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A mechanics model is developed for the encapsulated piezoelec-
tric thin-film actuators/sensors system imperfectly bonded to the
human skin to simultaneously determine the Young’s moduli of
the epidermis and dermis as well as the thickness of epidermis.
[DOI: 10.1115/1.4033650]

Introduction

The overall mechanical properties of the human skin depend
mainly on the nature and organization of the dermal collagen and
elastic fiber network, water, and proteins [1]. Studies of the me-
chanical properties of skin, such as Young’s modulus, can provide
an assessment in diagnosis and rehabilitation of dermal diseases.
The complex stratified structure of the human skin adds many
restrictions in the experiments for measuring the Young’s modu-
lus. Conventional methods including suction [1,2], indentation
[3], traction [4], torsion [5], and wave propagation [6] provide
useful insight into the averaged mechanical behavior of human
skin but are problematic in terms of extracting the Young’s
moduli of the epidermis and dermis.

Stretchable and flexible electronics have been developed
to measure the electrophysiological signals and mechanical
properties of the human body [7–15]. Recently, Dagdeviren
et al. [16] presented a microscale, conformal piezoelectric sys-
tem for measuring the modulus of the human epidermis, which
provides soft and reversible contact with the underlying
human skin surface. A mechanics model is developed in this
note to extend the experimental design of Dagdeviren et al.
[16] for simultaneous determination of the Young’s moduli of
the epidermis and dermis when the system is not perfectly
bonded to the human skin.

Model Description and Analytical Solutions. As shown in
Fig. 1, the human skin is modeled as a two-layered structure com-
posed of an epidermis layer and a dermis layer. Each layer is
assumed to be linear elastic and isotropic. The dermis layer (thick-
ness� 1 mm [17]) is much thicker than the epidermis layer (thick-
ness� 0.1 mm [17]) and is therefore modeled as a semi-infinite
solid. The thickness of the epidermis layer is denoted as H. The
Young’s moduli of the epidermis and dermis layers are Eepidermis

and Edermis, respectively, and their Poisson’s ratios are 0.5 because
of their incompressibility.

The encapsulated piezoelectric sensors and actuators, if not
perfectly bonded to the human skin, may slip along the skin sur-
face, which may significantly reduce the interfacial shear stress.
The deformation of the actuators/sensors is then dominated by the
normal stress, not shear stress, at the interface. This leads to the
change in the actuator/sensor thickness, which can be modeled by
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a pair of edge dislocations embedded in the surrounding media for
each actuator/sensor.

The piezoelectric, dielectric, and elastic constants of the
actuators and sensors normal to the skin are e33, k33, and c33,
respectively. The thick encapsulation layer is also modeled as a
semi-infinite, linear-elastic solid with the Young’s modulus Eencap

and Poisson’s ratio of 0.5 [10,16]. Figure 1 shows an actuator and
a sensor (made of identical materials), with length 2b and spacing
l. A two-dimensional model for plane-strain deformation is
adopted for Fig. 1.

The actuator is subjected to an input voltage Uinput. Without the
surrounding media, its thickness would increase by

D ¼ A
e33

c33

Uinput (1)

where A ¼ ðc33=e33Þ � ðc11e33 � c13e31Þ=ðc11c33 � c2
13Þ is given in

terms of the piezoelectric constants eij and elastic constants cij.
The thickness increase induces deformation in the surrounding
encapsulation, epidermis, and dermis, though their Young’s mod-
uli (�100 kPa [16]) are many orders of magnitude smaller than
that of the actuator (�100 GPa [16]). Consequently, the decrease
of the actuator thickness due to the constraint of the surrounding
media is negligible as compared to D [10,16].

The thickness of the actuators and sensors (�5 lm [16]) is
much smaller than that of the epidermis (and dermis and encapsu-
lation). Therefore, Eq. (1) can be modeled as a pair of edge
dislocations, with the Burgers vector D and �D, separated by the
length 2b of the actuator on the encapsulation/epidermis interface
for a finite-thickness epidermis sandwiched by semi-infinite
encapsulation and dermis. The deformation and stress in the
encapsulation, epidermis, and dermis are obtained analytically,
similar to the studies of dislocations in layered media [18,19].

