illustration of the principle of (i) CPDMS single
conductive layer (SCL); (i) AgNWs SCL, and (iii) CPDMS/AgNW double conductive layer
(DCL); (iv) Relative current variation of the sensor fabricated with different conductive
layers based on the solid dome array structure under external pressures. Source:
Reproduced with permission from Ref. [86]. Copyright 2020 American Chemical Society.

<
<

highly sensitive and broad linear response (0 to 6 kPa) (Figure 13.5c(iv)) [86]. The
device structure was further optimized by the synergistic effect of DCL and porous
PDMS dome array.

13.2.3 Resistive Tactile Sensors Based on Bulk Conductive
Nanocomposites

The piezoresistive properties of bulk nanocomposites, which are composed of
elastomeric matrices and conductive fillers such as metal nanoparticles, graphenes,
and CNTs, have been extensively investigated for their potential applications in
tactile sensing [95]. Mechanisms of the piezoresistive properties of these materials
are treated within the framework of percolation theory and an effective conductive
path model in the literature. Figure 13.6 shows the schematic of several key aspects
of the piezoresistivity of nanocomposites. The conductivity of the nanocomposite
composed of conductive fillers depends critically on the concentration of the filler in
the composite. Below the percolation threshold (insulation zone), the fillers cannot
form a conductive path, and the nanocomposite has very low conductivity. The
conductivity of the composite increases drastically when the filler concentration is
around the percolation threshold (percolation zone), at which the conductive paths
start to form; above the threshold (conduction zone), the conductivity continuously
increases but with a small increment and eventually levels off. For the piezoresistive
response, applied pressure may have a similar effect as the concentration of the
conductive filler. Conductivity can increase drastically when the applied pressure
leads to the formation of continuous conductive paths. Beyond the percolation
concentration, the number of conductive paths can be described by the effective
conductive path model. Additionally, the relaxation of the elastomeric matrices
of the piezoresistive composite would affect the hysteresis, the response time,
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Figure 13.6 Percolation conduction mechanism. (a) Schematic diagram of the percolation
conduction mechanism. Source: Reproduced with permission from Ref. [96]. Copyright 2017
Elsevier. (i) The relative resistivity change 22, versus pressure for the composite with
different filler volume fraction ¢, caLculatetOj from Eq. (13.24) and assuming ¢ = 0.1,
E=4MPa,v=0.4,and f = —-1.33; (ii) ﬁ—: versus pressure for the composite with different

Young’s moduli, calculated from Eq. (13.24) and assuming ¢ = 0.10, ¢, = 0.15, v = 0.4, and
f =-1.33. (b) Schematic diagram of effective conductive path model. (i) Tunneling through
the thin film existing between the nearest metallic particles, (ii) formation of the effective
conductive path, and (iii) destruction of the effective conductive path. Source: Reproduced
with permission from Ref. [96]. Copyright 2017 Elsevier. (c) (i) Schematic diagrams of
Burger’s model and the change process of the microstructure of the percolation network for
composites under static compression; (i) Fractional electrical resistance change AR/R, as a
function of time t during stress relaxation at 20% strain for T4/123-4 FAQTC, “FAQTC”
denotes the field-assisted quantum tunneling composites, “T4/123-4" represents the
composite prepared by silicon T4 and type 123 spiky spherical nickel powders with a
weight ratio of nickel powder to silicon rubber of 4 : 1 and cured; (iii) Fitted mean
relaxation time as a function of strain. Source: Reproduced with permission from Ref. [96].
Copyright 2017 Elsevier.
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13.2 Resistive Tactile Sensors

and other aspects of the piezoresistive response. The piezoresistive responses of
these materials can decrease or increase with applied pressure, depending on the
material’s composition, processing conditions, and other factors.

The resistivity of the nanocomposite can be described by the percolation scaling
law [96],

p=X-b) (@>d) (13.21)

where p is the resistivity, X is the fitting constant, ¢ is the volume fraction of the
conductive filler, ¢, is the percolation threshold volume fraction, and f is the per-
colation exponent. The value of f depends on the dimensionality of the filler. Note
that the resistivity decreases with the increase of the conductive filler, so the value
of f is negative. For 3D, f = —2 and for 2D, f = —1.33. Below ¢, the composite can
be considered as an insulator. Besides the volume fraction of the conductivity filler,
the resistivity around the percolation threshold ¢, can change significantly by many
other factors, including pressure, temperature (heating), and film thickness [97].

Assuming the nanocomposite is elastic under small uniaxial strain, the volume of
the composite can be expressed by:

V.=V, (1 _ P(1E2v)>
where V is the volume under pressure, V, is the initial volume, P is the applied
pressure, v is the Poisson’s ratio, and E is the Young’s modulus of the composite.

The filler volume fraction ¢ under pressure becomes

= i Vi = %o (13.23)

V. P(1-2v) P(1-2v)
S VS,O (1 _ = 1-— T
where V; is the volume of filler, ¢, is the initial volume fraction of the conduc-
tive filler. Here, the filler is assumed to be incompressible so V; is a constant under
pressure.
Combining Eq. (13.22) and Eq. (13.23),

(13.22)

%,

1 P(1 -2v) ¢
A _ _Pd=-2v)
A _P =P __ E (13.24)
Po Po $o — P

where p is the resistivity under pressure, p, is the initial resistivity, and Ap = p, —p
is the change of the resistivity. The percolation threshold volume fraction ¢, is
assumed to be unaffected by the pressure.

Equation (13.23) is only valid when the volume fraction is above ¢,. If the initial
volume fraction is below ¢, the resistivity of the nanocomposite does not change
with the pressure until the percolation threshold pressure P, is reached. P, can be
calculated by setting ¢ in Eq. (13.24) equal to ¢,.

P, = <1 - %) : _Ezv (13.25)

387

'sdny wouy d '€TY0'80ECYBLZSEL6/Z00T 0T

YT'0T/10pAL00" Ao | A

PUOD PUE WL | U1 895 *[1202/60/02] U0 ARIQIT3UIIUO B11M ‘So1RIqIT Sexd . O ABBAN AQ ETUD'80EZHBL

100 A3 | 1M A

35UB01 7 SLIOWIWOD 3AIE8.1D ajqedi|dde ay) Ag pauenob ae sspie O 'asn Jo sajni 10y Ariqi auluQ A3|Im uo



388

13 Electromechanics of Soft Resistive and Capacitive Tactile Sensors

The piezoresistive response described in Egs. (13.23) and (13.25) assumes the
linear elasticity and small strain conditions. While the model may be oversimplified,
it provides some insights into the piezoresistive response of the nanocomposite
with conductive fillers.

e The composition of the nanocomposite is significant in determining the response
of the RTS. In the scenario where the volume fraction of the conductive filler is
lower than the percolation volume fraction, the resistivity of the sensor will remain
unchanged until the pressure reaches the percolation threshold pressure P_; above
P, the resistivity of the device can decrease significantly, resulting in a highly
sensitive piezoresistive response. This behavior has been observed in spiky nickel
nanoparticle-filled rubber composites [96]. For example, the electrical resistivity
of a material composed of silicon T4 and nickel powders with a weight ratio of
nickel powder to silicon rubber of 4 : 1 was above 10° Q cm; when the pressure
was above 0.6 MPa, the resistivity dropped quickly by orders of magnitude. To uti-
lize these materials in applications for tactile sensing, Eq. (13.24) suggests that
the composition close to the percolation threshold concentration and with a low
Young’s modulus would lower the pressure detection limit of the device.

o The composition of the piezoresistive composite plays a crucial role in the tradeoff
between the sensitivity and the detection range. Figure 13.6a(i) plots the rela-
tive resistivity change % as a function of pressure for the composites with differ-
ent filler volume fraction ¢,, calculated from Eq. (13.22) and assuming ¢, = 0.1,
E =4MPa, v =04, and f = —1.33. When ¢, approximated to ¢, % exhibits a
rapid change at small pressure and then levels off, indicating high setgsitivity and
narrow operation range of the sensor. With a rise of the conductive filler concen-
tration (i.e. increase of ¢,), the sensitivity decreases while the quasi-linear range
becomes wider.

e Young’s modulus of the piezoresistive composite is also linked to the tradeoff
between the sensitivity and the upper detection range. Figure 13.6a(ii) plots the
relative resistivity change % versus pressure for the composites with different
Young’s modules, derived from Eq. (13.22) and assuming ¢, = 0.10, ¢, = 0.15,
v =0.4, and f = —1.33. The plot clearly indicates that a lower Young’s modulus in
the composite yields high sensitivity but restricts the working range. Conversely,
a composite with a higher Young’s modulus can function across a broader
pressure range, albeit at a reduced sensitivity. Note that the pressure range of
the plot is the result of V' = 0 in Eq. (13.23) of the oversimplified elastic model
and small strain assumptions, which are certainly not applicable for V = 0. Nev-
ertheless, the result suggests controlling the Young’s modulus of the composite
may be important for optimization of the RTS based on the bulk conductive
nanocomposites.

The resistivities of bulk conductive nanocomposites can be attributed to constric-
tion resistance at the filler contact, tunneling resistance at the filler contact, and the
intrinsic resistance of the filler [87]. Based on the model by Ruschau et al.

1
2 AHWE :
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13.2 Resistive Tactile Sensors

: Ewt\s (026p\ (Ewt\s  p;
ceramic _ ) 57 (—) + (—) + L 13.27
Pe P\F d F 0.524 (13:27)
where pP*" and peeramic represent resistivities of the composites with plastic fillers

(polymer or metal) and ceramic fillers, respectively, p; is the intrinsic resistivity of the
filler, p, is the tunneling resistivity, H denotes the contact hardness, and E represents
Young’s modulus of the composites, respectively, F is the applied force, w is the width
of the composite, ¢ is the thickness of the composite, d is the diameter of the filler,
and 4 is the empirical elasticity factor here.

The model anticipates that factors such as hardness, elastic modulus, filler parti-
cle size, and the overall dimensions of the composite sample significantly influence
its piezoresistive properties. Specifically, fillers characterized by a higher modulus
(or hardness) and smaller size are found to enhance the piezoresistivity of the com-
posite. It is worth noting that Eq. (13.26) for the piezoresistive bulk nanocomposites
and Eq. (13.16) for the contact-based RTS are essentially the same. In both models,

1
Pdevice ™ (%) * for the constriction resistance (13.28)

Pdevice

2
~ (%) * for the tunneling resistance (13.29)

Therefore, experimentally, the slope of the 10g(p,eice) versus log(F) plot may help
understand the contribution of the constriction resistance and the tunneling resis-
tance to the overall piezoresistive response.

