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a b s t r a c t

Designing capacitive force sensors with an enhanced and in situ tunable sensitivity is important in many
fields such as robotic grippers but has been challenging. Existing capacitive force sensors mainly rely on
ingenious but complex structural designs, posing tremendous difficulty in fabrication and usually featur-
ing a fixed sensitivity. We present a facile design of capacitive tactile force sensor with an enhanced and
tunable sensitivity using electro-mechanically responsive dielectric elastomer as the sensing medium.
Dielectric elastomer exhibits tunable mechanical properties when subject to voltage and pre-stretch:
increasing voltage and pre-stretch level leads to a more compliant response to the external pressure.
Effectively, the sensitivity of the dielectric elastomer sensor can be continuously increased over one order
of magnitude by properly exerting voltage and pre-stretch to the dielectric elastomer tactile sensor.

© 2018 Published by Elsevier Ltd.

1. Introduction

To perform touching, gripping, pushing, and pulling, human
hands count on the tactile feedback from nerve endings, which
are densely populated on palm skin [1,2]. These nerve endings,
working collaboratively to form a sensory network, feature a ca-
pability of detecting tactile forces across a range of several orders
of magnitude with correspondingly appropriate sensitivities [3,4].
Recent research has suggested that human hands are sufficiently
sensitive to perceive the haptic interaction with a nanoscale-
featured surface [5], whereas in other extreme scenarios it also
sustains force of a few hundred pounds when lifting a barbell set.
As an artificial analog of human skin, smart skin is a micro-electro-
mechanical system (MEMS) that can sense the force of different
magnitudes and accurately track the force variation. Although the
large-range or multi-resolution feature may be fulfilled through
ingenious structural designs [6–9] on the systems level, the com-
plication in MEMS fabrication imposes tremendous difficulty in
employing such an approach, posing a significant challenge to
the tactile sensor development. An alternative approach that cir-
cumvents the complex fabrication processes would be leveraging
smart materials that exhibit tunable mechanical behaviors. In this
letter, we present a design of dielectric elastomer (DE) normal
force sensor with enhanced and tunable sensitivity, facilitated
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by modulating the mechanical property of DE in situ by electro-
mechanical stimuli.

DE is a soft matter that can deform dramatically in response to
both mechanical and electrical stimuli. DE is classified as an elec-
troactive polymer as it operates by converting changes of voltage
to mechanical deformation. When subject to voltage, a piece of DE
sandwiched between two thin conductive coating layers (as shown
schematically in Fig. 1a) contracts in the direction of the applied
voltage and expands its normal area. Because of its electroactive
behavior and large deformability, DE has been studied extensively
as soft actuators with a myriad of applications in artificial mus-
cles [10–13], soft transducers [14–16], and soft robotics [2,17–23].
On the other hand, a sandwich architecture of dielectric elastomer
actuator (DEA) in Fig. 1a naturally forms a deformable capacitor,
of which the capacitance is directly tuned by the deformation of
DE. This fact has inspired researchers to integrate the capacitance
measurement functionality into the drive circuit of DEA to bestow
deformation feedback to the actuator itself, enabling simultaneous
mechanical actuation and strain sensing [2,24–30]. Thus more ad-
vanced controllability can be achieved through accurate real-time
displacement inquiry [29,30]. Significant progresses aside, how to
enhance and tune the sensitivity of DE sensors remains much less
studied.

A remarkable but often neglected aspect of DE is that the ef-
fective mechanical property also changes upon the application of
electrical field [31–33]. That is, the application of voltage induces
opposite charges on the top and bottom surfaces of the DE piece,
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furthermore generates a resultant electrostatic pressure, and effec-
tively squeezes the piece in the normal direction. This electrostatic
pressure serves as an auxiliary force andworks synergisticallywith
the mechanical load acting on the structure. In the existence of
such an electrostatic auxiliary pressure, to deform the DE piece to
the same extent, a lower mechanical load is needed than in the
absence of the applied voltage, or a larger strain can be achieved
with the same level of mechanical load. Equivalently, the DE piece
becomes more compliant; moreover, the extra deformability de-
pends on the voltage difference placed on the top and bottom
electrodes. Therefore, by changing the voltage difference, the me-
chanical response of DE can be altered in a controllable manner.
The modulation of the effective stiffness of the sensing medium
is essential for manipulating the sensor sensitivity. Utilizing the
in situ adjustable mechanical property of DE, therefore, represents
a promising route towards advanced tactile force sensing with a
tunable and enhanced sensitivity. Such an approach, to our best
knowledge, has not been reported previously in the development
of soft capacitive sensors or other soft tactile sensors, for example
soft resistive sensors [34–37].

