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ABSTRACT

A large deformation mechanics model is employed in
predicting capacitance changes in an all-elastomer ca-
pacitive tactile sensor, and the predictive model is ex-
perimentally validated. The compressive model predicts
a non-linear relationship between the contact normal
force and resulting capacitance change due to changes in
electrode gap and electrode layer thickness. Broad para-
metric studies demonstrate that higher sensing capabil-
ities can be achieved when using sensors made of softer
materials and smaller electrode gaps. Sensors are fab-
ricated using a reusable silicon mold and experimental
results are compared to predictions from the capacitance
model. Calibrated capacitance-force model predictions
are shown to be in remarkable agreement with exper-
imental measurements. A fringe effects term included
in the capacitance model highlights the limitations of
the parallel plate model especially for sensors with large
electrode layer gaps.

Keywords: capacitive tactile sensor, experimental val-
idation, microfabrication, non-linear predictive model,
parametric studies

1 INTRODUCTION

The developments of advanced technologies in
robotic grasping, motion of prosthetics, and robot as-
sisted biomedical surgery require “real-time” knowledge
of applied forces and their locations. In response, in re-
cent years, tactile sensor technologies received increased
attention [1, 2] aimed at addressing both fabrication
challenges as well as performance goals. Recent devel-
opments in microfabrication technologies have enabled
the development of Micro-Electro-Mechanical Systems
(MEMS) tactile sensors that have shown to have in-
creased spatial resolution while manufactured at rela-
tively low cost and large quantities [3, 4]. Since these
sensors usually need to be mounted on curved surfaces,
it is critical that they are flexible to bend as well as
stretchable [5]. Thus, soft polymer-based materials such
as polyimide (PI), or polydimethlysiloxane (PDMS) are
used as the substrate phase for flexible MEMS sensors
[3, 4]. Among many sensors, capacitive tactile sensors

Figure 1: An applied pressure compresses and
expands the all-elastomer sensor through Poisson’s

effect, resulting in a decreased capacitance across the
electrodes. The electrodes (color: gold) are sandwiched

by the dielectric layer (color: beige).

are known to be characterized by better spatial resolu-
tion and higher sensitivity.

2 SENSOR MODEL

In-plane capacitive tactile sensor has been designed
and fabricated in [3, 6]. The schematic of the designed
sensor is shown in Fig. 1. A rectangular sensor geom-
etry that undergoes a uniform compressive stress will
compress in the direction of the applied force and ex-
pand perpendicularly to the applied force as governed by
Poisson’s ratio. Given the material properties, the de-
formation (and ultimately capacitance) can be related
to the force and applied pressure. This physical phe-
nomenon can be measured by placing compliant elec-
trodes on either end of the deformed material, so that
the deformation is correlated to a change in capacitance
across the electrodes.

2.1 The Large Deformation Layer
Compression Model

The working principle of the designed sensor is shown
in Fig. 2(a). As shown, conductive electrodes of initial
thickness T are embedded in a thin elastomeric layer
of thickness H. The electrodes are separated by initial
gap D. Upon contact the top surface of the sensor may
compress by a uniform deformation U . Thus, the initial
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Figure 2: (a) A cross-sectional view of the sensor
designed and modeled in this study. (b) A flow chart

indicating the process used to establish the
relationship between the sensor capacitance C(F ) and
the applied contact force F . The constants q and γ are

determined through model calibration studies.

layer thickness H decreases to h, while the electrode gap
D increases to d, and the electrode thickness T decreases
to t. Consistent with the flowchart shown in Fig. 2 (b),
the change in capacitance can be related to the applied
force using the large deformation and force-capacitance
model developed in [6, 7] which utilizes the electrode
gap and thickness changes during contact.