In general, according to Egs. (13.26) and (13.27), the tunneling resistance
dominates the magnitude of the overall resistance of the composite. The effective
conductive path model, which provides a microscopic conduction mechanism of
the piezoresistive response of the bulk conductive nanocomposites [96, 98, 99],
considers only the tunneling conduction in the composite. Figure 13.6b shows the
schematic diagram of the effective conductive path. The model posits that applied
pressure changes the distance between conductive fillers within the nanocompos-
ite. A sufficiently reduced inter-filler distance enables electron tunneling between
adjacent fillers, thereby establishing localized conductive connections. When these
connections collectively form a continuous conductive pathway between electrodes
through the matrix, the nanocomposite’s resistivity decreases. Conversely, com-
pressive forces may cause the fillers to slip, disrupting these effective conductive
pathways and consequently increasing the resistivity. The nanocomposite’s piezore-
sistive behavior emerges from the interplay of these two microscopic phenomena,
quantifiable through the variation in the number of effective conductive paths
during compression. The tunneling current between the two adjacent conductive
particles is given by [98],

1 302V \/2mepii < 4nDiJ\/2m¢iJ>
= —-— exp e

13.30
2h2DH h ( )

where V¥, ¢, DV are the external voltage, the height of the potential barrier, and
the thickness of the insulating layer (i.e. tunneling gap in Figure 13.6b) between the
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conductive filler i and j, m is the mass of electron, e is the elementary charge, and h
is Planck’s constant.

Then, the resistance of the ith effective conductive path can be given by consider-
ing the M; number of conductive particles in series,

M-1 1

M;—-1 L. M;— .. P s
o ij : 2pid 4nDY £/ 2met
R=YrRI=Y 2h°D exp< id ) (13.31)
=i

= IiJ = 3e2sid \/quw h

where s is the area of the cross-section of the insulating film between the conductive
filler i and j.

To simplify the model, assuming the average insulating layer thickness D, the
average number of conductive particles in one effective path M, the average cross-
sectional area s, and the average barrier height ¢, then Eq. (13.31) becomes:

2 4nD+/2m
R=M-1) 2h°D exp ¢ (13.32)
3eZsy/2me h
The total resistance of the composite R can be calculated by considering the N
effective conductive paths in parallel,

1 2h*D 4nD+/2m¢
R==—|WM-1) [S (13.33)
N [ 3e2S+/2m¢ xp( h )]

In Eq. (13.33), the number of effective conductive paths N and the insulating film
thickness between the fillers D depend on the applied pressure P. The change in
the number of effective conductive paths, ngi )0), can be modeled using different
empirical formulas [96, 98]. Ding et al. assumed that the number of the conductive
paths increases exponentially with the applied pressure [96],

N(P)
NP =0)

= exp(Ae + Be? + Ce® + De*)

2 3 4
=exp(A<£)+B(£> we(L) +D(£>> (1334

where N(P) is the number of conductive paths under applied stress P, N(P = 0) is
the number of conductive paths with no stress, ¢ is the compressive strain, E, is the
compressive modulus of the composite, and A, B, C, and D are empirical parameters.

Assuming the conductive fillers are incompressible, the change in the insulat-
ing layer thickness between the adjacent conductive fillers under pressure can be
expressed as follows:

DP) _N_._ P

Combining Egs. (13.34), (13.35), and (13.36), the ratio of resistance under pressure
and no pressure can be expressed as

4t/ 2me P
R®)_(, P (“ h D(““”)(i)
RP=0) E )P P

2 3 4
c P P
Bl — Cl = Dl —

(13.36)
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13.2 Resistive Tactile Sensors

Ding et al. fitted the piezoresistive response of nickel particle-filled elastomer
composite using Eq. (13.36), giving a reasonably good agreement between the
experimental data and the model. This model uses several fitting parameters,
including A, B, C, and D in Eq. (13.36) and k;, k,, and k; for stress-dependent
compressive modulus.

The model aforementioned posits an exponential increase in the number of con-
ductive paths, as detailed in Eq. (13.34), leading to a monotonic decrease in resistivity
with escalating compressive stress. Conversely, the applied compressive stress might
also reduce the number of conductive paths owing to slippage and disconnection
among adjacent filler particles, potentially elevating resistance [98, 100]. To account
for these contrasting impacts of pressure on piezoresistive response, Wang et al. have
delineated the relative alteration in the number of conductive paths with the subse-
quent equation [98],

N(P) 1
NP =0) WeXP+YeZP (13.37)
where W +Y =1, W, X, Y, Z> 0. In this case, the two terms in the denominator
represent the two opposite effects of the pressure P on the number of conductive
paths.
Combining Egs. (13.33), (13.35), and (13.37), the ratio of resistance under pressure

and no pressure can be expressed as
an\2mp oo
P ) e<TD(P_0))

_RB__ (We™F 4 YeZP) <1 - =
R(P=0) E,

Since the distance between the adjacent filler particles, D(P = 0), can be correlated
to the volume fraction and sizes of the filler particles in the composite, Eq. (13.38)
serves as a model to elucidate the influence of various factors on the piezoresistive
response of conductive nanocomposites. These factors include the volume fraction
and size of the conductive filler, as well as the composite’s compressive modulus.
Wang et al. [98] successfully used Eq. (13.38) to interpret the diverse piezoresistive
behaviors exhibited by silicon rubber infused with carbon black at varying concen-
trations. Their findings indicated that at low carbon black concentrations, resistance
consistently decreases as pressure increases. In contrast, at moderate concentrations,
resistance initially decreases and then rises with escalating pressure. Conversely, at
high carbon black concentrations, the resistance consistently increases in response
to rising pressure.

For RTS based on the bulk conductive nanocomposites, the matrix materials are
typically elastomers (e.g. PDMS, silicon rubber, or polyurethane). These materials
exhibit notable viscoelastic characteristics, including stress relaxation and creep,
which can significantly influence the piezoresistive response of sensors incorporat-
ing conductive nanocomposites. A key challenge is that the piezoresistive response
may change over time under constant strain or stress, leading to an inaccurate mea-
surement in the practical application of these sensors. Despite its importance, such
viscoelastic behavior has not been extensively explored in existing research [96, 101].
Ding et al. investigated the relaxation of the resistance of the nickel-particle-filled
PDMS composite under stress [96]. Their experiments revealed that the composite’s

(13.38)
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resistance diminishes over time until reaching a steady state during stress relaxation.
To model this phenomenon under pressure, the conventional Burger model was
applied, as depicted in Figure 13.6c,

AR R-R,

R, R
where R, denotes the initial resistance at time ¢ = 0, R signifies the resistance at a sub-
sequent time ¢, 7y is the relaxation time, and a, b, and c are constants. Eq. (13.39) fits
the resistance relaxation data at different strains well, as shown in Figure 13.6¢(ii).
The relaxation time 7 of the device varies with the strain (Figure 13.6c(iii)), which
is attributed to the rigid structure of the nickel particles.

In summary, the piezoresistive response of the RTS based on bulk conductive com-
posites is modeled by percolation theory and an effective conductive path model.
These models offer valuable insights into the underlying mechanisms governing
the piezoresistive response. They highlight that filler concentration and composite
modulus are critical parameters in the design of composite materials for RTS. How-
ever, the impact of stress relaxation on the piezoresistive response of these compos-
ite materials warrants further investigation, both theoretically and experimentally.
Notably, current models, including the effective conductive path model, do not yet
incorporate factors such as the influence of stress relaxation on the number of con-
ductive paths and tunneling resistance, underscoring an area for future research and
development.

=a+bexp <—i> +ct (13.39)

R

13.2.4 Resistive Tactile Sensors Based on Porous Conductive Materials

The RTS based on porous conductive materials typically demonstrates a negative
piezoresistive effect, characterized by a decrease in sensor resistance under com-
pression. This behavior can be attributed to the formation of contact areas or points
within porous material’s structure under compression. Such compression facilitates
the creation of additional conductive paths, consequently lowering the electrical
resistance. Although this mechanism is widely accepted in the literature to eluci-
date the piezoresistive response of porous conductive materials, there is a scarcity
of quantitative analyses that could offer practical guidance for the optimization of
materials and structural designs specific to tactile sensors. This gap indicates a need
for more detailed studies to inform and refine sensor design.

Highly porous materials exhibit hyper-elastic behavior. Their stress-strain
response is characterized by the elastic, plateau, and densification regimes with
an increase of the strain. The crucial parameters of a porous material are porosity
(n), the relative density of the porous material (DP), and the density of the solid
forming the porous material (d). Phenomenological models have been developed to
understand the stress-strain response of the porous materials (such as polyurethane
foams) and the effects of porosity, foam density, and loading rate [102]. These phe-
nomenological models may be useful when the density and porosity of the porous
conductive materials are considered for RTS applications.

Zhang et al. reported an analytical model of the piezoresistive behavior of
highly compressible sensors made of microporous nanocomposites (Figure 13.7a)
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13.2 Resistive Tactile Sensors

[103]. In these materials, the porosity # decreases under applied stress/strain.
The relationship between porosity and strain in highly porous materials may be
complex. The complexity stems from predicting how porous materials will deform
under compression. Such predictions are significantly influenced by both the
porosity and the specific geometric characteristics of the porous materials. To offer a
simplified model, the decrease in the porosity is assumed to be positively correlated
with the deformation by (1 —#) = (1 — #,)/ 4, resulting in [103]:
(1= 1)

=1-—- Y 13.40
n 7 ( )

where 7 is the porosity under compressive strain ¢, 7, is the original porosity, and A
is the stretch. Note that 4 = 1 when the material is not under compressive strain and
decreases with increase in the compressive strain/stress.

Following the highly compressible hyper-elastic model [106], the stress can be
approximately correlated with the porosity # by the following equation:

1 2u; (1—n “ o
- ,1; o (1_n0> (A% — 1) (13.41)
where o is the stress, n is the order of the model, and u; and «; are the material
parameters. The stress-strain curve of the carbon black/polyurethane (PU) porous
nanocomposite (PNC) with different compositions and mechanical properties was
fit to Eq. (13.41), and good agreement was obtained.