2. Deformation of a DE force sensor under pressure and voltage

A piece of DE layer deforms when subject to a distributed
force F and a voltage V, and the dimensions in the original state
L1, L2, and L3 become l1, l2, and l3, respectively. The deformation
behavior of DE essentially resembles a hyperelasticmaterialwhose
mechanical response can be derived from a free energy density
function, except for that DE is responsive to both mechanical and
electrical loads. It is stipulated that the free energy is composed of
electrical and mechanical terms. In the deformed state, a generic
form of the DE free energy density function is w (Λ1, Λ1, Λ3,
D) with Λ1 = l1/L1, Λ2 = l2/L2, Λ3 = l3/L3 denoting the
stretch ratios and D representing the electric displacement. In
accordance with the continuum mechanics convention, the free
energy density of a deformed DE can be defined in the reference
state asW

(
Λ1, Λ2, Λ3, D̃

)
, where D̃ is the corresponding nominal

electric displacement. As aforementioned, the energy stored in DE
stems from two origins: themechanical work done by the pressure
on the deformation and the electrical work done by the power
supply through the charge redistribution. Therefore, the variation
of free energy density is

δW
(
Λ1, Λ2, Λ3, D̃

)
= S1δΛ1 + S2δΛ2 + S3δΛ3 + ẼδD̃ (1)

where Si = ∂W/∂Λi (i = 1, 2, and 3) is the nominal stress,
and Ẽ = ∂W /∂D̃ is the nominal electric field, which is defined in
the undeformed state. Note that the nominal electric field can be
related to the applied voltage V through V = ẼL1. When the DE
piece is connected to a constant voltage supply through a closed
circuit, V and Ẽ both remain constant. The free energy of a DE is
then

W
(
Λ1, Λ2, Λ3, D̃

)
= Ws (Λ1, Λ2, Λ3) + WE

(
Λ1, Λ2, Λ3, D̃

)
(2)

where the first term Ws denotes the energy due to stretching
the polymeric network in the absence of applied voltage, and the
following termWE is the energy due to dielectric polarization.

In attempt to construct a specific form of the free energy func-
tionW, we suppose that the polymeric network follows the consti-
tutive model by Gent [38], which captures the network stiffening
effect at elevated strain levels,

Ws = −
µJm
2

log
(
1 −

I1 − 3
Jm

)
(3)

where µ is the initial shear modulus, I1 = Λ2
1 + Λ2

2 + Λ2
3 is

the first invariant of right Cauchy–Green deformation tensor, and

Jm = Im – 3, Im is the limiting value of I1. The strain energy is
infinitely large when I1 reaches its limiting value Im, thus Jm is a
quantity representing the maximum possible deformation. Note
that µ and Jm are two material properties that can be determined
experimentally [39,40].

For the free energy arising from the dielectric polarization, to
account for quasilinear and nonpolar dielectric behavior, we follow
the quadratic approximation proposed by Zhao and Suo [41,42]:

WE = Λ1Λ
−1
2 Λ−1

3 ε−1D̃2/2 (4)

where ε = εrε0, εr is the relative permittivity of DE, and ε0 =

8.854×10−12 F/m is the permittivity of vacuum. The voltage is
applied in the direction of L1, as illustrated in Fig. 1b.

When a dielectric elastomer deforms, the change in shape is
usually much more pronounced than that in volume [17,19,41–
43]. Consequently, it is reasonable to include the incompressibility
constraint on the three stretches, i.e., Λ1Λ2Λ3 = 1. To implement
this constraint, we add a term Π (Λ1Λ2Λ3 − 1) to the free energy
function W , where Π is a Lagrange multiplier. Therefore, consid-
ering Eqs. (1)–(4) and the incompressibility condition, the nominal
stresses can be calculated respectively,