The schematic of the boundary value problem (BVP)
solved in [7] is shown in Fig. 3. The displacement of
a point Q shown in the above figure is given by it’s
displacement along both the 1 and 2 axes,

u1(x1, x2) = y1 − x1 = x1(f(x2) − 1), (1a)

u2(x2) = y2 − x2 = g(x2) − x2, (1b)

where f(x2) and g(x2) are found out to be,

f(x2) = cos(αx2) + tan(αH) sin(αx2), (2)

g(x2) =
cos(αH)

α

(
log

1 + sin(αH)

1 − sin(αH)

− log
1 + (tan(αH) − tan(αx2

2 )) cos(αH)

1 − (tan(αH) − tan(αx2

2 )) cos(αH)

)
. (3)

Figure 3: A schematic showing the infinitely long soft
polymeric layer subjected to uniform displacement U

along its top surface.

In the above equations, H is the initial layer height
and αH is a constant that depends on the relative layer
compression U/H. The value of αH can be determined
by enforcing g(x2 = H) = h, with h as the deformed
layer thickness, i.e., h = H − U . A complete lookup
table of αH values computed by solving the nonlinear
equation g(H) = h is given in [7].

Furthermore, based on the above model, the non-
trivial Cauchy stress components can be expressed as
follows,

σ11 = −P + C1(f2 + (x1f
′)2) + C2g

′2, (4a)

σ12 = (C1 − C2)x1f
′g′, (4b)

σ22 = −P + C1g
′2 + C2(f2 + x21f

′2), (4c)

in which C1 and C2 are Mooney-Rivlin (M-R) material
constants, and P (x1, x2) is the pressure and is given by,

P = C2x
2
1f
′2+

(C1 − C2)

2
Ax21f

2+
(C1 + C2)

2

1

f2
+C2f

2+Π,

(5)

with the constant Π determined with the aid of global
equilibrium as discussed in [7]. Analytical and finite
element (FE) results were shown to agree in [7] over a
broad range of layer compression with the most severe
case reported to be U/H = 0.4, corresponding to 40 %
layer thinning.

2.2 Sensor Contact Force

With the aid of the large deformation model devel-
oped in [7], the applied force over undeformed contact
area 2Lc × wc can be expressed as,

F = 2wcLcλ(−C1 − C2

6
AL2λ2 +

C1 − C2

2

1

λ2
− Π), (6)

where λ = f(x2 = H) is the principal stretch ratio for
material points on the top surface of the polymer layer,
and A and Π are constants determined through bound-
ary and global equilibrium conditions and depend on the
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layer compression level U/H. The constant A is nega-
tive and is given as A = −α2, where α is obtained by
solving a non-linear equation resulting from the geomet-
ric condition g(x2 = H) = h.

As discussed in detail in [6, 7], the constant Π is cal-
culated by enforcing the global equilibrium in the long
layer direction. In doing so, the calibration factors ζ
and m are introduced to align the model developed in
[7], which assumes infinitely long layer (Fig. 3), with the
actual fabricated sensors with finite length. The latter
constants are determined through model comparison to
experiments.

2.3 Sensor Change in Capacitance

As discussed in [6], an enhanced capacitance model
that accounts for both the parallel plate as well as the
fringe electric field effects is developed. Based on the
proposed model, the change in capacitance, ∆C, can be
expressed as follows,

∆C = C0 − C = ε0εrwe

( T
D

− t

d

)
q
(U
D

)γ
, (7)

where the q(U/D)γ term is introduced as a modification
to the parallel plate capacitance change term constitut-
ing the remainder of Eq. (7). The parameters q and γ
are obtained through model comparison to experiments.
The current electrode gap, d, can be obtained using the
large deformation model developed in [7]. The current
electrode thickness, on the other hand, is obtained us-
ing an empirical expression that accounts for the hetero-
geneity between the electrodes and the dielectric layer.
Based on the relevant finite element studies, a minimum
tmin is used as an asymptotic value for the maximum
electrode layer thinning. Thus, the current thickness t
takes the following form,

t = tmin + (T − tmin)e−n
U
H , (8)

where n is a constant controlling the electrode thinning
rate with respect to the layer compression U/H which
depends on the electrode gap D. The values of n and
tmin are reported in Table 1 for all 3 different sensors
considered in this study.