Following Archie’s porosity-resistivity model [107], the conductivity of the porous
conductive materials can be expressed as

k = k(1 —n) (13.42)

where k is the conductivity of the porous material, k is the conductivity of the solid
that forms the porous material, and f is the exponent related to the microstructures
of the pores.

Combining Eq. (13.40) and Eq. (13.42) leads to

_ ko(l - no)f
=7

In the porous material based on the conductive filler/elastomer composite,
quantum tunneling effects need to be considered when the material is compressed.
A modified model can be written as:

_ ko(l - no)f

Aa
where a is a coefficient related to the microstructures, conductive fillers, and sub-
strate material.

Equation (13.44) was used to fit the conductivity—porosity curve and conductivity—
elongation curves of the porous composites with different contents of carbon black,
as shown in Figure 13.7a(ii). The good fitting suggests that Eq. (13.44) can accu-
rately represent the piezoresistive behaviors of highly porous medium. It is worth
noting that the fitting parameters f and a are empirical, and the microstructure of

k (13.43)

k (13.44)
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Figure 13.7 RTS based on porous conductive materials. (a) (i) The change of effective
electric contact resistance at the microporous interface by pressing, schematic exploded
view of a pressure sensor, and simplified 2D analytical model of the sensor; (ii) Cond-
uctivity—porosity curves of microporous nanocomposites with different contents of
acetylene black (ACB) and highly conductive carbon black (HCBY); (iii) Conductivity-
elongation curves of microporous nanocomposites with different contents of ACB and HCB.
Source: Reproduced with permission from Ref. [103]. Copyright 2021 John Wiley & Sons.

(b) (i) Optical microscopic images acquired using an ultra-depth 3D microscope showing the
cross-section of the sensor based on the B-micro/pore-3 structure under deformation. In
the image, red, green, and yellow colors represent the pores, the solid PDMS region, and the
metal holder, respectively; (ii) the proposed mechanism of the RTS based on the
B-micro/pore-3 structure; (iii) pressure and AR/R (%) of the sensor under different
percentages of solid area calculated from the cross-sectional images in Figure 13.7b(i).
Source: Reproduced with permission from Ref. [104]. Copyright 2021 American Chemical
Society. (c) Schematic illustration and circuit diagram of sensing mechanism of hierarchical
porous piezoresistive sensor (i) in its original state, (ii) under small compression, (iii) under
large compression. (iv) A tiny pressure change under a large preload is used to illustrate the
high-pressure resolution performance; (v) Current response and sensitivity of 1 wt% carbon
nanofibers, 60% porosity pressure sensor with different lattice structures (Parallel Stacked
[PS], Simple cubic [SC], and Face-Centered Tetragonal [FCT]). Source: Reproduced with
permission from Ref. [105]/Springer Nature/CC BY 4.0.
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13.2 Resistive Tactile Sensors

the porous material is missing. k, is related to the conductivity of the nonporous
composite material.

Zhang et al. further treated the contact resistance at the microporous interface
with electrode in terms of the equivalent contact area per unit area A4, porosity 7,
and elongation A. The contact resistance can be written as [103],

\/Eﬁa+b

. 4ko(1 — 1) —03, [AgeadW

where A4 is the effective contact area per unit area, and d and W are the thickness
and width of electrodes, respectively.

The contact resistance in Eq. (13.45) is similar to the constriction resistance in
Eq. (13.9) but includes the parameters accounting for the porosity of the materi-
als. Eq. (13.45) is useful for estimating the contribution of the contact resistance
to the overall piezoresistive response of the porous conductive materials. While in
most of the experimental studies of the piezoresistive porous materials, the contact
resistance is not explicitly investigated, the change in the contact resistance can be
significant due to the rough interface between the porous material and the electrode
and may need more quantitative evaluation.

Analytical models of the microporous pressure sensor with a pair of electrodes or
interdigitated electrodes were presented in Ref. [103]. Analytical solutions of the sen-
sitivities to deformation and pressure were obtained and verified by the 3D FEA. The
electromechanical behavior was simulated using the static thermomechanical mod-
ules because of the similarity between thermal governing equations and electrical
governing equations. A scaling law for the device was also derived. These solutions
were mathematically complex but provided a systematic analysis of the effect of the
electrode configuration, the sensing layer dimension, and contact on the sensor per-
formance. It is worth noting that the theoretical treatment here is for the co-planar
electrodes and may not apply to the typical sensor configuration in which the two
electrodes are on opposite sides of the sensing layer. The treatment also does not
include many of the key parameters (e.g. pore size, density, concentration of filler,
etc.) of the porous materials that govern the hyper-elastic mechanical properties.

One of the strategies to improve the sensitivity and detection range is to design
a piezoresistive material combining the contact microstructures and the porous
materials. Such porous material is based on patterning surface microstructures
on the PDMS/MWCNT (multiple wall carbon nanotubes) porous structure by
nonwoven fabric [104]. As a result of the synergistic interaction between the porous
structure and surface microstructure, the flexible sensor exhibited a highly sensitive
piezoresistive behavior across a broad pressure range from 1 Pa to 100 kPa. The high
sensitivity at lower pressure was attributed to changes in the contact areas between
the electrodes and surface microstructures. At higher pressure, up to 100 kPa, the
sensor maintained its sensitivity, primarily due to the inherent porous nature of the
piezoresistive PDMS/MWCNT material. As shown in Figure 13.7b, the mechanism
was in general described as an increase of conductive paths under applied pressure.
To better understand the sensing mechanism and the effects of porosity/contact,

R (13.45)
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the cross-sectional images of the sensor under pressure were collected by an
ultra-depth three-dimensional microscope, and then the percentage of the solid
component in the image was calculated as the percentage of solid area in the image.
Figure 13.7b(iii) shows the relative resistance change or pressure as a function of
the percentage of the solid area. The result provides the direct experimental data
of the porosity change with the piezoresistive response or pressure, which may be
useful for future correlation of the experimental material design and theoretical
modeling of the RTS.

Xu et al. recently reported an innovative approach to fabricate piezoresistive pres-
sure sensors with high sensitivity and broad linearity range [105]. A hierarchical
in situ filling porous structure as the sensing layer was fabricated by direct writ-
ing printing and curing of carbon nanofibers (CNFs)/PDMS emulsion. First, the
emulsified water droplets filled with CNFs were dispersed in the PDMS emulsion.
The CNFs/water/PDMS emulsion could be extruded uniformly and continuously
and stacked layer-by-layer to form a 3D lattice structure. After curing the PDMS,
water evaporated, and left pores filled with CNFs. Compared with the conventional
porous conductive materials, in which the conductive fillers are only in the solid
and the edge of the pore, the unique fabrication process ensures that the conduc-
tive fillers not only adhere to the edges of the pores but also fill the pores in situ.
Figure 13.7c(i) shows the relative change of the current as a function of pressure for
four types of sensing layers of 1 wt% CNFs and 60% porosity. The synergetic effect of
the internal CNF-filled pores and the lattice structure results in the device with the
highest sensitivity of 2.4 kPa~! and a high linearity (R?> = 0.993) up to 1 MPa. Differ-
ent porosities, concentrations of CNFs, and lattice structures were also investigated.
The mechanism of the improved sensing performance is schematically described in
Figure 13.7c(ii). Under compression, the lattice structure can readily deform, result-
ing in large contact area changes, effective stress distribution, and generating more
conductive paths. When subjected to slight pressure changes, the CNF networks
embedded within the internal porous structure can easily establish contact with each
other, creating freestanding conductive paths within the internal pores. Moreover,
the CNF networks act as a “bridge,” connecting the isolated conductive fillers dis-
persed at the pore edges and forming additional conductive paths. This results in
the generation of conductive paths within the elastomer, pores, and elastomer-pore
interface. Consequently, a more substantial resistance change can be induced across
the entire sensing range.

New strategies for achieving high sensitivity and wide-linear range RTS have
rapidly evolved in recent years [108-110]. Chen et al. reported using an elastic
spacer surrounding the sensing layer to improve the sensitivity of an RTS over a
wide linear range (up to 1.4 MPa) [108]. By introducing the stiffness control of the
elastic spacer, effect of micro-pyramid geometry on the sensitivity can be canceled
by the stiffening constant, resulting in a wide linear range of the sensor. In a
different approach, a broad linear range and highly sensitive pressure sensor were
achieved by the design of multigradient materials (including modulus, conductivity,
and microstructure gradient) [110]. Fine control of the mechanical and structural
properties of piezoresistive sensing materials and devices will need to have better
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13.2 Resistive Tactile Sensors

analytical and numerical models for devices with high sensitivity and linearity
over a wide pressure range for future applications in e-skins and other practical
applications.

13.2.5 Stretchable Resistive Tactile Sensors

Most studies on flexible RTS based on soft conductive materials do not consider
how to decouple the response of the devices induced by pressure or lateral stretch.
Research on stretchable RTS is still at an early stage [111-113]. To incorporate
stretchability into the RTS, strategies for stretchable conductive pressure-sensing
material, stretchable electrodes, and stretchable structural engineering have been
proposed. Several examples of stretch-insensitive RTS are discussed in this section.
This section begins by introducing how to mathematically quantify “strain insen-
sitivity” [114], followed by strategies to mitigate stretch interference. The term
“strain insensitivity” was first introduced in Ref. [114], herein, we further refine the
mathematical definition of “strain insensitivity”.