S1 =
∂W
∂Λ1

⏐⏐⏐⏐
Λ2,Λ3,D̃

=
∂Ws

∂Λ1
+

1
2ε

Λ−1
2 Λ−1

3 D̃2
+ ΠΛ2Λ3 (5a)

S2 =
∂W
∂Λ2

⏐⏐⏐⏐
Λ1,Λ3,D̃

=
∂Ws

∂Λ2
−

1
2ε

Λ1Λ
−2
2 Λ−1

3 D̃2
+ ΠΛ1Λ3 (5b)

S3 =
∂W
∂Λ3

⏐⏐⏐⏐
Λ1,Λ2,D̃

=
∂Ws

∂Λ3
−

1
2ε

Λ1Λ
−1
2 Λ−2

3 D̃2
+ ΠΛ1Λ2 (5c)

as well as the nominal electric field,

Ẽ =
∂W

∂D̃

⏐⏐⏐⏐
Λ1,Λ2,Λ3

=
1
ε
Λ1Λ

−1
2 Λ−1

3 D̃ (6)

Eqs. (5) and (6) are the equations of the state of DE. Note that the
nominal electric field Ẽ is directly related to the voltage V through
Ẽ = V/L1. Substituting Eq. (6) into Eq. (5) gives

S1 =
∂Ws

∂Λ1
+

1
2
Λ−2

1 Λ2Λ3εẼ2
+ ΠΛ2Λ3 (7a)

S2 =
∂Ws

∂Λ2
−

1
2
Λ−1

1 Λ3εẼ2
+ ΠΛ1Λ3 (7b)

S3 =
∂Ws

∂Λ3
−

1
2
Λ−1

1 Λ2εẼ2
+ ΠΛ1Λ2 (7c)

When the DE sensor is compressed uniaxially in its thickness
direction, it expands equal-biaxially in the two in-plane directions,
resulting in Λ2 = Λ3. Substituting the incompressibility condition
Λ2 = Λ3 = Λ

−1/2
1 into Eq. (7) we have

S1
µ

−
S2,3
µ

Λ−
3
2 =

Λ − Λ−2

1 − J−1
m
(
Λ2 + 2Λ−1 − 3

) +
1

Λ3

(
Ẽ

√
µ/ε

)2

(8)

where Λ = Λ1 characterizes the deformation of the sensor. Since
the deformation is homogeneous throughout the DE sensor unit,
the nominal pressure applied to the DE sensor equals the corre-
sponding nominal stress component, namely −P1 = S1. Eq. (8)
relates the inputs of a DE sensor, i.e., the normal pressure P1 and
applied nominal electric field intensity Ẽ, to the output, i.e., its
deformation Λ. Therefore, Eq. (8) governs the electro-mechanical
response of the DE sensor.

3. Sensitivity of the DE capacitive force sensor

The configuration of DE sandwiched between conforming thin
film electrodes (Fig. 1) spontaneously forms a deformable capac-
itor, of which the capacitance can be related to the deformation
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Fig. 1. (a) Schematic of a dielectric elastomer (DE) sensor unit cell in its pristine state, dimensions of the DE (the blue part) are given by L1 , L2 , and L3; and (b) when deformed
in response to the applied voltage V and distributed force F, the dimensions become l1 , l2 , and l3 . The yellow parts represent elastomeric conductive electrodes coated on
the two sides of DE. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Electro-mechanical response of the DE force sensor in absence of in-plane pre-stretch. The normalized applied pressure is plotted as a function of the stretch ratiowith
respect to (a) the original state and (b) the starting state. The normalized voltages Ê = 0, 0.16, 0.20, 0.21, and 0.22. Blue circles mark the initial compression due to voltage
application. Variation of (c) output capacitance signal and (d) sensitivity with applied normal stress. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

through

C =
εa
l1

=
εA

Λ2L1
(9)

where a = l2l3 denotes the deformed surface area, and A = L2L3 is
the area in the reference state. When the DE sensor is compressed,
the thickness reduces and the area expands, leading to a decreased
Λ and an increased capacitance C.

The total force exerting on the DE sensor can be calculated as

F = P1A (10)

The sensitivity of a sensor is defined as the change in output
signal per unit change in input. Therefore, taking derivative of C
with respect to P1 yields

s =
dC
dP1

=
dC
dΛ

·
dΛ
dP1

(11)

For simplicity, we further define some dimensionless groups:
Ŝi = Si/µ, P̂i = Pi/µ, Ê = Ẽ/

√
µ/ε, V̂ = V/(L1

√
µ/ε),

Ĉ = C/(εA/L1), and ŝ = s/(εA/µL1). In this work, we use the

representative values of material properties of 3MTM VHB series,
a commercially available acrylic DE: the initial shear modulus
µ= 250 kPa, relative permittivity εr = 6.0, Jm = 125 [41–45], the
typical dimensions for a capacitive sensor unit are L1 = 20 µm,
L2 = L3 = 1 mm. With these parameters, the highest voltage
applied to the sensor will be ∼300 V during the working of a DE
force sensor, which is modest compared to the kV level voltage
applied to DE actuators [46].