3 Experimental Methods

In order to validate the above sensor model , tac-
tile sensors are fabricated using a variation on the mi-
cromolding process first reported in [3]. The detail of
microfabrication process can be found in [6].

The total thickness of the fabricated sensors was
H = 950 µm while the dielectric layer width was
wd = 3,500 µm. Electrode layers of initial thickness
T = 100 µm were placed at S = 550 µm from the
bottom sensor surface. Sensors with electrode gaps of
20, 50, and 100 µm were fabricated. Material testing

(a)

(b)

Figure 4: (a) Peeling of the fabricated sensors from
silicon mold, (b) fabricated sensors for 3 different

geometries considered in this study.

of these tactile sensors yielded a Modulus of Elastic-
ity Ed = 1.2 MPa, for the polymer dielectric layer
and that of the composite elastomeric electrode to be
Ee = 2.1 MPa. The fabricated sensors are shown in
Fig. 4.

4 Results

A displacement was applied normal to the electrode
gap for three sensors with initial gaps, 20 µm, 50 µm,
and 100 µm, to assess each sensor’s performance. The
relationship of the applied displacement to the measured
capacitance was recorded. The model was then used to
obtain the force capacitance change curves.

4.1 Capacitance and Force Results

The model uses the sensor geometry variables con-
sistent with fabricated sensors in Sec 3. Model dielectric
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Table 1: Model parameters for three different sensor
geometries considered in this study.

D(µm) ζ m tmin/T n q γ
20 20 1 0.7 25 1.85 -0.4
50 20 1 0.7 10 2.65 -0.3
100 20 1 0.7 5 0.65 -0.3

constants of ε0 = 8.8541 pF/m and εr = 2.4 are consis-
tent with reported values for Sylgard 184 PDMS.

Model calibration factors, i.e., ζ,m, q, γ are obtained
through a best-fit optimization process as discussed in
detail in [6]. These parameters are reported in Table 1
for all three sensor geometries considered in this study.

The model predictions for the above optimal cali-
bration factors, q, γ, plotted along with the experimen-
tal data is shown in Fig. 5 (Model 1). Furthermore, for
comparison purposes, the results obtained using the par-
allel plate model alone, without fringe field effects are
also shown in the same figure (Model 2; dashed lines).

Exceptional agreement is shown to exist between the
analytical model (Model 1, with fringe field effects) pre-
dictions and the related experimental data. It is note-
worthy that the non-linear model developed herein cap-
tures the sensor response over the entire applied force
envelope. These findings suggest that the current non-
linear sensor capacitance model represents a dramatic
improvement over existing linear models [3] and that it
can be used to predict the sensor response over its entire
sensing range.

Broad parametric study were also carried out in [6],
which can be used to enhance the performance of these
sensors.

5 Conclusions

A predictive non-linear capacitance change model
has been developed for tactile capacitance sensors sub-
jected to pressure loading. This new model expands
existing linear model capabilities and can be used to
predict the sensor response over its entire sensing range.
The model incorporates the non-linear deformation me-
chanics for a soft elastomeric layer subjected to uni-
form compressive displacement condition. The model
was properly adjusted to incorporate the finite contact
probe effects through a rigorous shear stress integration
technique. The capacitance change model was embed-
ded into an optimization algorithm aimed at identify-
ing model parameters that resulted in best fit model
predictions with reported experimental data for three
self-similar sensor systems. The calibrated model pre-
dictions were shown to be in excellent agreement with
the experimental results over the entire applied force
range for all three sensor tested.

The model capabilities were further explored by con-
ducting broad parametric studies aimed at investigating

Figure 5: Change in capacitance as a function of
applied normal force for flat plate capacitors of various

dielectric gaps.

the effects of layer modulus, electrode layer properties,
electrode layer location and thickness as well as the ef-
fects of electrode layer gap. The outcomes suggest that
the current capacitance model has broad predictive ca-
pabilities that may assist in the optimal design of related
all-elastomer MEMS tactile sensors.
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