As illustrated in Figure 13.2b, lateral stretch geometrically affects both the area
and the thickness of an RTS, resulting in a change in the resistance according to
Eq. (13.1). Figure 13.8a offers an example [113]: the resistance at 10 kPa pressure and
aconcurrent 50% uniaxial strain, marked by the yellow triangle, is much higher than
the resistance at the same pressure without any lateral strain, indicated by the yellow
square. This lateral-stretch-induced offset in resistance would result in unreliable
pressure measurement when both pressure and stretch are present. To quantitatively
evaluate stretch interference, Figure 13.8b presents a plot prepared by us. In this plot,
resistances without lateral strain and with 50% uniaxial strain from Figure 13.8a are
plotted as the x-axis and y-axis, respectively. If the RTS is completely stretch insen-
sitive, then the experimental results should all fall on the diagonal dash-dot line
represented by y = x. However, the stretch interference causes the actual data points

, . At 10 kPa
10 7 10 ;
“| = = PS-10_Stretch 0% & 1 .
6 1=+ abndn ! =+= PS-10_Stretch 20% 2 40b -

10 RN, :'*‘1 === PS-10_Stretch 50% | ‘2 ] ! . 7
& 10° L T E10°f 1 7 1
2 it @ A
o 10* i ! ®10 « 1
o HE 1] e f 1 1
S 403 AR g 7
B 10 ] ' = 107 [ = * 1 ]
g . oA 3 A
10 i e Exnd

PV - 3 ’
10 [ W B 4! H
i Ba_ '~ gop S ; !
10° ! 0 i
107 - - " < ]
L 10 100 1,000 10° 10" 10?7 10° 10* 10° 1% 107

(a) Pressure (kPa) (b) Resistance (kQ) @ strain 0%

Figure 13.8 Definition of strain insensitivity. (a) The resistance change of an RTS under
pressure without strain (red), under pressure, and concurrent 20% (green) or 50% (blue)
uniaxial strain. Source: Adapted from Ref. [113]. (b) Resistive response under both pressure
and 50% uniaxial strain versus resistive response under only pressure. Markers closer to the
dash-dotted line indicate higher strain insensitivity.
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to deviate from this line, as illustrated by the blue markers in the graph. To quantify
this deviation, we apply two statistical metrics: the root mean square error (RMSE)

" (R . —Ri)’
RMSE = \/M (13.46)
n

Here R"P s is the resistance under concurrent pressure and stretch for the ith
observation in the dataset, and R, is the resistance under only pressure for the
ith observation in the dataset. n is the sample size of the experiment data set, which
equals 10 in the experimental data given in Figure 13.8a. The normalized root mean
square error (NRMSE):

NRMSE = RMSE/Rp, ¢ (13.47)

The average resistance under both pressure and stretch conditions, denoted as

- . = R . s .
Rp_, is calculated as R, +s=@- The NRMSE is a statistical metric that ranges

from O to infinity, providing insight into the stretch insensitivity. Specifically, an
NRMSE value greater than 1 signifies a substantial discrepancy between Ri, . and
R}, indicating significant stretch interference. An NRMSE between 0 and 1 suggests
some degree of stretch interference, but not overwhelmingly so. When NRMSE is 0,
it indicates that stretch does not introduce any interference into the measurement.
This scenario represents an ideal situation for stretch-insensitive tactile sensors.

In this framework, strain insensitivity is defined as 1 — NRMSE. A strain insen-
sitivity value below 0 implies that the tactile sensors are severely compromised in
their ability to accurately measure pressure when subjected to stretch. On the other
hand, a value approaching 1 indicates a high level of strain insensitivity, meaning
the sensor’s performance is minimally affected by stretch. Referring back to our
example, the strain insensitivity index based on Figure 13.8b [113] is —2.13, indicat-
ing a significant stretch interference of resistance reading. Consequently, the sensors
in Ref. [113] are deemed incapable of providing accurate readings under simultane-
ous pressure and stretch conditions.

Before the recent proposal of the metric of strain insensitivity for quantifying
stretch interference, several strategies were developed to mitigate the issue of stretch
interference. One approach involved spacers, as illustrated in Figure 13.9a(i), in
which the RTS consists of four components [115]: the Ecoflex matrix, the PDMS
spacer, and the top and bottom electrodes, along with the porous sensing materials.
The relatively stiff PDMS spacer insulates against in-plane strain, while the soft
Ecoflex matrix exhibited significant deformation. This design effectively isolated
strain in both the x and y directions, resulting in resistive responses under concur-
rent pressure and stretch that closely resembled the response of sensors subjected
only to pressure (Figure 13.9a(ii)). Figure 13.9b(i) introduces another strategy
known as fabric RTS [112]. These sensors are composed of conductive fibers
(depicted as the red helixes in Figure 13.9b(ii)) wrapped around nonconductive
fibers (yellow strands), creating a fabric-like structure. When the sensor is stretched,
the contacts between conductive fibers remain more or less unchanged, whereas
new contact points form under compression. As a result, its stretch insensitivity
was found to be 0.99.

'sdny wouy d '€TY0'80ECYBLZSEL6/Z00T 0T

YT'0T/10pAL00" Ao | A

PUOD PUE WL | U1 895 *[1202/60/02] U0 ARIQIT3UIIUO B11M ‘So1RIqIT Sexd . O ABBAN AQ ETUD'80EZHBL

100 A3 | 1M A

35UB01 7 SLIOWIWOD 3AIE8.1D ajqedi|dde ay) Ag pauenob ae sspie O 'asn Jo sajni 10y Ariqi auluQ A3|Im uo



13.3 Capacitive Tactile Sensors | 399

Carbon paste

<~y PDVS
'V.

Porous structure

Carbon paste
(a) electrodes

Tension

- Pressure

- 0%
i -25%
y -50%

0 002 0.04 0.06 0.08
Pressure (MPa)

K,

Figure 13.9 Strategies for reducing the stretch interference in resistive pressure sensors.
(a) (i) Illustration of the spacer design of RTS. (ii) The normalized resistance versus pressure
under spontaneous stretches along different directions. Source: Reproduced with
permission from Ref. [115]/Springer Nature/CC BY 4.0. (b) Fabric design of RTS under
stretch (left) (i) and pressure (ii); (iii) The normalized current change versus pressure under
no stretch (black) and spontaneous 25% (red) and 50% (blue) uniaxial stretch. Source:
Reproduced with permission from Ref. [112]. Copyright 2020 American Chemical Society.

To provide a comprehensive comparison, Table 13.2 summarizes several represen-
tative stretchable RTS in terms of sensing mechanism, sensor structure, material,
sensitivity, pressure range, and calculated strain insensitivity. This analysis reveals
a notable gap: a sensor that simultaneously exhibits high sensitivity and high strain
insensitivity is yet to be developed. This highlights the ongoing challenge in sen-
sor technology to create devices that can accurately measure pressure without being
influenced by external factors like stretching.

13.3 Capacitive Tactile Sensors

13.3.1 Introduction of Capacitive Tactile Sensors

Conventional flexible CTS are formed by sandwiching a mechanically compliant
dielectric layer between two thin electrodes, as depicted in Figure 13.10a. The cor-
responding circuit is just a simple capacitor (Figure 13.10b), where the capacitance
C can be expressed as:

c= ke(,% (13.48)

where k is the dielectric constant of the dielectric, which is a measure of a material’s
response to an electric field, ¢, is the permittivity of vacuum, A is the area of the
electrodes, and d is the gap in between.
Upon compression, the electrode gap shrinks, but the electrode area does not
change. Therefore, the relative change in capacitance is
AC _ k dy

4 _ k% 4 13.49
C, k,d (13.49)
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Table 13.2 Summary of Representative Flexible and Stretchable RTS.

Sensitivity (kPa~!)  Stretch
(Sensing insensitivity
References Structure Material Mechanism range [kPa]) (stretchability)
[112] Fabric Resistive Contact ~0.008 (0-10) 0.952 (50%)
rubber resistance ~0.001 (10-80)
[60] Film PVDF/ Contact ~817.4(0.072-0.74) NM
Ti3A1C2 resistance ~2213.3 (0.74-3)
[69] Micro- CNT/PDMS Tunneling ~15.1 (0-0.5) NM
domes resistance/ ~1000 (0.5-2.5)*
contact ~0.1 (2.5-30)*
resistance
[116] Micro- AgNW/ Contact ~3(0-2.5)* 0.394 (100%)
domes PDMS resistance ~0.33 (2.5-22.5)*
[74] Micro- PEDOT: Contact ~4.88 (0-3) 0.537 (40%)
pyramids PSS/PUD resistance ~1.54 (3-8)
[113] Micro- SWCNT Contact ~0.75 (0-11)* —0.105 (50%)
pyramids resistance ~134 (11-100)*
[111] Micro- AgNF/ Contact ~1.6 (0-200)* —2.13 (50%)
pyramids graphene resistance
[117] Sponge CNF/ Porous ~84.9 (0.05-5) NM
PAN/PINF structure ~140.9 (6-22)
contact
[118] Sponge Chitosan/ Contact ~147 (0-5) NM
MXene/PU resistance/ ~442 (5-17)
interior
contact
[98] Sponge MXene Porous ~0.1 (0-15) NM
structure
contact
[115] Porous CNT/PDMS Porous ~1.6 (0-5) 0.99 (50%)
structure structure ~0.2 (5-25)
contact or
contact
resistance (not
clearly stated)
[83] Tetragonal ~CNF/PDMS Porous ~4.7 (0-1000) NM
structure structure
contact

“PVDF” denotes polyvinylidene fluoride. “CNT” denotes carbon nanotubes. “PEDOT:PSS”
denotes poly(3,4-ethylenedioxythiophene) polystyrene sulfonate. “PUD” denotes aqueous
polyurethane dispersion. “AgNF” denotes silver nanofiber. “CNF” denotes carbon nanofiber.
“PAN” denotes polyacrylonitrile. “PI NF” denotes polyimide nanofiber. “PU” denotes
polyurethane. The * denotes the sensitivity determined using a two-point slope within the
corresponding sensing range. “NM” indicates “not mentioned.”
Source: Refs. [73, 74, 89, 105, 111-113, 115-119].
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13.3 Capacitive Tactile Sensors
ESS=Se=_= i Aty ——
—r— C

(a) (b) (© (d)

Figure 13.10 Schematics of representative types of CTS. (a) Flat electrodes sandwiching a
solid dielectric layer. (b) The circuit model of CTS. (c) CTS with engineered dielectrics. (d)
CTS with engineered electrodes.

The initial sensitivity S is therefore

S=@=L+i% (13.50)

dp E, k,oP
This equation indicates that the initial sensitivity of CTS can be enhanced through
two primary strategies:

o Employing a soft dielectric layer. This method suggests choosing a dielectric
material with a lower effective Young’s modulus (E), as it could facilitate a greater
decrease in the distance “d” with the same amount of pressure applied.

o Leveraging the dielectrostriction effect. Dielectrostriction is a phenomenon
that describes how the effective dielectric constant changes under pressure,
denoted as a nonzero value of “0k/0P” [120]. A good example to illustrate this
is a porous material filled with a combination of high-k material and air. As the
material gets compressed, the air is replaced with more of the high-k material,
resulting in an increase in the overall effective dielectric constant.

Building on these observations, extensive research has focused on improving
the structure, mechanical characteristics, and electrical attributes of dielectrics.
These efforts have ushered in what we term “engineered dielectrics,” as depicted in
Figure 13.10c. In addition, “engineered electrodes,” shown in Figure 13.10d, have
also been investigated. This section provides a summary of the established elec-
tromechanical understandings related to “engineered dielectrics” and “engineered
electrodes.”

