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a b s t r a c t

Mechanical assessment of the human skin is critically important for clinical diagnosis and treatment
of disease. Past works developed a conformal piezoelectric system (CPS) that enables the noninvasive
in vivo measurement of the elasticity modulus of the skin, and a mechanical model based on the
mechanism of out-of-plane extension of the capacitor-type structures. Here, we present a new
theoretical model that is established based on the mechanism of the in-plane deformation. The
study on both the free-standing CPS and the CPS mounting to the polydimethylsiloxane (PDMS)
target substrates verified the universality of the new model. The experimental and theoretical results
consistently show that the output voltage of the first sensor approximately linearly increases with
the increase of not only the applied voltage but also the modulus of the PDMS. The optimal usage
mode of the CPS, in which the voltage is applied to all actuators simultaneously, is proposed for the
measurement of the elastic modulus of target substrates such as skin.

© 2022 Elsevier Ltd. All rights reserved.
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The essential functions of human skin include protecting the
nner viscera and tissue constituents from environmental hazards,
athogens and toxins, controlling the water, electrolytes and
ther biochemical mediators, sensing the physical stimuli such
s force, heat, electricity, etc [1,2]. On the other hand, the basic
hysical properties of human skins under various conditions, are
apable of reflecting the pathophysiologic conditions [3], pre-
icting reactions to exogenous substances and environmental
actors [4,5], facilitating the mechanisms associated with growth,
epair and ageing, and evaluating the effectiveness of cosmetic
roducts [5–9]. Particularly, the disorders such as scleroderma,
hlers–Danlos syndrome, psoriasis, eczema, melanoma, and other
utaneous pathologies, involve changes of the elastic modulus of
he skin [10–13].

Our preceding work (Nature Materials, 14 (2015) 728–736)
resented a conformal piezoelectric system (CPS) that enables
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the noninvasive in vivo measurement of the elastic modulus of
the skin, [14] as shown in Fig. 1a-c. The CPS (Fig. 1d&e) consists
of seven elongated piezoelectric actuators (lateral dimensions
wa = 200 µm, La = 1000 µm), six piezoelectric sensors (lateral
imensions ws = 100 µm, Ls = 500 µm) with smaller sizes and
tretchable electronic interconnects, mounted on the elastomer
ubstrate (Ecoflex, thickness 20 µm, Young’s modulus 60 kPa,
oisson’s ratio 0.49). The spacing between a pair of sensors and
ctuators is wgap = 150 µm (See SI for the detailed layouts). Each
ctuator or sensor is a capacitor-type structure incorporating
layer of piezoelectric material (lead zirconate titanate (PZT),
00 nm thick) between bottom (Ti/Pt, 20 nm/300 nm) and top
Cr/Au, 10 nm/200 nm) electrodes, with encapsulation layers of
olyimide (PI, 1.2 µm thick for the bottom and 2.4 µm thick for
he top). Here, the piezoelectric material is polarized along the
hickness direction. Multiple actuators and sensors result much
tronger detected response of sensors and prevent failure of the
xperiment caused by any capacitor-type structure damage. With
he CPS conformally mounted on a target substrate, such as hu-
an skin, application of a sinusoidally varying voltage to selected