4. DE force sensor without pre-stretch

In absence of the voltage, the sandwiched dielectric archi-
tecture reduces to a regular elastomer force sensor. For an as-
fabricated sensor unit, neither the material property nor the re-
sultant input–output dependence is to be altered. By contrast, the
mechanical behavior of DE can be varied by changing the applied
voltage. Eq. (8) suggests a family of stress–deformation relations
parameterized by different values of Ẽ, namely Λ

(
S1, S2,3

⏐⏐ Ẽ).
When there exists no lateral load, S2,3 = 0 and S1 = −P1. Eq. (8)
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Fig. 3. Left: Schematic of the states of a DE force sensor in sequence. From (a) the pristine state, bi-lateral stresses bring the sensor to (b) the pre-strain stateΛpre . The sensor
attains its (c) starting state Λst , after a voltage of Ê is imposed to the electrodes. Then it deforms further to (d) the working state upon the application of normal pressure.
Within the working state, the sensor converts the pressure change into the change of capacitance. The DE sensor fails once it reaches (e) the dielectric breakdown state.
Right: (f) Sensing procedure from a to e represented in the Λ∼ Ê diagram, with the actuation curve (in blue) and the breakdown line (in orange). The critical voltage Ê∗ is
illustrated by the red dashed line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

can then be reduced to

P̂1 =
P1
µ

= −
Λ − Λ−2

1 − J−1
m
(
Λ2 + 2Λ−1 − 3

) −
1

Λ3

(
Ẽ

√
µ/ε

)2

(12)

Fig. 2 plots the dimensionless pressure P̂1 as a function of the
deformation Λ at various Ê levels. Note that Λ denotes the length
ratio in the compression direction, therefore a smaller value of Λ
reflects a larger deformation. For the same deformation, those DE
sensors subject to a higher voltage experience a lower stress. The
stress reduction can be interpreted as follows: in the procedure of
compressing the sensor, the power supply is constantly providing
energy by pumping charges onto the DE/electrode interfaces, the
energy increase associated with dielectric polarization is WE =
1
2Λ

−2εẼ2; with the electric work serving as an auxiliary, to carry
the sensor unit to the same deformation, the required work done
by the applied stress is therefore lowered. For Λ = 0.12 (denoting
a deformation where the DE is compressed to 12% of its original
thickness) and Ê = 0, the dimensionless nominal pressure P̂1 =

77.84, whereas the dimensionless pressure reduces to 49.84 if Ê =

0.22. By switching on the voltage, the effectivemechanical stiffness
of the DE layer shows a decline of 36%.

It is worth noting that, before the pressure is applied to the
sensor, the voltage itself has deformed the DE sensor to a starting
state, which is labeled by the blue circles in Fig. 2 inset. During this
process the electric potential energy is the sole driving force of the
deformation, hence the DE sensor is actually working in the ac-
tuation mode. The deformation associated with this starting state

is characterized by Λst which is determined by Eq. (8) with the
vanishing stress condition, namely Λst = Λ

(
S1 = 0, S2,3 = 0

⏐⏐ Ẽ).
Subsequently, from these starting states the device starts to act as a
sensor. Since the stresses are to be applied on top of these existing
deformations, it ismore convenient to recognize the starting states
of DE sensors as the reference states to quantify the force loading
exerted to the sensor. Then the nominal pressure defined in the
new reference configuration is given by P̂ (st)

1 = P̂1(Λ
(st)
2,3 )

−2
=

P̂1Λst, and the corresponding deformation can be calculated as
Λ/Λst. Fig. 2b plots the P̂ (st)

1 ∼ Λ/Λst relation.
Upon deformation the measurable output, namely the normal-

ized capacitance change is

∆Ĉ =
∆C

εA/L1
=

1
Λ2 −

1
Λ2

st
(13)

where ∆C denotes the increase in capacitance upon the normal
pressure application from the sensor’s starting deformation. The
normalized capacitance change ∆Ĉ is plotted as a function of the
applied pressure P̂ (st)

