Guodong Liu

State Key Laboratory of Nonlinear Mechanics,
Institute of Mechanics,

Chinese Academy of Sciences,

Beijing 100190, China;

School of Engineering Science,

University of Chinese Academy of Sciences,
Beijing 100049, China

e-mail: liuguodong@imech.ac.cn

Lijuan Sun

State Key Laboratory of Nonlinear Mechanics,
Institute of Mechanics,

Chinese Academy of Sciences,

Beijing 100190, China;

School of Engineering Science,

University of Chinese Academy of Sciences,
Beijing 100049, China

e-mail: sunlj@Inm.imech.ac.cn

Yewang Su’

State Key Laboratory of Nonlinear Mechanics,
Institute of Mechanics,

Chinese Academy of Sciences,

Beijing 100190, China;

School of Engineering Science,

University of Chinese Academy of Sciences,
Beijing 100049, China;

State Key Laboratory of Structural Analysis for
Industrial Equipment,

W) Check for updates

Scaling Effects in the Mechanical
System of the Flexible Epidermal
Electronics and the Human Skin

The “island-bridge” mesh structure is widely adopted for flexible epidermal electronics to
simultaneously achieve the electronic functions and mechanical flexibility. Mechanical intu-
ition tells that the small size of the “island” is beneficial to the flexibility of the structure and
the adaptability to complex geometric targets. Here, a plane-strain model and an axisym-
metric model are established for square “island” and cycle “island,” respectively, to
analyze the mechanical system consisting of the flexible epidermal electronics and the
human skin. It is found that the pressure between the “island” and the human skin is positive
at the inner region and reaches a peak value at the center, while is negative at the outer
region and approaches infinite at the boundary of the contact region. With the increase
in the size a/Ry, the amplitude of the pressure significantly increases, as well as the singular
degree of the pressure at the boundary. The reduction of the “island” size is beneficial for
the optimization of the “comfort level” of the flexible epidermal electronics. The models
degenerate into the famous Johnson-Kendall-Roberts (JKR) model for the limit case with
extremely hard and thick “island.” [DOI: 10.1115/1.4047039]
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1 Introduction

Flexible epidermal electronics, integrating electronic circuits, and
functional components, such as sensors and actuators [1], have been
extensively developed in recent years due to the widely applications
to the healthcare monitoring [2—6], the human-machine interaction
interfaces [7-10], motion capture [10—14], remote communications
[8,15], and physical therapy [16,17]. With the advanced mechanical
structures and materials, flexible epidermal electronics are capable
of being stretched, bent, and twisted without damage, as shown in
Fig. 1(a) [1,8,10,16]. The “island-bridge” mesh structure consisting
of “islands” and “bridges” is the most popular structure to simulta-
neously achieve the electronic functions and the mechanical flexi-
bility (Figs. 1(b) and 1(c) [10,18]). The “islands” integrating
functional components undergo less deform during the deformation
of the flexible epidermal electronics, while the “bridges” provide
both deformability and the electronic conductivity [18,19]. Some
progress has been made in the studies on mechanics of the flexible
epidermal electronics [20,21]. From the view of mechanics, the
small size of the “island” is beneficial to the flexibility of the struc-
ture and the adaptability to complex geometric targets. However,
the size of the “island” is limited in many practical cases probably
because of the fabrication techniques, the size of the functional
components, the commercial cost, etc. On the other hand, the
large size of the “island” of the flexible epidermal electronics
may yield the excessive constraint or deformation for the human
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skin. How small should the size of the “islands” be and what prin-
ciples should the size design follow?

The objective of this work is to establish analytic models to
analyze the mechanical system consisting of the flexible epidermal
electronics and the human skin. For square “island” [18] and cycle
“island” [10], a plane-strain model and an axisymmetric model are
established in Secs. 2 and 3, respectively. The size effects on the
interactional pressure between the “island” and the human skin
are systematically studied. Concluding remarks are given in Sec. 4.