ctuator yields mechanical motions of the PZT and the entire
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Fig. 1. Conformal piezoelectric systems for measurements of skin modulus with ultrathin, stretchable structures of mechanical actuators and sensors. (a) Photograph
of the CPS. Optical microscope image of the serpentine interconnects (upper-right inset), the actuator and sensor arrays with ultrathin structure (lower-right inset),
and an electrical circuit diagram of actuators and sensors (upper-left inset) (with permissions). (b) The schematic diagrams of the CPS, which consist of piezoelectric
material (PZT), bottom (Pt/Ti) and top (Cr/Au) electrodes and encapsulation layers of PI, supported by a thin elastomer substrate. A top view at the lower-left inset
(with permissions). (c) SEM image of actuator and sensor on an artificial skin sample (with permissions). (d) Schematic diagram of the experimental test, in which
CPS is freestanding without mounting to any target substrate. (e) Different dimensions of each layer for the actuators or sensors are simplified to uniform in-plane
dimensions. (f) The output voltages for each of the different sensors (that is, sensor no. 1, no. 2, and so on) under different applied voltages when the CPS is
freestanding without mounting to the skin.
capacitor-type structure, which would be transferred to nearby
sensors through the physically contacted target substrate and the
elastomer substrate of the CPS. The elastic modulus of the target
substrate can be determined by the relationship between the
detected voltage response of sensors and the applied voltage to
the selected actuator. The underlying mechanism of deformation
transfer and the quantitative theoretical model are crucial for
the feasibility and accuracy of the modulus measurement via
the CPS. In the mechanism analysis of the past work, the entire
model coupling the CPS and the target substrate is treated as
interfacial cracks, in which the effects of the interfacial shear
strain/stress were neglected [14]. Application of the external volt-
age to a selected capacitor-type actuator induces the out-of-plane
extension, which is transferred, with degenerative amplitude,
to nearby sensors through the coupling out-of-plane extension
of the target substrate and elastomer substrate. The detected
response of nearby sensors determinates the elastic modulus of
the target substrate.

Recently, a further experimental test is conducted to investi-
gate the mechanism of the deformation transfer of the CPS. In
the experiments, the external voltage is applied to actuator A1, as
shown in Fig. 1d, while the CPS is freestanding without mounting
to any target substrate. According to our proceeding theory, the
detected response of nearby sensors would vanish, because the
out-of-plane extension of the actuator cannot be transferred to
anywhere without the coupling out-of-plane extension of the
skin and the elastomer substrate. However, a similar response
trend of the case where the CPS is mounted on the low moduli
PDMS, is captured (Fig. 1f). The detected output voltages decay
in an approximately exponential fashion with the increase of the
distance between the sensor and the active actuator. This paper
aims to investigate the indepth mechanism of the deformation
transfer and propose a new theoretical model for the modulus
measurement, which is universal for diverse tests.
2

1. Results

Evidence for the mechanism that the in-plane lengthwise
shear strain dominates the deformation transfer. According to
the recent experimental results (Fig. 1f), it can be deduced that
deformation transfer among the actuator and the sensors through
the skin and the elastomer substrate is based on the mechanism
of in-plane deformation. In this new model, the mechanism of
in-plane deformation dominates the deformation transfer, which
includes the lengthwise and widthwise extensions of the PZT of
the actuator, the shear strains of the elastomer substrate, as well
as the corresponding deformation of the sensors. Regarding the
direction of the deformation components, finite element analysis
(FEA) coupling both mechanical and electric fields are conducted
for the three models as shown in Fig. 2a-c. The solid element
was adopted for the elastomer substrate and the PZT layer (the
material parameters are shown in Note 1). The other layers of
the actuator and sensor were treated as a linear elastic material
and the shell element was adopted. Three different types of
constrain conditions are applied to the interface between the ac-
tuators/sensors and the elastomer substrate. The ‘‘Tie’’ constraint
is adopted in Fig. 2a to simulate the deformation transfer along
both the lengthwise and widthwise directions. The ‘‘Coupling’’
constraint is adopted in Fig. 2b&c to simulate the deformation
transfer along only the widthwise or the lengthwise direction
(See SI for the detail). The directions of the arrows represent
the directions of the interfacial shear stress which are opposite
on the actuators/sensors and the elastomer substrate. In Fig. 2a,
the deformation of the actuator A1 can be transferred to the
elastomer substrate along both the lengthwise and widthwise
directions, while in Fig. 2b or in Fig. 2c, the deformation transfer
takes effects along only the widthwise or the lengthwise direc-
tion, respectively. The FEA shows that the results of the cases
of both directions and lengthwise direction approach that of the
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Fig. 2. Three models for the mechanism of the deformation transfer for considering shear stress along (a) both the lengthwise and widthwise directions, (b) only
the widthwise direction (y-direction) (c) only the lengthwise direction (x-direction). The shear stress on the capacitor-type structure and the elastomer substrate
is indicated by red and green arrows. (d) Numerical results for three models and experimental results of the first sensor under different applied voltages. (e) The
model for the mechanism of the deformation transfer. (f) The model for the Cerruti problem.
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experimental test, while the response of the case of widthwise
direction is much smaller by 4 orders of magnitude, as depicted
in Fig. 2d. Obviously, the dominated mechanism is that the in-
plane lengthwise extension of the actuator is transferred, via the
shear strain of the elastomer substrate, to the in-plane lengthwise
extension of the nearby sensors (Fig. 2e).