Because the sensors are extremely thin and stiff, their thickness
changes are essentially zero such that they do not need to be mod-
eled as pairs of dislocations. The normal stress �r averaged over
length 2b of the sensor (at the spacing l from the actuator) is
obtained analytically by [18–20]

�r¼ D
2b

Eepidermis

3p
1�aencapð Þ

� ln
2bþ lð Þ2

4bþ lð Þlþ 1�aencapð Þadermis f1þaencapadermisf2ð Þ

" #
(2)

where aencap ¼ ðEepidermis � EencapÞ=ðEepidermis þ EencapÞ and adermis

¼ ðEepidermis � EdermisÞ=ðEepidermis þ EdermisÞ are the first Dundurs’
parameter [21] for the encapsulation/epidermis and epidermis/
dermis interfaces, respectively, and f1 and f2 are the nondimen-
sional functions given by

f1 �
1

2
ln

h0;1h2;1

h2
1;1

þ 1

2
2h�1

1;1 � h�1
0;1 � h�1

2;1

� �
þ 2h�2

1;1 � h�2
0;1 � h�2

2;1

� �
(3a)

and

f2 �
1

2
ln
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h2
1;2

þ1
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2;2

� �
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in which

hm;n ¼ 1þ lþ 2mbð Þ2

2nHð Þ2
(4)

f1 and f2 are shown versus l/b in Fig. 2 for different values of H/b;
they approach zero for H=b� 1 (small sensor 2b as compared to
the thickness H of epidermis).

The output voltage of the sensor is related to the normal stress
�r in Eq. (2) by

Uoutput ¼
1

S

hpiezo

e33

�r (5)

where S ¼ 1þ ðe31=e33Þ � ðc33e31 � c13e33Þ=ðc11e33 � c13e31Þ þ
ðk33=e33Þ � ðc11c33 � c2

13Þ=ðc11e33 � c13e31Þ is given in terms of
the piezoelectric constants eij, elastic constants cij, and dielectric
constants kij, and hpiezo is the thickness of the piezoelectric layer
in the sensor.

The ratio of the sensor output voltage in Eq. (5) to the actuator
input voltage in Eq. (1) gives

Uoutput

Uinput

¼ 1

3p
A

S

hpiezo

2b

Eepidermis

c33

1� aencapð Þ

� ln
2bþ lð Þ2

4bþ lð Þl þ 1� aencapð Þadermis f1 þ aencapadermisf2ð Þ

" #

(6)

Fig. 2 (a) f1 versus l/b and (b) f2 versus l/b

Fig. 1 Two-layered model of the human skin and skin-modulus
device mounted on the surface of human skin with encapsulation
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This ratio for a system poorly bonded to the skin is expected to be
much smaller than that for a perfectly bonded case. Equation (6)
is explored in the following to develop a strategy for determining
E

epidermis
, E

dermis
, and H in experiments.

Determination of the Young’s Modulus of the Epidermis.
For small actuators and sensors with length 2bsmall and spacing
lsmall less than 1/5 of the thickness of epidermis, the functions f1
and f2 are approximately zero, i.e., the effect of the dermis is
negligible. Equation (6) then gives the Young’s modulus of the
epidermis as

Eepidermis ¼
2

3p
A

S

hpiezo

2bsmall

1

c33

Uoutput

Uinput

� ��1

small

"

� ln
2bsmall þ lsmallð Þ2

4bsmall þ lsmallð Þlsmall

� 1

Eencap

#�1

(7)

For a known Young’s modulus Eencap of the encapsulation, Eepider-

mis can be determined from the experiment for small actuators and
sensors, independent of Edermis and H.

Determination of the Young’s Modulus of the Dermis. For
lengths or spacing of actuators and sensors that are not necessarily
small as compared to the thickness of epidermis, the thickness of
epidermis and the moduli of both the epidermis and dermis come
into play. For an actuator and two sensors having the same length
2b but different actuator–sensor spacing l1 and l2, Eq. (6) becomes

Uoutput

Uinput

� �
i

¼ 1

3p
A

S

hpiezo

2b

Eepidermis

c33

1� aencapð Þ

� ln
2bþ lið Þ2

4bþ lið Þli
þ 1� aencapð Þadermis

(

� f1ð Þi þ aencapadermis f2ð Þi
� ��

(8)

where ðUoutput=UinputÞi is obtained from the experiments for sensor
i, ðf1Þi and ðf2Þi are f1 and f2 in Eq. (3) for spacing li, and Eepidermis

obtained from Eq. (7) also gives aencap. Equation (8) constitutes
two equations for adermis and H, which can be solved numerically,
and adermis then gives Edermis.