2 The Plane-Strain Model

An “island-bridge” mesh structure bonded on a cylinder human
tissue with skin is illustrated in Fig. 2(a). For the analysis of the
interaction between the “island” and human skin, a plane-strain
model is established as shown in Fig. 2(b). The “island” integrated
with hard functional components is modeled as an elastic beam with
the width of 2a, thickness of #, Young’s modulus Ejg,,q and Pois-
son’s ratio Vigang, respectively. The human tissue and skin are sim-
plified as a linear elastic circle, with radius Ry, Young’s modulus
Egin and Poisson’s ratio vg, Before bonding together, they
contact each other at the center of the bottom surface of the
“island,” where the origin of the coordinate is located. With pres-
sure and adhesive, the flexible epidermal electronics is bonded on
the skin. The contact areas between the “island” and the skin
become 2a. It is rather complicated to strictly solve this problem
of contact mechanics, because it involves an integral equation cou-
pling single integral term and double integral term. In this model,
the elastic circle for skin is deal with the Herz theory of contact
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Fig.1 (a)Flexible epidermal electronics [1,8,10,16] mounted on the human skin. Scanning electron micro-
scopic images of the classical “island-bridge” structure with (b) square “island” [18] and (c) circle “island”
[10]. (Reproduced with permission from The American Association for the Advancement of Science © 2011
[1]), John Wiley and Sons © 2013 [8], John Wiley and Sons © 2020 [16], and Springer Nature @ 2008 [18]).

mechanics [22], while energy method will be applied to couple the
deformation of the two elastic bodies.

Let x and z be the coordinates of the horizontal axis and vertical
axis, respectively. The mechanical analysis of the elastic circle is
based on the following hypotheses: (1) the contact size is much
smaller than the radius of the human tissue and skin, i.e., 2a <
Ro; (2) the friction along the x direction at the interface is neglected.
According to the Herz theory of contact mechanics [22], the pres-
sure distribution at the interface can be obtained as

1

-4 2\ 1
mm=m(1—§> +m<1—%) (1)

where p; and p, are constants to be determined. The corresponding
displacement [22] of the surface of the human skin is

p(1 - ngin)xZ
aEskin

(@)

Wekin(X) =
Here, the term of the constant displacement yielded by p;(1 —x%/
a®> V2 and pa(1 —x%a®»"? in Eq. (1) vanishes because of the con-

dition of w,(x = 0) = 0. The condition of traction free on the top
of the “island” requires that the resultant force is zero, i.e.,

r p(x)dx=0 3)
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The deformation of the human skin couples with that of the
“island.” The geometric analysis yields the condition

2
Wekin (%) = i a

- 4
2Ry 2R, @

Here, R, is the radius of the interface after the deformation, which
is a constant to be determined. Substitution of Eqgs. (1) and (2) into
Egs. (3) and (4) determines the constants p; and p, as

_ aEskin 1 1 _ aEskin 1 1 (5)
P a0 = R R P20 -2 R TRy

The pressure distribution p(x) can be subsequently obtained as

_ aEgan 1 1 2\? 2\
P@-«u-ﬁmﬁv‘z)kﬁ‘z)‘(“zﬁ }(Q

For the deformation of the “island,” the displacement is assumed
as a quadratic function in harmony with the deformation of the
human skin, given by

2

2R, (O]

Wisland (X) = —
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Fig. 2 (a) Schematic illustration of the “island-bridge” mesh structure bonded on an elastic cylinder.
(b) Schematic illustration for the plane-strain model with the regimes before and after bonding.
(c) The distribution of the dimensionless pressure p(x)(1-12;,)/Esun and (d) the size effect on the
peak of the positive dimensionless pressure p;, (1—22.)/Eskins TOr Eisianat®/[12(1—22,,,4)] = 0.
(e) Effects of the dimensionless bending stiffness E on the distribution of the dimensionless pressure
P(x)(1—22,)/Eskin, for alRo=0.1. (f) Curves of the peak of the positive dimensionless pressure
Pihax(1—¥4in)/Eskin versus the bending stiffness E, for a/Ro = 0.1, 0.05, 0.02.

Here, the energy method is used to determine the radius R;. The
theory of beams gives the elastic energy of the “island” as

‘1 E; 3 w: 2
Ussland :J _ lslandzt |: Wlsla;d(x)] dc
_"2 12(1 - yis]and) dx

®

where Ejganat®/[12(1 - uizsland)] is the bending stiffness of the
“island.” The elastic energy of the human skin can be obtained by
the work of the pressure on the surface displacement, given by

41
Uskin = j 2 [=p () Wgkin (X)dx ©)

[T3RL)

Here, means the defined directions of p(x) and wg,(x)
are the opposite. The optimization of the total energy of the
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system requires
i(U- + Ugin) =0 (10)
8R1 island skin) =
Substitution of Egs. (2) and (6-9) into Eq. (10) yields

R1=|:1+

which, together with Eq. (6), results in the final pressure distribution as

16E;ganat>(1 — 12
sland?” Vskm)]Ro (11)

37a3Egin(1 — V2400

_ 4'aEskinEislandt3
16RoEiganat>(1 — kam) + 37R0a3 Egin(1 — l/izsland)

2\ 3 2\ 3
><|:2<1—Z2> —(1—%) } (12)
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For very thin and soft “island,” Ejganat> /[12(1 — uizsland)] — 0. The
deformation of the human skin and pressure vanish. For the thick and
hard “island,” Eigana /[12(1 — vizsland)] — o0. Equation (12) degener-

ates to
_ aEgin 2\ 2\
PO AR~ 1) [20 %) -(-%) } 9

which is actually the famous Johnson-Kendall-Roberts (JKR)
model [22].