The new theoretical model. The model for the mechanism of
the deformation transfer is shown in Fig. 2e. Both actuators and
sensors are capacitor-type structures incorporating a layer of PZT
between bottom and top electrodes, with encapsulation layers of
PI. They have the same architectural design along the thickness
direction but different in-plane sizes. Therefore, the universal
serial number i from 1 to 13 for all the capacitor-type structures
is used in the following analysis. Li and wi denote the length
and the width of each capacitor-type structure, respectively. With
the applied voltage Vapp, i, the ith capacitor-type structure (the
actuator) deforms along the lengthwise direction because of the
inverse piezoelectric effect, subsequently yields the shear strain
of the surrounding elastomer substrate and the skin/calibration
materials, and results the lengthwise deformation of the nearby
capacitor-type structures (sensors and actuators that are with-
out applied voltage). The output voltage of the sensors can be
detected to reflect the modulus of the skin/calibration materials.
Here, the new analytic model aims to give the relation between
the output voltages of the sensors and the applied voltage of the
actuator in terms of the elastic modulus of the skin.

The capacitor-type structure consisting of multilayers (PI/Ti/
Pt/PZT/Cr/Au/PI) is analyzed firstly for the actuators and sensors.
For the PZT layer of the ith capacitor-type structure, the condition
f traction free along the thickness direction, the polarization
irection and the simple model of applied voltage give the stress

= 0 and the electric field intensity E = E = 0,
33,i 1,i 2,i

3

hich reduce the linear constitutive relations of the piezoelectric
aterial PZT to

σ11,i = c11ε11,i + c12ε22,i + c13ε33,i − e31E3,i

σ22,i = c12ε11,i + c11ε22,i + c13ε33,i − e31E3,i

0 = c13ε11,i + c13ε22,i + c33ε33,i − e33E3,i

D3,i = e31ε11,i + e31ε22,i + e33ε33,i + k33E3,i

. (1)

Here, σpq, i and εpq, i (p, q = 1, 2, 3) are the components of
stress tensor and strain tensor, Ep, i and Dp, i (p = 1, 2, 3) are
the component of electric field intensity and electric displace-
ment vector, cpq, epq, kpq (p, q = 1, 2, 3) are elastic stiffness
constant, piezoelectric stress constant and dielectric coefficient,
respectively. For the entire capacitor-type structure with slender
aspect, the balance among the multilayers along the lengthwise
direction, together with the condition of traction free along the
widthwise direction, yield⎧⎪⎨⎪⎩

ε11,i = aE3,i + bfi

ε22,i = aE3,i − cfi

D3,i = e
(
ε11,i + ε22,i

)
+ kE3,i

, (2)

where a, b and c are given in Box I
e = e31 −

c13e33
c33

and k = k33 +
e233
c33

are the related coefficients.
Here, fi is the resultant force per unit width at the ends of the ith
lender capacitor-type structure along the lengthwise direction,
PZT is the thickness of the PZT layer, tn, En and νn are thickness,
plane-strain effective modulus and Passion’s ratio for each layer,
respectively (See SI for the detail). For the actuator, the relation
V = E t and u = ε L /2, together with the first equation
app, i 3,i PZT i 11,i i