The Young’s moduli of the epidermis and dermis can be
obtained simultaneously by applying a system consisting of actua-
tors and sensors with small lengths and spacing (2bsmall, lsmall) and
ones (2b, l) comparable to the thickness of epidermis.

Acknowledgment

J.Y. acknowledges the support from the National Natural Sci-
ence Foundation of China (Grant No. 11402133). X.F. acknowl-
edges the support from the National Basic Research Program of
China (Grant No. 2015CB351900) and the National Natural Sci-
ence Foundation of China (Grant No. 11320101001). Y.H.

acknowledges the support from the U.S. National Science Foun-
dation (CMMI-1400169 and CMMI-1300846) and from the U.S.
National Institutes of Health (Grant No. R01EB019337).

References
[1] Diridollou, S., Patat, F., Gens, F., Vaillant, L., Black, D., Lagarde, J. M., Gall,

Y., and Berson, M., 2000, “In Vivo Model of the Mechanical Properties of the
Human Skin Under Suction,” Skin Res. Technol., 6(4), pp. 214–221.

[2] Hendriks, F. M., Brokken, D., Oomens, C. W. J., Bader, D. L., and Baaijens, F.
P. T., 2006, “The Relative Contributions of Different Skin Layers to the
Mechanical Behavior of Human Skin In Vivo Using Suction Experiments,”
Med. Eng. Phys., 28(3), pp. 259–266.

[3] Pailler-Mattei, C., Bec, S., and Zahouani, H., 2008, “In Vivo Measurements of
the Elastic Mechanical Properties of Human Skin by Indentation Tests,” Med.
Eng. Phys., 30(5), pp. 599–606.

[4] Wang, Q., and Hayward, V., 2007, “In Vivo Biomechanics of the Fingerpad
Skin Under Local Tangential Traction,” J. Biomech., 40(4), pp. 851–860.

[5] Agache, P. G., Monneur, C., Leveque, J. L., and De Rigal, J., 1980,
“Mechanical Properties and Young’s Modulus of Human-Skin In Vivo,” Arch.
Dermatol. Res., 269(3), pp. 221–232.

[6] Li, C. H., Guan, G. Y., Reif, R., Huang, Z., and Wang, R. K., 2012,
“Determining Elastic Properties of Skin by Measuring Surface Waves From an
Impulse Mechanical Stimulus Using Phase-Sensitive Optical Coherence
Tomography,” J. R. Soc. Interface, 9(70), pp. 831–841.

[7] Rogers, J. A., Someya, T., and Huang, Y., 2010, “Materials and Mechanics for
Stretchable Electronics,” Science, 327(5973), pp. 1603–1607.

[8] Cheng, H. Y., and Wang, S. D., 2014, “Mechanics of Interfacial Delamina-
tion in Epidermal Electronics Systems,” ASME J. Appl. Mech., 81(4), p.
044501.

[9] Guo, G. D., and Zhu, Y., 2015, “Cohesive-Shear-Lag Modeling of Interfacial
Stress Transfer Between a Monolayer Graphene and a Polymer Substrate,”
ASME J. Appl. Mech., 82(3), p. 031005.

[10] Shi, Y., Dagdeviren, C., Rogers, J. A., Gao, C. F., and Huang, Y., 2015, “An
Analytic Model for Skin Modulus Measurement Via Conformal Piezoelectric
Systems,” ASME J. Appl. Mech., 82(9), p. 091007.

[11] Shi, Y., Rogers, J. A., Gao, C. F., and Huang, Y., 2014, “Multiple Neutral Axes
in Bending of a Multiple-Layer Beam With Extremely Different Elastic Proper-
ties,” ASME J. Appl. Mech., 81(11), p. 114501.