For  simplicity, the case  with  rigid  “island”
(Eigtana?® /[12(1 = yizsland)] — o0) is analyzed first. The distribution
of the dimensionless pressure p(x)(1 —ufkin)/Eskin is plotted in
Fig. 2(c). The pressure is positive at the inner region and reaches
a peak value at the center, while is negative at the outer region
and approaches infinite at the boundary of the contact region. The
effects of the size a/R, on the pressure distribution and amplitude
are also studied as shown in Fig. 2(c). With the increase in the
size a/Ry, the amplitude of the pressure significantly increases,
as well as the singular degree of the pressure at the boundary. Par-
ticularly, the peak of the positive dimensionless pressure
pt (1= 1%,)/Esin is defined to quantitatively present the stress/
strain magnitude in the human skin, while the negative pressure is
singular at the boundary. As shown in Figs. 2(c) and 2(d), the
peak of the positive dimensionless pressure increases from
0.00025 to 0.025, when the size a/R increases from 0.001 to 0.1.
It means that the large size of the “island” results large positive or
negative pressure on the skin, which may yields the uncomfortable
feeling for human. The reduction in the “island” size is beneficial
for the optimization of the “comfort level” of the flexible epidermal
electronics.

Effects of the dimensionless bending stiffness E =
{Eistana?® /1121 = 121, )1}/ [EskinR3 /(1 — 12;,)] on the distribution
of the dimensionless pressure p(x)(1 — l/gkin) /Ein are also shown
in Fig. 2(e). For a/Ry = 0.1, the amplitude of the pressure increases
with the increase in the bending stiffness, as well as the singular
degree of the pressure at the boundary. Figure 2(f) gives the
curves of the peak of the positive dimensionless pressure versus
the bending stiffness. For a/Ry=0.1, the peak of the
positive dimensionless pressure increases from 0.004 to 0.017,
when the dimensionless bending stiffness increases from 1x 107>
to 1x107™* As an example, the optimized design of a flexible
epidermal electronic [23] with the width 2a=0.2 mm, thickness
t=0.5pum, Young’s modulus Ejgana =200 GPa, Poisson’s
ratio Vjganga = 0.3, the radius of the forehead Ry~0.5 m [24],
Young’s modulus Egi, =150 kPa, and Poisson’s ratio v, =
0.495 yields a peak of the positive dimensionless pressure
Pl — ngin)/Eskin =1x 107>, which is very small to sense for
human skin.

3 The Axisymmetric Model

Similarly, the aforementioned analysis can be extended to an axi-
symmetric model. An “island-bridge” mesh structure bonded on a
sphere human tissue with skin is illustrated in Fig. 3(a). In the anal-
ysis, the “island” is modeled as a circular plane, while the human
tissue and skin becomes an elastic sphere. Figure 3(b) shows the
axisymmetric mechanical model for the interaction between the
“island” and the human skin. The above hypotheses hold here for
the axisymmetric analysis. Herz theory of contact mechanics [22],
together with the conditions of zero resultant force and the geomet-
ric analysis, yields the pressure distribution at the interface as

2aEyin 1 1 r? 3 r? K
= B (2 |3(1-Z) —(1-2
o) 3”(1_D§kin)<R0 RI>|:3( “2) ( a?