13.3.2 Capacitive Tactile Sensors with Engineered Dielectrics

CTS with micro-patterned dielectrics is sensitive within subtle and low-pressure
regimes with a fast response time. Mannsfeld et al. first introduced micro-patterned
CTS in 2010 [44]. Micro-pyramid dielectric patterns are fabricated by casting PDMS
onto a pyramid silicon mold. The dielectric micro-pyramids enabled CTS to achieve a
sensitivity of 0.55 kPa~! within the 0-7 kPa pressure range, with swift recovery times
measured to be just a few dozen milliseconds - 30 times faster than CTS with solid
dielectrics.

To improve the sensitivity, micro-patterned structures, including micro-pyramids
[123], micro-domes [124], and micro-pillars [125], have been designed to con-
sider various geometric parameters, such as sizes, shapes, and spacing between
microstructures. Finite-element modeling (FEM) [123, 126] has been employed
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to optimize sensor sensitivity. FEM allows for the computational simulation and
analysis of the physical behavior of these sensors, thereby reducing the reliance on
physical experiments for optimization. It provides a means to virtually experiment
with different design parameters, such as base length, geometry height, and other
structural aspects of micro-patterns like micro-pyramids. While FEM is available
for understanding and predicting the performance of specific structures like
micro-pyramids, it typically allows only limited explorations of sensor performance
by adjusting structural parameters of a specific structure like micro-pyramids.
One of the limitations of this approach is that the crucial design parameters for
a broad range of applications are not always identified. In addition, even if some
crucial design parameters are identified in FEM, it is not clear for scientists to know
how crucial design parameters influence sensor performance. These gaps in the
methodology restrict the widespread applicability of FEM in the design of CTS.

To overcome the limitations of FEM in the design and optimization of CTS,
theoretical models of CTS have been explored. One such approach is seen in the
work of Sara et al., who introduced a comprehensive model for microstructured
CTS [39]. This model systematically investigated sensor performances by varying
structural and material parameters, offering a more holistic understanding of how
different design choices impact sensor functionality. The capacitance of these
micro-patterned CTS can be calculated using the equivalent circuit illustrated in
Figure 13.11b(i):

C,i,C

. d
— C air ?raml (13.51)
air T pyramid
where capacitances of each component are defined as:
JairAqir JoA€pyramids
Cair = t ’ prramids = ¢ (13'52)
pyramids pyramids

Here, the f;, represents the volumetric fraction of air, while f , represents volumetric
fraction of pyramids,
Upon compression, the dielectric materials are highly simplified as a spring with
their stiffness k:
k=22 (13.53)
where E is the dielectric material’s modulus, A is the contact area between the
electrode and pyramid, and t is the total height of the pyramid as illustrated in
Figure 13.12b(ii). It is assumed to have a small pressure range so that the volumetric
fraction and the shape change of microstructures are negligible. According to
Hook’s law, F = kx, where F is the applied force and x is the deflection. Rearranging
Eq. (13.53), the deflection is expressed as
oo B
EA
Using known geometric relationships of trapezoids, the effective 1/A for micro-
pyramids is expressed:

1 ! t
L . S 13.55
A /0 (ad — a5 + bo)? (13.55)

(13.54)
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Figure 13.11 CTS with micro-patterned dielectrics. (a) Schematics of CTS with micro-pyramids patterned on the surface of the dielectric. Source:
Reproduced with permission from Ref. [39]. Copyright 2019 Wiley. (b) (i) Equivalent circuit of micro-pyramid CTS (top) and design parameters of the
pyramids (bottom). Source: Reproduced with permission from Ref. [39]. Copyright 2019 John Wiley & Sons. (ii) Schematics of other surface micro-patterns.
The dependence of sensitivity on the (iii) dielectric modulus and (iv) interstructural separation. Source: Reproduced with permission from Ref. [121].
Copyright 2020 American Chemical Society. (c) (i) CTS with porous micro-pyramids. (i) The stress distribution (top) and the electrical field distribution in
the porous micro-pyramid under compression. (iiij) Comparison of the relative change in capacitance between simulation and experimental results. (iv) The
predicted sensitivity versus the simulated sensitivity. Source: Reproduced with permission from Ref. [122]/Springer Nature/CC BY 4.0.
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Figure 13.12 (TS with foam dielectrics. (a) Schematics of CTS with foam dielectrics (top)
and a photograph of the foam (bottom). (b) An empirical model for the relative capacitance
changes versus pressure. Source: Reproduced with permission from Ref. [127]/MDPI/CY

BY 4.0.

where 6 is the distance from each layer to the bottom, a is base length of pyramids,
and ¢ is the height of pyramids. Combining Eqs. (13.54) and (13.55) gives us:

F [ 2
BT g 13.56
X E/O (ad — as + bs)? (13.56)

This analytical expression matches well with the experiment results for micro-
pyramid dielectric CTS [39]. Subsequently, Sara et al. expanded this expression to
other micro-patterned sensors by substituting different effective 1/A for domes,
triangular columns, circular columns, and square columns [121] (as depicted in
Figure 13.11b(ii)). In the study, a pressure of 1 Pa and the corresponding applied
force on sensor F were utilized to update the deflection x according to Eq. (13.54)
followed by calculation of the capacitance change based on Egs. (13.51) and (13.52)
and sensitivity.

To identify the crucial design parameter, Sara et al. systematically varied param-
eters, such as dielectric materials’ modulus E, dielectric constant k, base length a,
height ¢, and interstructural separation for five different structures through theoreti-
cal modeling (Figure 13.11b(ii)). An important aspect of their study is the considera-
tion of different effective 1/A values and varying volumetric fractions of air for each
structure. According to their investigation, modulus E and interstructural separation
are two crucial factors for sensitivity enhancement (Figure 13.11b(iii,iv)).

For all five structures, amplifying the modulus of dielectrics by an order of
magnitude consistently led to a roughly equivalent decrease in initial sensitivity,
as depicted in Figure 13.11b(iii). An enhancement of interstructural separation
boosts sensitivity (Figure 13.11b(iv)), which effectively diminishes the volumetric
ratio of dielectrics, consequently reducing initial capacitance while augmenting the
volumetric ratio of air. Remarkably, compared with other structures, the pyramid
and dome configurations stand out. This superior performance is largely ascribed
to their comparatively lower initial modulus (Figure 13.11b(iii,iv)) [121].

'sdny wouy d '€TY0'80ECYBLZSEL6/Z00T 0T

YT'0T/10pAL00" Ao | A

0 PLe SwWis | 841385 *[7202/60/02] U0 ArIGI 8UIIUO A1 911G Sexa L JO AISBANIN AQ ETUO'B0EZYBL

fajm Al

35UB01 7 SLIOWIWOD 3AIE8.1D ajqedi|dde ay) Ag pauenob ae sspie O 'asn Jo sajni 10y Ariqi auluQ A3|Im uo



13.3 Capacitive Tactile Sensors

The impact of the dielectric constant on sensitivity is markedly overshadowed by
Young’s modulus and interstructural separation. An increase in the dielectric con-
stant k from 1 to 60 results in only a modest enhancement of sensitivity from 4 to
11kPa~! (Ref. [121]). It was also found that enlarging the base length or diameter
of microstructure (dome, triangular, circular, and square column) led to a decline in
the sensitivity, while this trend has only been demonstrated experimentally with the
dome structures [128] and using FEM for the circular columns [129]. Base length
and height also contributed to the sensitivity. An increase in base length leads to
reduced sensitivity across all structures due to the resultant higher volumetric ratio
of dielectrics. In contrast, for triangular, circular, and square column structures,
an increase in height correlates with enhanced sensitivity, since increase in height
indicates a larger increase in distance between two electrodes [129]. Additionally, it
was discerned that comparable changes in the base length and height yield similar
effects on sensitivity change. Yet, in contrast to Young’s modulus, these dimensions
exert a relatively minor influence on sensitivity. This revelation is pivotal for sensor
design, underscoring that mere alterations in structural dimensions fail to signifi-
cantly boost sensitivity and are limited by the constraints of molding techniques.
Therefore, the research focus should pivot toward a more profound exploration and
refinement of the materials used in CTS.

In addition to the theoretical model for solid micro-patterns offered by Sara et al.,
Reza et al. proposed porous micro-pyramids for CTS using FEM to simulate elec-
tromechanical behaviors (Figure 13.11c(i)) [122]. This design includes several key
dimensions: d is the interstructural separation, ¢ is the height of the pyramid, a is
the length of the pyramid base, and b is the length of the top of the pyramid. Subse-
quently, the Neo-Hookean model was employed to describe the mechanical behavior
of the dielectrics:

W = Cyo(, - 3) (13.57)

where C,, is the material constant and I, is the first invariant of the left Cauchy-
Green deformation tensor. By applying pressure on the top electrodes, the defor-
mation and stress contour can be illustrated in Figure 13.11c(ii). The governing
equations for the electric field in the CTS can be described by Gauss’s law,

V- (ke,VV) = p, (13.58)

where k represents the relative dielectric constant of the domain, V represents the
electric potential field, p, represents the volumetric free charge density, and ¢, is the
permittivity of vacuum. The electrical field E can be expressed as:

E=-vv (13.59)

Therefore, the electric field can be observed in Figure 13.12c(ii). The electrical sim-
ulation results showed strong alignment with the experimental data, as depicted in
Figure 13.12c(iii), demonstrating the accuracy of their FEM. Having confirmed the
validity of FEM, the author generates a sensitivity FEM dataset by varying sensor
parameters such as base height, interstructural separation, and porosity [122]. Sub-
sequently, all of the dataset points are fitted to a theoretical relationship. The original
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expression, which is too complex to be presented here, is replaced with a simplified
coefficient multiplied by a function f for explanatory purposes:

PR
where & symbolizes the porosity of the dielectric layer. As illustrated in
Figure 13.12c(iv), the simulated values for S closely aligned with the predicted

(k)

values presented in the paper. Furthermore, S~ ( - ) indicates that the sensitivity
b)g

(13.60)

S is inversely related to modulus E and tip width-to-base ratio Z One order change
of the Young’s modulus E boosts one order of the sensitivity. The interstructural
separation distance d or distance ratio g is proportional to S. A change in the
interstructural separation distance by one order can lead to two orders increase
in sensitivity. These observations align with earlier conclusions from Sara et al.,
emphasizing the significance of modulus E and interstructural separation distance
d. A detailed investigation into the function f (g,k, g) would also elucidate the
analysis of the effect of structures and materials on the sensitivity.