H. Zhao, C. Dagdeviren, G. Liu et al. Extreme Mechanics Letters 55 (2022) 101801

o

t
s
e
z
a

w
r

a =
tPZT (c33e31 − c13e33) /c33[∑

n=1∼3, 5∼7 Entn + tPZT
(
c11c33 − c213

)
/c33

]
+

[∑
n=1∼3, 5∼7 νnEntn + tPZT

(
c12c33 − c213

)
/c33

] ,

b =

∑
n=1∼3, 5∼7 Entn + tPZT

(
c11c33 − c213

)
/c33[∑

n=1∼3, 5∼7 Entn + tPZT
(
c11c33 − c213

)
/c33

]2
−

[∑
n=1∼3, 5∼7 νnEntn + tPZT

(
c12c33 − c213

)
/c33

]2 ,

c =

∑
n=1∼3, 5∼7 νnEntn + tPZT

(
c12c33 − c213

)
/c33[∑

n=1∼3, 5∼7 Entn + tPZT
(
c11c33 − c213

)
/c33

]2
−

[∑
n=1∼3, 5∼7 νnEntn + tPZT

(
c12c33 − c213

)
/c33

]2 ,

Box I.
o

j
c
f
c

u

f Eq. (2) give
2ui

Li
= a

Vapp,i

tPZT
+ bfi, (3)

where Vapp, i, Li and ui are the applied voltage to the ith capacitor-
ype structure (the actuator), the length of the ith capacitor-type
tructure and the displacement at the end. For each sensor and
ach actuator that is without applied voltage, the condition of
ero electric displacement D3,i = 0, the relation Vout, i = E3,itPZT
nd ui = ε11,iLi/2, together with Eq. (2) result the relation

2ui

Li
=

ea (b + c) + kb

2ea + k
fi, (4)

and the output voltage

Vout, i = −
etPZT (b − c)

2ea + k
fi, (5)

which can be detected by the oscilloscope.
Regarding the deformation of the elastomer substrate, it is

considered as a semispace elastomer subjected to distributed
shear stress at the location of the actuators and sensors along
the lengthwise direction, as shown in Fig. 2e&f. For simplification,
the shear stress is assumed to be uniform at the location of each
actuator or sensor. Because of the symmetricity, the directions of
shear stress along the lengthwise direction are opposite on either
side of the axis of symmetry, which are denoted by opposite
arrows in Fig. 2e. To obtain the effect of the shear force on
the deformation of the elastomer substrate, the solution of the
Cerruti problem [15] is introduced, as shown in Fig. 2f, which is
the problem of a semispace elastomer subjected to a tangential
concentrated force. Using this classic solution, integration of the
effect of the distributed shear stress on the displacement over all
the locations of the sensors and actuators, gives the displacement
at the end of the sensor or the actuator as

usubstrate, i =

13∑
j=1

(1 + νsubstrate) τsubstrate, j

πEsubstrate

×

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫ wj/2−(j−i)d

y=−wj/2−(j−i)d

∫ Li/2

x=(Li−Lj)/2

⎡⎣1 − νsubstrate(
x2 + y2

) 1
2

+
νsubstratex2(
x2 + y2

) 3
2

⎤⎦
× dxdy

−

∫ wj/2−(j−i)d

y=−wj/2−(j−i)d

∫ (Li+Lj)/2

x=Li/2

⎡⎣1 − νsubstrate(
x2 + y2

) 1
2

+
νsubstratex2(
x2 + y2

) 3
2

⎤⎦
× dxdy

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

,

(6)

here Esubstrate, νsubstrate are the elastic modulus and the Passion’s
atio of the elastomer substrate, τ denotes the shear stress
substrate,j