(14)
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and the displacement of the surface of the human skin as

r2 7'2

Wekin(r) = 7=

- 1
2R, 2R, (13

Here, R, is the radius of the interface after the deformation, which
is a constant to be determined. The energy method is also adapted to
determine the radius R,. The theory of plates gives the elastic
energy of the “island” as

. [ wisna)] 1 [edwigana ()]
Usstand _j ”Jal B! dr " dr drd0
Jand = -
o 0 02 12(1 - D?Sland) dwisland(r) dzwisland(r)
+ 2I/island T
dr dr

(16)
where Eiganat® /[12(1 — 22,01 is the bending stiffness of the
“island”

2
2R,
is the displacement of the island in harmony with the deformation of
the human skin. The elastic energy of the human skin can be

obtained by the work of the pressure on the surface displacement,
given by

Wisland (1) = — (17

27 pa
Usin =j j 5 [P Wein(r)rdrdd (18)

0Jo
The optimization of the total energy of the system
O(Ussland + Uskin)/OR; =0 gives the radius R, =
{1 4 157 Eiganat’ (1 — 134,)/ 1160 Egin(1 = Vistana)1}Ro, which,

together with Eq. (14), results the pressure distribution as

_ 1Oal':‘skinEislandl‘3
152R0Eistanat® (1 — 12,) + 16R0a®Egin(1 — Vistand)

2\ 2\ 3
x[3<1—:7> —(1—;—2> } (19)

For very thin and soft “island,” Eitanat /(1 = Vigana) = 0. The
deformation of the human skin and the pressure vanish. For the
thick and hard “island,” Eigunat*/(1 = Vistand) = ©0. Equation (19)
degenerates to

1 1

2aEgin r*\2 2\ 2
S e LN Y (A Y 20
p(r) 37rR0(1—yfkin)|:< a2) ( e 20)

which is the axisymmetric JKR model [22].

The numerical results are similar to that for the plane-strain model.
In the case of Eiganaf>/(1 — Vigiand) = 00, the pressure is positive at
the inner region and reaches a peak value at the center, while is neg-
ative at the outer region and approaches infinite at the boundary
(Fig. 3(c)). As shown in Fig. 3(d), with the increase in the size
alRy from 0.001 to 0.1, the peak of the positive dimensionless
pressure pi (1 - z/szkin) /Egin increases from 0.0004 to 0.0424,
which means that the large size of the “island” results large positive
or negative pressure on the skin and may yield the uncom-
fortable feeling for human. Furthermore, Fig. 3(f) shows the
effects of the dimensionless bending stiffness D=
{EislandZS/(l - Visland)}/[EskinRg/(l - ng'n)] on the distribution of
the dimensionless pressure p(r)(1 —v5,,)/Exin for a/Ry=0.1.
With the increase in the bending stiffness, the amplitude of the pres-
sure increases, as well as the singular degree of the pressure at the
boundary of the contact region. The relationships between the posi-
tive dimensionless pressure and the dimensionless bending stiffness
are also studied in Fig. 3(f). For a/Ry = 0.1, the peak of the positive
dimensionless pressure increases from 0.0097 to 0.0317, when the
dimensionless bending stiffness increases from 1x 107 to 1 x 107,

p(r)
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Fig. 3 (a) Schematic illustration of the “island-bridge” mesh structure bonded on an elastic sphere.
(b) Schematic illustration for the axisymmetric model with the regimes before and after bonding.
(c) The distribution of the dimensionless pressure p(r)(1-12,,)/Esin and (d) the size effect on the
peak of the positive dimensionless pressure p;.. (1 —vgkin)/Eskin, for Eigianat>/(1 = Visiang) = co.
(e) Effects of the dimensionless bending stiffness D on the distribution of the dimensionless pressure
p(r)(1—22,)/Eskin, for alRo=0.1. (f) Curves of the peak of the positive dimensionless pressure
Pihax(1—72n)/Eskin Versus the bending stiffness D, for a/R, = 0.1, 0.05, 0.02.

4 Concluding Remarks

@

@

3

For square “island” and cycle “island,” a plane-strain model
and an axisymmetric model have been established to analyze
the mechanical system consisting of the flexible epidermal
electronics and the human skin, respectively.

It is found that the pressure between the “island” and the
human skin is positive at the inner region and reaches a
peak value at the center, while is negative at the outer
region and approaches infinite at the boundary of the
contact region.

With the increase in the size a/R,, the amplitude of the pres-
sure significantly increases, as well as the singular degree of
the pressure at the boundary. The reduction of the “island”
size is beneficial for the optimization of the “comfort level”
of the flexible epidermal electronics.

Journal of Applied Mechanics

(4) The models degenerate into the famous JKR model for the
limit case with extremely hard and thick “island.”

(5) The aforementioned analysis and results are universal for the
“island” of flexible epidermal electronics consisting of mul-
tilayer structures with different materials, when the bending
stiffness and the Poisson’s ratio of the “island” are replaced
by the effective bending stiffness and the effective Poisson’s

ratio of the multilayer “island”, respectively.

(6) Conclusions (2), (3), and (5) hold for other “islands” with

arbitrary shapes.
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