Based on the preceding discussion, we can summarize the following points for
micro-patterned dielectric CTS:

e The modulus E of dielectrics and the interstructural separation distance d have
been identified as two controlling factors that can significantly affect sensitivity in
the past research. Notably, a change in the modulus E by an order of magnitude
can induce a corresponding order of magnitude change in the initial sensitivity.
An increase in the interstructural separation contributes to a higher air volume
ratio, resulting in a reduction of the initial capacitance and enhancement of com-
pressibility of dielectrics.

e The geometry of the micropattern dielectrics can fine-tune the sensitivity. In
the case of micro-domes, both FEM and experiments indicate that decreasing
the dome diameter might be a good way to enhance sensitivity [128]. For
micro-pyramids, a smaller tip-width-to-base ratio b/a has been shown to increase
sensitivity, primarily by augmenting the compressibility of the dielectrics [39].
For structures such as triangular, circular, and square columns, a heightened sen-
sitivity is observed with an increase in their height. This correlation is attributed
to the fact that a greater height results in a more pronounced distance change
between two electrodes when compressed, thereby influencing sensitivity [129].
These recommendations highlight the importance of optimizing micro-patterned
CTS to improve sensitivity and pressure response, providing valuable guidance for
future research and development in this field.

However, it is important to note that there are several limitations in the existing
models for micro-patterned dielectric CTS:

e Current models primarily focus on scenarios involving small pressure ranges
(<10kPa), and the sensitivity enhancement strategies from model are only valid
for initial sensitivity.
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13.3 Capacitive Tactile Sensors

o The trade-off between pressure range and sensitivity was not addressed. Modeling
the pressure response of CTS over a wider range of pressures remains unclear.

In addition to micro-patterned dielectric CTS, CTS with foam dielectrics [127]
have also gained popularity as common choices for CTS, as depicted in Figure 13.12a.
The foam dielectrics are porous polymers with stochastic structures, which are usu-
ally fabricated by foaming templates. For example, porous PDMS or Ecoflex can be
fabricated by mixing sugar or salt into PDMS or Ecoflex precursor, curing the mix-
ture, and then dissolving sugar or salt. To model the CTS with foam dielectrics using
Eq. (13.48) and obtain the sensitivity enhancement strategies based on Eq. (13.50),
analytical expressions for the effective dielectric constant and effective Young’s mod-
ulus of the foam are needed.

The foam can be considered as a two-phase composite of air and polymer, whose
effective dielectric constant can be calculated using effective medium theories [130].
For isotropic foam, its effective dielectric constant is found to be within the upper
and lower Hashin-Shtrikman bounds [131]:

- 31— )k, — 1) ek 3k,n(k, — 1)
P 34k, — 1) T 3k, -1 — )k, — 1)

(13.61)

where 7 is the porosity, k,, is the dielectric constant of the polymer, and k4 is the
effective dielectric constant of the porous polymer.
Assuming incompressibility of the polymer, the porosity # under pressure can be

estimated as [103]
1-n,
l1-e¢

where 7, is the initial porosity and e is the compressive strain. Although

Hashin-Shtrikman bounds also exist for the modulus of two-phase compos-

ites, the modulus-porosity relationships of the polymer foams are more commonly

estimated via phenomenological models [132] or analytical models based on certain

unit cells [133, 134]. The simplest model for open-cell foams with high porosity is

[135, 136]:

E

= a1 -n)? (13.63)

N

p=1- (13.62)

where E| is the modulus of the solid polymer.

Note that even thought there are mature theoretical studies toward effective
Youngs’ modulus (Eq. (13.63)) and effective dielectric constant (Eq. (13.62)) toward
foam dielectrics, no one combined these equations in Egs. (13.48) and (13.50) to
get simple analytical equations for CTS with foam dielectrics. Instead, an empirical
formula, Eq. (13.64), as illustrated in Figure 13.12b, has been proposed to fit
experiment data of sensors’ performance:

AC,
S=—1% (1-e %) (13.64)
CO
Here, AC,,, represents the saturated capacitance at large pressure, C, is the initial
capacitance. P is the applied pressure. P, is the characteristic pressure at which the
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capacitance change reaches 63% of its maximum value. In addition, the pressure
measurement range (PR) corresponded to 95% of the maximum capacitance change,
according to Figure 13.12b, PR = 3P..

o There is a fair agreement between empirical expression and the experiment with a
coefficient of determination R? higher than 0.99. However, it is important to high-
light that the empirical expression remains somewhat phenomenological, lacking
specific guidance for scientists seeking to optimize sensor design.

Nanowire dielectrics are another type of CTS with engineered dielectrics. There
are almost no models of nanowire-dielectric CTS. The challenge in modeling
nanowire-dielectric CTS stems from its inherent multiscale nature. Addressing
this complexity necessitates a homogenization process that transitions nanowire
dielectrics from the nano- or microscale to the macroscale. In addition, the intricacy
of nanowire dielectrics at the nanoscale is amplified by factors such as geometry,
orientation, aspect ratio, distribution, and aggregation of the nanowires, each
adding layers of complexity to the homogenization process [75].

13.3.3 Capacitive Tactile Sensors with Engineered Electrodes

CTS with engineered electrodes often incorporate functional fibers or fabric to
improve flexibility and conformability for large-area deployment, making them
particularly suitable for applications like wearable technology and soft robotics. Qu
et al. provided a deeper understanding of textile-based CTS, particularly focusing
on their sensitivity [137]. A polymer-based functional fiber was developed using a
circular electrode encapsulated by a dielectric layer (Figure 13.13a).

The contact area of the two fibers is assumed to be a double-layer parallel capacitor
(Eq. (13.48)), as shown in Figure 13.13b. Due to the relative area of circular electrode
change during compression, Eq. (13.50) is revised:

d<é_c> dy [A(ok\ L k(0A\ k (od

R HORTIETC B
dp koA, [d \ oP d \ oP A \oP

The contact area A, that is assumed to be a square with side length a, (4, = a,?)

becomes A with side length a (A = a?) under compression (Figure 13.13c). Under

linear elastic regime, the change in diameter L in compression direction and the

thickness of the assumed double-layer parallel capacitor d are described as follows:

d= dO(1 - ecompress)’L = LO(1 - ecompress)’ a= aO(l + Eateral) (13.66)

Where €yery aNd € qpmpreqs 1S lateral and compressive strain, respectively. Assuming
electrodes and dielectric layer have the same Poisson’s ratio 8 = —¢&,e.a/€

compress’
dyd (£> dyoe d
% _ dy —_ 0Y€compress - _ 0 (13.67)
opP op op Edielectic
a
a_A _ 2a0a — 2(1(100 (a) — 2aaoa(glalteral) — Zaaov (13 68)

oP oP opP oP E electrode
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Figure 13.13 CTS with textile electrodes. (a) Schematic of textile CTS. (b) Illustration of the deformation of textile CTS upon compression. (c)
Cross-sectional view of the deformation. (d) Comparison of sensitivity versus pressure between experimental and theoretical results for different doping
concentrations (5, 10, 15 wt%). (e) Stress—strain curves of the electrodes with different doping concentrations (5, 10, 15 wt%). Source: Reproduced with

permission from Ref. [137]. Copyright 2023 American Chemical Society.
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Here, Ejoctrode @0 E gigjectic Stand for Young’s modulus of the electrodes and dielectric
material, respectively. Hence, the sensitivity can be expressed:

(&)
__\G =d0 [é<a_k>+]£2aa0u _,_E d,
dp kOAO d \opP d Eelectrode A Edielectic

Electrodes doped with CNT in a PU matrix were synthesized through a process
involving the mixing of CNT, PU, dimethylformamide (DMF), and water. By alter-
ing the doping concentrations to 5, 10, and 15wt%, electrodes of varying stiffness
were obtained, as indicated by different values of Ej,.,q.- The theoretical model was
found to be consistent with the experimental results, as shown in Figure 13.13d. The
experiments yielded following findings: electrodes with a 15wt% doping concen-
tration displayed the greatest sensitivity, whereas those with a 5wt% concentration
exhibited the least. According to Eq. (13.69), it is deduced that electrodes doped with
15wt% concentration are expected to be the softest, while those with a 5wt% dop-
ing concentration are anticipated to be the stiffest. This theoretical derivation is in
alignment with the experimental results presented in Figure 13.13e.

Based on the sensitivity expression Eq. (13.69), it can be concluded that one strat-
egy to enhance sensitivity is to employ softer electrodes, which is similar to afore-
mentioned strategies.

The exploration of CTS with engineered micro-domes on the electrodes represents
another innovative direction in sensor design. As depicted in Figure 13.14a, the elec-
trodes are structured as micro-domes with a rectangular base, while the dielectric
materials are flat [138]. This design introduces several key geometric parameters
that influence the sensor’s performance: h, represents the thickness of the dielectric
layers, R is the radius of the micro-dome, h;, is the height of the micro-dome, and h,
is the height of the rectangle base. The electrical fields passing through the void and
dielectric micro-dome are represented by E; and ]::;, respectively. The capacitance
of the sensor C is described as C = Cy;; + Cy,. The capacitance is calculated through
the expression:

—-q
C= o (13.70)
where q is the total charge quantity and U is the electrical potential. The total elec-
trical quantity g can be determined through the following expression:

q=/aOdA (13.71)

where o, represents charge density. The charge corresponding to Cy, and C, is
denoted as q,,and g, respectively. The charge can be calculated as:

do1 =/50dA1v%2=/°'0dA2 (13.72)

where A, is the overlapping area between two electrodes and void, A, is the
surface area of dome respectively. It is assumed that the electrical fields passing
through the void E; and the dielectric materials E; are uniform. In addition,
they posited that the electrical field lines are perpendicular to the dielectric and
enter vertically into the dome structures, forming an arc shape, as illustrated in

(13.69)
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Figure 13.14 (TS with micro-dome electrodes. (a) Schematic of micro-dome electrodes.
(b) Theoretical and experimental curves for the relative capacitance change versus
pressure. (c) Effects of the Young’s modulus of the dielectric material on the relative
capacitance change. (d) Effects of the thickness of the dielectric material on the relative
capacitance change. Source: Reproduced with permission from Ref. [138]. Copyright 2022
IOP Publishing.