1 in Fig. 2c. At a given voltage, the capacitance
increases monotonically with increasing P̂ (st)

1 suggesting that the
capacitance change can be used to measure the applied pressure.
For a fixed P̂ (st)

1 a higher voltage yields a larger capacitance change,
as a result of the effective softening of the DE. For example, when
P̂ (st)
1 = 50, ∆Ĉ = 44.92 in the absence of voltage and ∆Ĉ = 70.01

with Ê = 0.22. The derivative of ∆Ĉ with respect to P̂ (st)
1 yields

the dimensionless sensitivity ŝ. It is worth noting that due to the
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Fig. 4. Working range (a) At P̂pre = 1.02, and the corresponding pre-stretch defor-
mation Λpre = 0.6, the actuated starting states form an S-shaped curve on Λ∼ Ê
diagram. Beyond the critical voltage Ê∗ , snap-through instability occurs and the DE
sensor collapses from Λ = 0.54 to 0.06 (shown by the red arrow), penetrating the
breakdown line, and leading to electrical breakdown. (b)When P̂pre = 2.35, the pre-
stretch state is Λpre = 0.2, and the actuation curve of the starting states is single-
valued. The breakdown voltage is identified by the point where the actuation curve
and breakdown line intersect. The breakdown line varies with material properties
and geometric parameters of the DE sensor. (c) Instability critical voltage Ê∗ for
given pre-stretch. The Ê∗

∼Λpre separates the unstable-zone from the safe-zone.
The arrows represent two ways of avoiding instability. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

form of Eq. (12), an explicit expression of ŝ as a function of P̂ (st)
1

is not available analytically, but can be obtained numerically by
combining Eqs. (11)–(13). As shown in Fig. 2d, a DE force sensor
with a higher applied voltage possesses enhanced sensitivity; for
example, the peak sensitivity varies approximately from 0.73 to

1.76 for Ê in the range of 0∼0.22. Moreover, with amodest applied
voltage (e.g. from Ê = 0.16 to Ê = 0.22), the sensitivity of the
DE sensor keeps increasing as the applied pressure increases, in-
dicating that the DE sensor is more sensitive in detecting pressure
change at a high pressure range.

In this section, we investigate the effect of voltage on the sensi-
tivity enhancement. It is demonstrated that a higher voltage leads
to an increased sensitivity. However, an elevated voltage beyond a
proper scope may lead to electro-mechanical failure of the sensor,
which will be systematically discussed in next section.

5. DE force sensor with pre-stretch

It has been demonstrated that the sensitivity of a DE sensor
can be enhanced by applying a voltage; however, the increase of
sensor sensitivity due to the application of the voltage is still not
pronounced, exemplified by the fact that the peak sensitivity only
changes by a factor of 2.41 when the voltage ramps from Ê = 0
to Ê = 0.22. To overcome this deficiency, we further propose a
strategy to remarkably enhance the sensitivity by pre-stretching
the DE sensor prior to the voltage application.

In addition, upon electrical actuation, the DE layer is susceptible
to a snap-through phase separation known as electro-mechanical
instability [2,18,23,42,47,48]. Pre-stretching the DE piece is also
proved to be an effective approach to achieving large deformation
of dielectric elastomer actuator (DEA) and attenuating the electro-
mechanical instability [18].

Specifically, before the application of voltage, a pre-stretched
state of the DE sensor can be achieved by equal-biaxially stretching
the DE piece in the in-plane directions through applying a pair of
pre-stresses of fixed value Ppre, as depicted in Fig. 3b. Such a fixed
pre-stress can be implemented by using a dead load. Due to the
incompressibility, the DE layer shrinks in the thickness direction,
and the compression ratio can be calculated as Λpre = Λ

(pre)
1 =[

Λ
(pre)
2,3

]−2
. Λpre represents the compression in the thickness di-

rection after the application of the pre-stress Ppre. In this paper,
we use Λpre to identify the pre-stretched state of the sensor. The
lateral stress needed to achieve this pre-stretch can be determined
by Eq. (8) with Ŝ1 = 0 and Ê = 0,

P̂pre = −
Λ

5
2
pre − Λ

−
1
2

pre

1 − J−1
m
(
Λ2

pre + 2Λ−1
pre − 3

) (14)

For example, if Λpre = 0.6, i.e., the thickness becomes 60% of
its original value during pre-stretch, the required lateral stress is
P̂pre = 1.02. The arrow pointing from a to b indicates this pre-
stretch process in Fig. 3f.