4

n the elastomer substrate subjected by the jth capacitor-type
structure, wi, wj, Li, Lj are the width and length of the ith and the
th capacitor-type structure, d is the spacing distance between the
enters of adjacent capacitor-type structures, respectively (See SI
or the detail). The above analysis also holds for the skin or the
alibration materials, which yields

skin, i =

13∑
j=1

(1 + νskin) τskin, j

πEskin

×

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫ wj/2−(j−i)d

y=−wj/2−(j−i)d

∫ Li/2

x=(Li−Lj)/2

⎡⎣ 1 − νskin(
x2 + y2

) 1
2

+
νskinx2(

x2 + y2
) 3

2

⎤⎦
× dxdy

−

∫ wj/2−(j−i)d

y=−wj/2−(j−i)d

∫ (Li+Lj)/2

x=Li/2

⎡⎣ 1 − νskin(
x2 + y2

) 1
2

+
νskinx2(

x2 + y2
) 3

2

⎤⎦
× dxdy

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

,

(7)

where Eskin, νskin are the elastic modulus and the Passion’s ratio of
the skin, τskin,j denotes the shear stress on the skin subjected by
the jth capacitor-type structure, respectively.

For the mechanical coupling among the actuators, sensors,
elastomer substrate and skin, the displacements, the shear stress
and the resultant force per unit width are required to satisfy{
ui = usubstrate, i = uskin, i

fi =
Li
4

(
τsubstrate, i + τskin,i

) , (8)

instead of accurately agreement everywhere, which involves the
concept of average without loss of generality. The solution of the
linear Eqs. (3)–(8), which can be obtained by the program pack-
age MATLAB [16] with substituted geometric and material pa-
rameters, gives the quantitative relationships among the output
voltages, the applied voltage and skin modulus.

The comparison of the experimental and theoretical results.
For the experimental test of the freestanding CPS without mount-
ing to any target substrate, the effect of the target substrate can
be neglected in the above analysis. Eq. (8) becomes{
ui = usubstrate, i

fi =
Li
4

τsubstrate, i
, (9)

which, together with Eqs. (3)–(6), give the quantitative relation-
ships among the output voltages, the applied voltage and the
modulus of the target substrate. Fig. 3a&b show that the theo-
retical predictions agree very well with the experimental results,
for the applied voltage from 1∼5V to the actuator A1. The output
voltage decays in an approximately exponential fashion with the
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Fig. 3. (a) Theoretical and experimental results for the free-standing CPS without mounting to the skin under different applied voltages. (b) Theoretical and
xperimental results of the first sensor under different applied voltages. Output voltages for each of the different sensors in the array (that is, sensor no. 1,
o. 2, and so on) measured during use with two kinds of PDMS substrates with different modulus: (c) EPDMS = 1764 kPa, (d) EPDMS = 33 kPa. ((e)–(g)) Output voltage
f the first sensor (the sensor adjacent to the active actuator) as a function of applied voltage, measured on nine different PDMS substrates with known moduli. (h)
utput voltage from the first sensor as a function of the modulus of the PDMS under four applied voltages.
t
o
r
r
a
s
a
b

ncrease of the distance between the sensor and the actuator,
hile increases with the increase of the applied voltage (Fig. 3a).
he reason for the small strain response is that the freestanding
PS without mounting to any target substrate yields much small
eformation of the surrounding elastomer substrate, and results
uch small detected voltage response of sensors. The voltage
mplitude of the first sensor (the sensor adjacent to the active
ctuator), which is much larger than others, varies linearly with
he applied voltage, as shown in Fig. 3b.
5

The theoretical model consisting of both the CPS and the
arget substrate is validated by experiments that involve a set
f calibration materials of polydimethylsiloxane (PDMS) with a
ange of elastic modulus (33 kPa and 1764 kPa in Fig. 3c&d)
easonably relevant to human skin (separately evaluated using
dynamic mechanical analyzer). The output voltage for each

ensor of the CPS is shown in Fig. 3c-d, while different voltages
re applied to the first actuator. It indicates good agreement
etween theoretical results (calculate from Eqs. (3)–(7), Eq. (9))