Figure 13.14a. The corresponding electrical potential for C; and C, is U, and
U,,, respectively.

Uy = / E di+ / E,dl, Uy, = U, (13.73)
hi+h, hy
Hence, the two components of capacitance are described as:
01 o2
Cp=——7,Cp=— (13.74)
UOl U02

Pressure and sensitivity can be calculated by considering how compression affects
the sensor’s geometry and electrical properties. When pressure is applied, there
is a reduction in h; (the height of the micro-dome) and corresponding U, (the
electrical potential related to C,). This occurs because the micro-dome electrodes
come into contact with the dielectric, altering the electrical field intensity and thus
U,, (the electrical potential related to C,,). Consequently, C,,;, Cy, are affected. The
relationship between the applied force F and the deflection 6 is described by contact
mechanics:

413
F = EKRzﬁz (13.75)
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where R is the radius of micro-domes, K is the contact modulus illustrated in
Eq. (13.14). The total contact force is used to calculate the pressure. While sensitiv-
ity expression is not explicitly given in the work, the deflection § was used to update
the force and the pressure on the sensors and their corresponding sensitivity.

Due to the absence of direct experimental data for such sensors, the existing data
from pyramid electrode-based CTS was adapted to an effective dome shape, thus
allowing them to test their theoretical predictions against this modified dataset
(Figure 13.14b). Subsequently, they adjusted parameters in the theory to identify
the critical parameters affecting sensitivity. In Figure 13.14c, they varied Young’s
modulus of dielectric materials from 0.05 to 0.45MPa and plotted relative capaci-
tance changes versus pressure. They found that softer dielectric materials resulted
in higher sensitivity. This observation is consistent with previous studies and aligns
with the understanding that softer materials allow for greater deformation under
pressure, leading to larger changes in capacitance. Additionally, they varied the
thickness of the dielectric material from 1 to 7 pm and plotted relative capacitance
changes versus pressure. They observed that thinner dielectric materials were
associated with higher sensitivity (Figure 13.14d). The authors attributed this phe-
nomenon to the observation for parallel plate capacitors that capacitance changes
more rapidly when the distance between the two electrodes is reduced [138].

A common conclusion about softer dielectric materials resulting in higher sensi-
tivity was obtained. The authors assumed the electrical field to be an arc line, which
was a good trial to simplify the problem, while a more rigorous study needs to be con-
ducted to validate the assumption. Due to a lack of experimental data for CTS with
micro-dome electrodes, they simplified micro-pyramid into an effective micro-dome
to validate the theory, which is not that rigorous.

CTS with porous electrodes represents another innovative approach to the design
of CTS. These sensors typically consist of a flat dielectric layer sandwiched between
a porous elastic electrode and a flat electrode. The unique structure of these sensors
makes them particularly sensitive to small pressures.

Zhang et al. fabricated a CTS with an elastic sponge, as shown in Figure 13.15a
[139]. The sensor has a sensitivity of 2.25kPa~! up to 5kPa (Figure 13.15b). They
simplified the porous electrode into a honeycomb structure for the simulation. As
illustrated in Figure 13.15c, the electrical field in this configuration does not follow a
simple vertical path from the top to the bottom electrode. Instead, it concentrates in
areas where the porous electrode makes contact with the dielectric layer. This con-
centrated electrical field implies that the capacitance change is primarily driven by
variations in the contact area between the elastic porous electrode and the dielectric
layer. Initially, this contact area is small but increases rapidly under slight pressure
and eventually saturates at higher pressures. This behavior explains the ultrahigh
sensitivity of these sensors to low pressure.

The COMSOL simulation results (Figure 13.15c) suggest that the contact area
between the porous electrode and the dielectric layer is a critical factor in sensor
performance. Engineering the contact interface could, therefore, be a key strategy
for further enhancing the sensitivity of these sensors. However, the analytical mod-
eling of CTS with porous electrodes presents significant challenges, primarily due to
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Figure 13.15 CTS with porous electrodes. (a) Schematic of CTS with porous electrodes.
(b) Capacitance versus pressure plots of five repetitive tests. (c) COMSOL simulation of the
electrical field of CTS with porous electrode. Source: Reproduced with permission from
Ref. [139]. Copyright 2018 IOP Publishing.

the non-vertical orientation of the electrical field. Traditional equations that assume
a simple, vertical electrical field may not be applicable in this context. This com-
plexity necessitates the development of new theoretical models that can accurately
capture the intricate behavior of the electrical field in these porous structures.

13.3.4 Stretchable Capacitive Tactile Sensors

The concept of strain insensitivity initially applied to stretchable RTS can be also
extended to stretchable CTS such that we can have a quantitative comparison of the
influence of lateral stretch on stretchable CTS.

The mathematical formulation for strain insensitivity in stretchable CTS involves
calculating the RMSE and the NRMSE as follows:

_ o] Zh(Ch)
RMSE = |/ ==-+"2—~ NRMSE (13.76)

= RMSE/Cp,s, Strain insensitivity = 1 — NRMSE

Here Ci, .5 1s the capacitance under both pressure and stretch for the ith observation
in the dataset and Cj, is the capacitance under pressure for the ith observation in
the dataset. n is the sample size of the experiment data set. For example, n = 7 in
Figure 13.16b.

A popular strategy to mitigate the stretch interference is to employ stiff islands
to isolate the lateral strain applied to the substrate from the CTS, as exemplified
in Figure 13.16a. The CTS comprised three components: the Ecoflex substrate, the

Strain (%) 10
: — 5 Ecoflex ' '!_.-.- &
- p— Hold:ir_s’\ . K ® ——Unstrtched (RT)
h ‘c;f’?' E b o B Q4 o
- T, B - - 24
- — | - S
oo 0 2 4 6 8 10
@) splacement (b) Pressure (kPa)

Figure 13.16 Strain isolation through island design. (a) Illustration and strain distribution
in the CTS with the stiff island design. (b) The normalized capacitance changes versus
pressure under spontaneous stretch and temperature interference. Source: Reproduced with
permission from Ref. [140]. Copyright 2019 American Chemical Society.
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414 | 13 Electromechanics of Soft Resistive and Capacitive Tactile Sensors

Table 13.3 Summary of Representative Flexible and Stretchable CTS.

References Structure

Materials Mechanism

Sensitivity (kPa~!)
(sensing
range [kPa])

Stretch
insensitivity
(stretchability)

[141]

[142]

[143]

[29]

[58]

[144]

[145]

[59]

[42]

[146]

[147]

[148]

[149]

[43]

[44]

[55]

[150]

Film
dielectrics
Film
dielectrics
Film
dielectrics
Film
dielectrics
Nanowire
stack
Film
dielectrics
(Micro-
pyramid
electrodes)

Micro-
pyramid
dielectrics

Porous
elastomer
dielectrics
Film
dielectrics
(Textile
electrode)

Wrinkle
dielectrics
Film
dielectrics
Film
dielectrics

Porous
dielectrics

Porous
dielectrics
w/surface
textile

Porous
micro-
pyramid
Film
dielectrics

Hydrogel High-k
(PAM-LiCl) dielectrics

SWCNT/ High-k

PDMS dielectrics
VHB Tape High-k
dielectrics
Ecoflex High-k
dielectrics
Silicone Air gap
nanowires

Graphene/  High-k

HPU(AgNWs/ dielectrics/ air

HPU) gap

SiNP/PDMS  Air gap

CNT Air gap

elastomer

Fluorosilicone Air gap

Ecoflex Air gap
PDMS Dielectrics
PGS and Dielectrics
POMaC

Silicone foam Air gap

PDMS foam  Air gap

PDMS foam  Air gap

PDMS Dielectrics

Micro-domes Liquid metal ~ Air gap

/PDMS

~0.0046 (0-27.5)
~0.0059 (0-200)
~0.00051 (0-100)
~0.0077 (0-20)
~1.173 (0-10) ~0.5

(10-50)

~2(0-3) ~0.6
(3-18)

~1(0-2) ~0.375
(2-10)

~0.601 (0-10) ~0.4
(10-30) ~0.077
(30-140)

~0.28 (0-180)

~0.107 (0-10)

~0.002 (0-500)

~0.13 (0-100)

~0.0036 (0-250)

~0.11 (0-25)

~1.54 (0-1) ~0.601
(1-5) ~0.2 (5-10)

~0.00023 (0-800)

~0.17 (0-25)

NM (480%)

NM (95%)

NM (60%)

NM (10%)

NM

NM

NM

NM

NM (5%)

NM (15%)

0.787 (15%)

NM (30%)

0.98 (60%)

NM (50%)

0.877 (94%)
(45%)*

Source: Refs. [38, 42, 43, 70-72, 140-150].
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13.4 Resistive-Capacitive Hybrid Response Tactile Sensors

PDMS stiff islands, and the holder. The micro-pyramid-based CTS were located on
the PDMS islands, which experienced only a strain of 5.8% when the substrate was
stretched by 50%. Figure 13.16b verifies that the curves of normalized capacitance
versus pressure nearly coincide, regardless of whether the lateral strain is at 20%,
40%, or 60%.

However, it is important to note that while the island design effectively reduces
stretch interference, it can also introduce complexities in design and manufacturing,
which might lead to higher production costs and could potentially affect other sen-
sor characteristics, such as sensitivity. As indicated in Table 13.3, CTS employing
stretch-mitigation strategies may exhibit lower sensitivity, highlighting a trade-off
between sensitivity and stretch insensitivity. Therefore, while strategies like the stiff
island design can significantly reduce stretch interference in CTS, they may also
bring additional challenges in terms of complexity and sensitivity, which must be
carefully considered in the sensor design process.

“PAM-LiCl” denotes poly(acrylamide) - LiCl hydrogel. “SWCNT” denotes
single-wall carbon nanotubes. “VHB” is a type of tape in 3M company. “HPU”
denotes healable polyurethane. “AgNWs” denotes silver nanowires. “SiNP” denotes
silicone nanoparticle. “PGS” denotes poly(glycerol sebacate). “POMaC” denotes
poly(octamethylene maleate (anhydride) citrate). “NM” denotes not mentioned. In
Ref. [150], the device’s stretchability is stated to be 94%. However, because the graph
showing the capacitance versus pressure curve is only provided at a 45% strain, the
calculation for strain insensitivity is based on this curve.