[12] Shi, X., Xu, R., Li, Y., Zhang, Y., Ren, Z., Gu, J., Rogers, J. A., and Huang, Y.,
2014, “Mechanics Design for Stretchable, High Areal Coverage GaAs Solar
Module on an Ultrathin Substrate,” ASME J. Appl. Mech., 81(12), p. 124502.

[13] Liu, Z., Cheng, H., and Wu, J., 2014, “Mechanics of Solar Module on Struc-
tured Substrates,” ASME J. Appl. Mech., 81(6), p. 064502.

[14] Cheng, H., and Song, J., 2014, “A Simply Analytic Study of Buckled Thin
Films on Compliant Substrates,” ASME J. Appl. Mech., 81(2), p. 024501.

[15] Wang, Q., and Zhao, X., 2014, “Phase Diagrams of Instabilities in Compressed
Film-Substrate Systems,” ASME J. Appl. Mech., 81(5), p. 051004.

[16] Dagdeviren, C., Shi, Y., Joe, P., Ghaffari, R., Balooch, G., Usgaonkar, K., Gur,
O., Tran, P. L., Crosby, J. R., Meyer, M., Su, Y., Webb, R. C., Tedesco, A. S.,
Slepian, M. J., Huang, Y., and Rogers, J. A., 2015, “Conformal Piezoelectric
Systems for Clinical and Experimental Characterization of Soft Tissue Bio-
mechanics,” Nat. Mater., 14(7), pp. 728–736.

[17] Zolfaghari, A., and Merefat, M., 2011, “A New Predictive Index for Evaluating
Both Thermal Sensation and Thermal Response of the Human Body,” Build.
Environ., 46(4), pp. 855–862.

[18] Yuan, J. H., 2013, “Dislocation Loops in Transversely Isotropic Materials,”
Doctoral dissertation, Zhejiang University, Hangzhou, China (in Chinese).

[19] Yuan, J. H., Pan, E., and Chen, W. Q., 2013, “Line-Integral Representations for
the Elastic Displacements, Stresses and Interaction Energy of Arbitrary Dislo-
cation Loops in Transversely Isotropic Biomaterials,” Int. J. Solids Struct.,
50(20–21), pp. 3472–3489.

[20] Hirth, J. P., and Lothe, J., 1982, Theory of Dislocations, 2nd ed., Wiley, New
York.

[21] Dundurs, J., 1969, “Discussion: “Edge-Bonded Dissimilar Orthogonal Elastic
Wedges Under Normal and Shear Loading,” ASME J. Appl. Mech., 36(3), pp.
650–652.

Journal of Applied Mechanics AUGUST 2016, Vol. 83 / 084501-3

Downloaded From: http://appliedmechanics.asmedigitalcollection.asme.org/ on 12/05/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use

http://dx.doi.org/10.1034/j.1600-0846.2000.006004214.x
http://dx.doi.org/10.1016/j.medengphy.2005.07.001
http://dx.doi.org/10.1016/j.medengphy.2007.06.011
http://dx.doi.org/10.1016/j.medengphy.2007.06.011
http://dx.doi.org/10.1016/j.jbiomech.2006.03.004
http://dx.doi.org/10.1007/BF00406415
http://dx.doi.org/10.1007/BF00406415
http://dx.doi.org/10.1109/TUFFC.2004.1320751
http://dx.doi.org/10.1126/science.1182383
http://dx.doi.org/10.1115/1.4025305
http://dx.doi.org/10.1115/1.4029635
http://dx.doi.org/10.1115/1.4030820
http://dx.doi.org/10.1115/1.4028465
http://dx.doi.org/10.1115/1.4028977
http://dx.doi.org/10.1115/1.4026472
http://dx.doi.org/10.1115/1.4025306
http://dx.doi.org/10.1115/1.4025828
http://dx.doi.org/10.1038/nmat4289
http://dx.doi.org/10.1016/j.buildenv.2010.10.011
http://dx.doi.org/10.1016/j.buildenv.2010.10.011
http://dx.doi.org/10.1016/j.ijsolstr.2013.06.017
http://dx.doi.org/10.1115/1.3564739

	aff1
	aff2
	l
	FD1
	FD2
	FD3a
	FD3b
	FD4
	FD5
	FD6
	2
	1
	FD7
	FD8
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21