On top of the pre-stretched deformation, a modest voltage
Ê is applied. The DE layer is further deformed by the electric
actuation to a starting state c, as shown in Fig. 3. The starting
state deformation Λst is the solution to Eq. (8), with the lateral
stresses determined by Eq. (14), i.e.,Λst = Λ

(
Ŝ1 = 0, P̂pre

⏐⏐⏐ Ê). The
deformation due to voltage actuation follows the bc segment of the
blue actuation curve in Fig. 3f. Once arrives at the starting state, the
DE piece is ready to function as a sensor. Upon the application of
the pressure P1, the DE sensor works within the pressure sensing
mode and deforms from c towards d as shown in Fig. 3f. In this
regime, the output capacitance change is measured to reflect the
applied force.

As the thickness of the sensor decreases with the applied pres-
sure, the electrical field intensity continuously rises. The DE sensor
may work safely until the DE layer deforms to a certain thickness
lbk = L1Λbk such that the true electric field reaches the dielectric
breakdown threshold Ebk. The limit deformation is hence specified
by Λbk. Therefore the range from Λst to Λbk is the working range
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Fig. 5. Force–deformation relation at P̂pre = 1.62, (Λpre = 0.36) with different applied voltages Ê = 0, 0.16, 0.20, 0.21, and 0.22, using (a) the original state and (b) the
starting state as the reference state. Blue circles mark the starting states. (c) Dimensionless capacitance output signal and (d) sensitivity at Λpre = 0.36. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

of the DE sensor, which is represented by the line segment cde in
Fig. 3f. The corresponding pressure range is 0 ∼ Pbk, where Pbk
is the maximum applied pressure which brings the DE sensor to
the breakdown state. Rather than remaining as a fixed value, it is
reported that the breakdown electric field intensity Ebk depends on
the thickness as well as the pre-stretch level [2,43,49]. According
to Huang et al. [43], Ebk (in V/m) of acrylic DE follows the empiric
power law,

Ebk = 161.3L−0.25
1 Λ−0.565

pre (15)

where L1 denotes the pristine thickness (in µm), and Λpre is
the compression ratio of the thickness due to pre-stretch. Conse-
quently, the breakdown deformation can be expressed as Λbk =√

µ/ε

Ebk
Ê, which forms the straight orange line in the Λ∼E diagram

in Fig. 3f.
To avoid electrical breakdown, it is crucial to identify the maxi-

mumvoltage that can be exerted to theDE sensor. During actuation
process (state b to c), once the applied voltage Ê increases beyond
a threshold value Ê∗ (indicated by the red dashed line in Fig. 3f),
for a given Ê there exist more than one associated equilibrium
states. As shown in Fig. 4a, at the critical voltage Ê∗

= 0.235
the two possible equilibrium deformations are Λ = 0.54 and
Λ = 0.06, respectively, which marks a nine-time difference in
thickness. When subject to a perturbation, the DE sensor may
shift between these co-existing equilibrium states with an abrupt
change in the deformation Λ. Such an abrupt change in thickness
caused by snap-through instability is generally hazardous for DE,
since the collapsed state may fall underneath the breakdown line,
as illustrated by the red arrow in Fig. 4a. In these cases, electrical
breakdown fails the DE sensor even prior to the application of any
force. In order to avoid such failure, the applied voltage Ê should
remain below the critical voltage Ê∗.

The electro-mechanical instability is mitigated by tuning the
pre-stretch level of the DE sensor. Comparing Fig. 4a with b, one

may conclude that the actuation curve evolves from an S-shaped
curve at a modest pre-stretch (P̂pre = 1.02, Λpre = 0.6) to a
monotonously decreasing curve at an elevated pre-stretch (P̂pre =

2.35, Λpre = 0.2), consequently the electro-mechanical instability
disappears. Although critical voltage Ê∗ for electro-mechanical
instability does not exist for sensorswithΛpre ≤ 0.20, the intersec-
tion of breakdown line and actuation curve identifies a breakdown
voltage Êbk, i.e. the highest voltage that can be exerted on the
DE sensor with Λpre ≤ 0.20. Beyond Êbk, the sensor failures by
electrical breakdown before it could reach the starting state.