13.4 Resistive-Capacitive Hybrid Response Tactile
Sensors

13.4.1 Flexible Hybrid Response Tactile Sensors

After decades of development, the performance of RTS and CTS is approaching its
limits. However, bottlenecks such as sensitivity-pressure tradeoff and stretch inter-
ference persist. The emergence of resistive-capacitive hybrid response tactile sensors
(HRTS) has shed some light on possible remedies [151]. The first HRTS was formed
by sandwiching a PNC between two parallel electrodes with an ultrathin dielectric
layer inserted between the PNC and the electrodes (as illustrated in Figure 13.17a)
[151]. The PNC was fabricated from CNT-doped Ecoflex, using commercial nickel
foam as a sacrificial template, resulting in an open-cell structure with tubular lig-
aments and an overall porosity of 86%. The simplified equivalent circuit of HRTS
is shown in Figure 13.17b. Due to the resistive nature of the ligaments in the PNC
and the parasitic capacitance generated by the air pores, the PNC exhibits a com-
bined response involving both piezoresistivity and piezocapacitance. The ultrathin
dielectric layer made of polymethyl methacrylate (PMMA) ensures that the overall
sensor remains capacitive. HRTS demonstrates exceptional sensitivity, even under
high pressure - a remarkable improvement of up to 423% over conventional CTS
within the 10-30 kPa range [151].

415
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Figure 13.17 HRTS and SHRTS. (a) Schematic of the hybrid response tactile sensors. (b) The equivalent circuit of hybrid response tactile sensor. (c)
Comparison of the sensitivity of HRTS with capacitive tactile sensors reported in the literature in the pressure ranges of 1-5, 5-10, 10-30, and
30-50kPa. (d) The plot of capacitance versus compressive strain for the HRPS with the optimum CNT doping ratio of 0.50 wt%. Source: Reproduced with
permission from Ref. [151]. Copyright 2021 John Wiley & Sons. (e) Schematic of the hybrid response fabric CTS. Source: Reproduced with permission from
Ref. [152]. Copyright 2023 American Chemical Society. (f) (i) The schematics of stretchable hybrid response tactile sensor. (ii) The capacitance changes
versus pressure under spontaneous 0%, 10%, 20%, 30%, and 40% uniaxial stretch [153]. (g) Ashby plot of sensitivity up to 10 kPa~* of stretchable CTS and
stretchable RTS versus stretchability. (h) Ashby plot of sensitivity up to 10 kPa~! of stretchable CTS and stretchable RTS versus strain insensitivity.
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13.4 Resistive-Capacitive Hybrid Response Tactile Sensors

Modeling the electromechanics of HRTS started with modeling the piezoresistive
and piezocapacitive behaviors of the PNC. Due to the difficulties of piezoresistive
modeling of highly porous and deformable PNC doped at the percolation threshold,
the piezoresistive model (Rpyc in Figure 13.17b) was just obtained by fitting
the experimental measurements of the PNC. The piezocapacitive model (C,;, in
Figure 13.17b) for the PNC assumes the electrical field is uniform and could be
simply modeled as a double parallel plate capacitor.

Cair = kso% (13.77)

where k is the dielectric constant, ¢, is the permittivity of vacuum, A is the rela-
tive area of the double parallel plate capacitor, and d is the distance between two
electrodes. Plugging the piezoresistive and piezocapacitive models into the simpli-
fied circuit given in Figure 13.17b yielded a reasonable prediction of HRTS response
up to a pressure of 10kPa, as shown in Figure 13.17d. This model fails to track
the HRTS experiment at large pressure because piezocapacitive model cannot cap-
ture the capacitance change when PNC gets more conductive and electrical field is
distorted.

Furthering this innovation, Qu et al. reported a fabric HRTS [152], which is com-
posed of an electrode layer (yellow in Figure 13.17e), a porous conductive compos-
ite (green in Figure 13.17e), and an insulating layer (blue in Figure 13.17e) [152].
This fabric HRTS has improved the sensitivity by approximately 1081% within the
10-25kPa range compared to existing fabric CTS [152]. The significant enhance-
ment of sensitivity as demonstrated in the two cases establishes the HRTS as a viable
solution to overcoming the sensitivity-pressure trade-off.

13.4.2 Stretchable Hybrid Response Tactile Sensors

The gold electrodes and PMMA dielectric layer in the first HRTS inherently lack
stretchability. To create a stretchable hybrid response tactile sensor (SHRTS), the
gold electrodes were replaced by CNT spray-coated on PDMS, and the PMMA was
replaced by PDMS, as illustrated in Figure 13.17f(i) [153]. These modifications have
enabled the SHRTS to achieve a stretchability of up to 70%. When the SHRTS was
subjected to combined out-of-plane pressure and in-plane stretching, as depicted
in Figure 13.17f(ii) [153], its pressure response curves across varying tensile
strains (0-40%) almost overlapped, indicating that the sensor is almost immune
from stretch interference. To further highlight the exceptional performance of
SHRTS, Figure 13.17g presents an Ashby plot that compares the sensitivity and
stretchability of various CTS and RTS, as cataloged in Tables 13.2 and 13.3. In this
context, 10kPa is identified as the pressure relevant to gentle human touch [154].
Marked by a red star on the plot, the SHRTS stands out for its high stretchability,
coupled with significant sensitivity, making it highly suitable for nondevelopable
and/or inflatable surfaces. Additionally, Figure 13.17h features an Ashby plot of
sensitivity versus strain insensitivity for the same range of sensors. Here again, the
SHRTS, indicated by the red star, demonstrates its minimal sensitivity to stretching
interference while maintaining high sensitivity. These two Ashby plots highlight the
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promising future of SHRTS as a stretchable but relatively stretch-insensitive tactile
sensor. The electromechanics of SHRTS remain elusive given the large porosity
and deformability of the PNC, difficulties in modeling the contact resistance and
interface capacitance, as well as the AC effects. We identify these challenges to be a
major frontier of the electromechanics of resistive and capacitive pressure sensors
with rich opportunities.

13.5 Conclusion and Outlook

13.5.1 Summary of the Existing Achievements

Resistive and capacitive sensors are among the most basic and commonly used
modes for tactile sensing in various applications, from robotics to consumer
electronics. Over the past two decades, remarkable advancements have been made
in engineering these sensors with flexibility and stretchability using soft conductive
materials and dielectrics. Many innovative strategies have been employed to bring
sensitivity close to that of human skin (around 2kPa~!) at small pressures (i.e.
10kPa) [155, 156]. These strategies include engineering the contact and tunneling
resistance in RTS [29, 157], utilizing high-k materials, and/or incorporating air
gaps in CTS [157, 158]. In limited cases, exceptional sensitivity (4.7 kPa~!) has been
achieved in high-pressure regimes (10-100 kPa) [111]. This chapter outlines existing
electromechanical models to facilitate the understanding and future development
of RTS and CTS, which are briefly summarized as follows:

o Resistive Tactile Sensors (RTS): We have categorized the pressure-sensing com-
ponents in RTS into three major mechanisms - microstructured contacts, bulk
conductive nanocomposites, and porous conductive materials. In the first case, if
contact resistance is dominating, decreasing Young’s modulus of sensing materials
increases the sensitivity. Compared with regular structures like micro-pyramids
and micro-domes, RDS may have more contact area change. For bulk conductive
nanocomposite-based RTS, the concentration of the filler and the modulus of the
composite are two essential parameters for the sensor design. Porous conductive
materials are basically a combination of the first two mechanisms, which could
lead to an enhancement of the sensitivity and sensing range beyond the individual
ones.

e Capacitive Tactile Sensors (CTS): We have divided CTS into engineered
dielectrics and engineered electrodes. For CTS with engineered dielectrics, it
is well recognized that the Young’s modulus and the volume fraction of air of
the dielectric layer are critical design parameters. A decrease in modulus or an
increase in air volume fraction can enhance sensitivity but may compromise the
sensing range. In comparison, structural characteristics might be less influential
on these sensors. For CTS with engineered electrodes, the Young’s moduli of
both the dielectric and the electrodes matter. Since the electric field in those CTS
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13.5 Conclusion and Outlook

differs from those of parallel plate capacitors, identifying crucial parameters can
be challenging.

o Hybrid Response Tactile Sensors (HRTS): By merging resistive and capacitive
responses in one sensor, HRTS, as described in Section 13.4, has demonstrated
the potential to overcome some major bottlenecks of RTS and CTS, such as
sensitivity-pressure tradeoff and stretch interference [68, 151]. However, HRTS
are still in their infancy, and the electromechanical understandings are still very
limited. A major difference between HRTS and conventional resistive and CTS
lies in their AC frequency-dependent behaviors [159], which opens a new avenue
of device tuning and readout circuit engineering.

13.5.2 Remaining Challenges and Future Prospects

While extensive research efforts have been invested in constructing and enhancing
the materials and structures used in RTS and CTS, important device details are often
insufficiently documented. These include parameters such as electrode and sensing
material sizes, initial resistance or capacitance before deformation, electrode contact
(separate or integrated with the sensing material), and specifics of the test appara-
tus. Likewise, inconsistencies in reporting and comparing sensor performance data,
including the use of AI/I, or AR/R, to present RTS results, and sensitivity evalu-
ated at different pressure magnitudes or ranges, need to be addressed. By harmoniz-
ing experimental setups and data reporting, it could pave the way to greater use of
machine learning and artificial intelligence for sensor design, sparking innovation
in resistive and capacitive tactile sensors.

Additionally, while methods of modeling and simulation to explore the electrome-
chanics of these sensors are commonly used, the details of these methods often lack
clarity. There have been only a limited number of comprehensive attempts to eluci-
date the relationship between factors like Young’s modulus, sensor structures, and
sensor performance. Some models, like those based on tunneling effects, can be
too intricate for immediate use by sensor developers, while others, such as those
involving porous materials with stochastic structures, are difficult to simplify and
quantify. For example, even in instances of simple structures like micro-domes and
micro-pyramids, existing models typically apply to specific cases rather than provid-
ing a broader set of guidelines for future research.

To advance the field, it is urgently required to develop a foundational and uni-
versally applicable theoretical and numerical modeling framework. This should be
grounded in physics, yet feasibly be adopted by engineers. One of the main chal-
lenges lies in creating simplified electromechanical models that encapsulate the pri-
mary mechanisms and control parameters of resistive and capacitive tactile sensors.
This is inherently complex due to the intricate interplay between material properties,
sensor structures, and multi-directional mechanical stress. However, simplifications
informed by experiments and multiscale modeling in mechanics can be expanded
to the research on the electromechanics of RTS and CTS.
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