H. Zhao, C. Dagdeviren, G. Liu et al. Extreme Mechanics Letters 55 (2022) 101801

e
o
w
m
o
0
w
i
v
e
m
t
A
a
d
t
m

i
s
t

Fig. 4. (a) Schematic illustration for all actuators subjected to the applied voltage. (b) Prediction of the output voltages under different applied voltages, measured
during use with PDMS substrates (EPDMS = 1764 kPa). Output voltage of the first sensor varies linearly with (c) the applied voltages and approximately linearly with
d) the elastic modulus of PDMS.
and experimental results. With the increase of the distance be-
tween the sensor and the active actuator, the output voltage
decreases exponentially. The output voltage from the first sensor
(the sensor adjacent to the active actuator) is much larger than
the output voltage from the other sensors by several orders of
magnitude. Therefore, the output voltage of the first sensor is
used to evaluate the relationship between the elastic modulus
and the output voltage of the sensors. Focusing on the output
voltage of the first sensor, more experiments were conducted
with different PDMS with moduli of 1764, 1385, 928, 366, 245,
200, 88, 67 and 33 kPa, respectively, as shown in Fig. 3e∼h. The
xperimental and theoretical results consistently show that the
utput voltage of the first sensor approximately linearly increases
ith the increase of not only the applied voltage but also the
odulus of the calibration material PDMS. The average errors
f the output voltage of the first sensor are 2.86%, 1.08%, 1.65%,
.24%, 0.69%, 0.14%, 2.40%, 0.57%, 12.70% for the different PDMS
ith moduli of 1764, 1385, 928, 366, 245, 200, 88, 67 and 33 kPa

n different applied voltages. The average errors of the output
oltage of the first sensor are 1.28%, 4.15%, 0.31, 3.12% for differ-
nt applied voltages of 5 V, 4 V, 3 V, 2 V with different PDMS with
oduli. It indicates that there is no obvious relationship between

he average errors and the elastic modulus or applied voltages.
lthough there is a small discrepancy between the theoretical
nd experimental values, the variation in the elastic modulus of
ozens of kPa can be obtained by the combination of CPS and
he theoretical model. Therefore, it is sufficient for the variation
easurements of the skin in MPa orders.
The above study on the free-standing CPS and the CPS mount-

ng to the calibration target material (PDMS) verified the univer-
ality of the new theoretical model. In the previous experiments,
he voltage was applied to only the first actuator. Here, we
6

propose to apply the voltage to all the actuators simultaneously
(Fig. 4a). Based on the theoretical analysis in this section, the
prediction with all actuators subjected to applied voltages is given
in Fig. 4b∼d. Under the same applied voltage to the actuators,
the output voltages from each sensor have similar magnitude
trend, as shown in Fig. 4b, which are stronger than those of the
previous mode, in which an individual actuator is applied voltage
at a time. A strong voltage response is beneficial to voltage
detection. Meanwhile, we can obtain the elastic modulus of skin
from the output voltage of any sensors. It prevents failure of the
experiment caused by any sensor damage. The same regularity
emerges that the amplitudes of sensor voltages vary approxi-
mately linearly with the applied voltage (Fig. 4c) and with the
elastic modulus of the calibration material PDMS (Fig. 4d). Thus,
this usage mode of the CPS is an effective method to measure the
elastic modulus of skin. What needs to be pointed out is that the
relationship between the output voltage and the elastic modulus
of skin needs to be calibrated by using exact experiment results
during the use of the mode where a voltage is applied to all
actuators.

2. Conclusions

Mechanical characterization of the human skin is critically im-
portant for clinical diagnosis and treatment of disease. Following
our preceding work on the CPS that enables the noninvasive in
vivo measurement of the elasticity modulus of the skin, here,
further experimental study on the free-standing CPS without
mounting to any target substrate and FEA results revealed that
the deformation transfer is based on both the mechanism of in-
plane lengthwise extension of the actuator and the shear strain of
the elastomer substrate (and the skin). A new theoretical model is
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stablished, the universality of which is verified via the study on
oth the free-standing CPS and the CPS mounting to the PDMS.
he experimental and theoretical results consistently show that
he output voltage of the first sensor approximately linearly in-
reases with the increase of not only the applied voltage but also
he elastic modulus of the PDMS. For optimization, the voltage is
pplied to all the actuators instead of only the first actuator, so
hat stronger output voltage can be obtained from all the sensors.
he combination of the CPS and the present theoretical model
rovides an effective new approach for characterization of soft
issue biomechanics.
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