Given a combination of Λpre and Ê, upon a normal pressure,
the continuous deformation of the DE sensor tracks a vertical line
connecting the starting state on and the electrical breakdown limit.
All the admissible working states of a DE sensor is highlighted by
the green region in Fig. 4a and b. For pre-stretch Λpre = 0.6,
the actuation curve, breakdown curve, and voltage threshold Ê∗

demarcate a trapezoid-like region representing theworking states.
In comparison, if Λpre = 0.20, the working states of the sensor
constitute a fan-liked region, as shown in Fig. 4b. Moreover, since
the breakdown line is determined by the original thickness and the
material properties, i.e., Λbk =

√
µ/ε

Ebk
Ê, the electrical breakdown

line can be tilted by reducing the original thickness or selecting
DE material with smaller

√
µ/ϵ. Changing these parameters may

expand the working zone of the DE sensor as shown in Fig. 4b.
Fig. 4c shows the critical voltage Ê∗ as a function of pre-stretch
Λpre. The green-shaded area beneath the Ê∗

∼Λpre curve is the
safe zone, whereas the red-shaded area is the failure zone where
electrical breakdown occurs due to snap-through instability. The
arrows in Fig. 4c indicate twoways of avoiding the abrupt collapse:
using a lower voltage or reducing the pre-stretch level.

We next study the load–deformation relation of DE sensor
within theworking zone.With a pre-stress of P̂pre = 1.62, (the pre-
stretch deformation Λpre = 0.36), the P̂1∼Λ characteristic curves
are drawn in Fig. 5a with a series of normalized voltage Ê. The
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Fig. 6. Dimensionless sensitivity at various pre-stretch levels with a fixed voltage
Ê = 0.19. The red circles at the end of each curve represent the final states, i.e., at
which the sensor fails by electrical breakdown. (For interpretation of the references
to color in this figure legend, the reader is referred to theweb version of this article.)

blue circles mark the starting states of each sensor. The required
normal stress to deform the DE sensor to a certain extent is further
reduced compared with cases without pre-stretch as shown in
Fig. 2a; the DE material is made more compliant by pre-stretching
the sensor prior to the voltage application. Fig. 5b plots the pres-
sure/deformation relation with respect to the starting states for
each sensor.

The output capacitive signal∆Ĉ is plotted against P̂ (st)
1 in Fig. 5c

and the sensitivity ŝ is shown in Fig. 5d. ŝ varies from 2.73 to 34.4,
which is approximately twenty times as the largest sensitivity in
absence of pre-stretch. Fig. 6 shows how the sensitivity scales up
with the pre-stretch level. At same applied voltage Ê = 0.19, ŝ
increases by one order of magnitude when pre-strain deformation
changes from 1 to 0.28. The sensitivity of the DE normal force
sensor fabricated with the identical material can be tuned over
a large range (ŝ = 0.73 when no pre-strain or voltage applied;
ŝ = 34.4 at Ê = 0.22 and P̂pre = 1.62) through the combination of
pre-stretch and applying voltage. As we point out, pre-stretching
and applying voltage provides a facile approach to achieving tun-
able and enhanced sensing capability of DE force sensor. Such an
approach of utilizing sensing media with modifiable mechanical
properties to fulfill tunable sensitivity is also applicable to the
development of other soft sensors.

6. Conclusion

The present design usingDE as the sensingmediumhas demon-
strated the possibility to achieve in situ tunable and enhanced
sensitivity, which is in sharp contrast to the traditional force sensor
designswith a fixed sensitivity. The tunable sensitivity is attributed
to the fact that the effective mechanical property of DE sensor can
bemodulated through pre-stretch and voltage. To characterize the
design of the DE force sensor, we identified four stages of such a
DE sensor: the pre-stretch state upon the bi-lateral pre-stretch,
the starting state upon application of voltage, the working state
under normal stress, and the final state at the dielectric breakdown
limit. We further investigated the failure mode of the DE sensor by
studying the electromechanical instability at the actuation stages
and its effect on the working range of the DE sensor. By simply
leveraging the combination of pre-stretch and voltage, the in situ
sensitivity can be enhanced by a factor of 47.12. Moreover, the
tunable and enhanced sensitivity is achieved by only changing
the voltage and pre-stretch. Such a facile design strategy may
find applications in robot skins and shed light on using advanced
materials in novel tactile sensor designs.
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