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Elastomeric encapsulation layers are widely used in soft, wearable devices to physically isolate rigid electronic components from
external environmental stimuli (e.g., stress) and facilitate device sterilization for reusability. In devices experiencing large
deformations, the stress-isolation effect of the top encapsulation layer can eliminate the damage to the electronic components
caused by external forces. However, for health monitoring and sensing applications, the strain-isolation effect of the bottom
encapsulation layer can partially block the physiological signals of interest and degrade the measurement accuracy. Here, an
analytic model is developed for the strain- and stress-isolation effects present in wearable devices with elastomeric encapsulation
layers. The soft, elastomeric encapsulation layers and main electronic components layer are modeled as transversely isotropic-
elastic mediums and the strain- and stress-isolation effects are described using isolation indexes. The analysis and results show
that the isolation effects strongly depend on the thickness, density, and elastic modulus of both the elastomeric encapsulation
layers and the main electronic component layer. These findings, combined with the flexible mechanics design strategies of
wearable devices, provide new design guidelines for future wearable devices to protect them from external forces while
capturing the relevant physiological signals underneath the skin.
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1 Introduction

Wearable electromechanical sensors transduce mechanical
stimuli into readable electrical signals performing a similar
function to that of human skin. Their functionality and ease
of integration with the human body have positioned them as
desirable candidates for potential applications in real-time
health monitoring [1–4], human-machine interfaces [5,6],
soft robotics [7,8], and neuroprosthetics [9,10]. At the skin-
device interface, physiological processes like sweat, meta-

bolites, and secretion create a complex operational en-
vironment for bare pressure sensors that degrade their
performance. Therefore, a soft, elastomeric encapsulation
layer with low water permeability is typically used to miti-
gate the effects of skin physiological processes in the device,
such as chemical corrosion and device failure [11–15].
Further, the elastomeric encapsulation layer protects the
pressure sensor from large mechanical deformations (so-
called strain- and stress-isolation) [2,16,17] while in opera-
tion and facilitates assembly with other electronics compo-
nents in the wearable device. Nevertheless, the effect of the
encapsulation layer on the sensitivity of the pressure sensor
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needs to be carefully studied [18] since a poor encapsulation
design can cause a low signal-to-noise ratio and affect the
capability to clearly distinguish between different subtle
tactile signals (e.g., pulses and vocal vibrations) [12,19] in
health monitoring applications.
Previous sophisticated encapsulation strategies reported in

the literature, derived from elastic beam or shell model
theories that include ultrasoft elastomers [20], elastomers
with liquid-filled cavities [21], liquids surrounding hard
electronic components [22] and electronic interconnects
[23], aim to use the stress-isolation effect as a protective
barrier for the electronics and sensors against large me-
chanical deformations (i.e., stretching) but the underlying
mechanism degrading the sensitivity of the sensors, due to
signal blocking, remains unclear. Motivated by this, an
analytic model, based on the linear elasticity of the layers, is
established to provide design strategies for wearable pressure
sensors with a high sensitivity to distinguish the relevant
physiological signals. The theoretical work presented here
focuses on the strain- and stress-isolation effects of the
elastomeric encapsulation layer, where analytical expres-
sions for the stress and displacement distributions in the
encapsulation layers are derived and validated by finite
element analysis and three strategies are proposed for further
optimization of multi-layer wearable systems.

2 Analytic model

Figure 1(a) shows a schematic exploded view of a wearable
device interfaced with the skin (i.e., epidermal electronics),
with an encapsulation strategy that relies on a three-layer
system divided into a bottom (1st-layer) and top (3rd-layer)
elastomeric layer that sandwiches the main electronic com-
ponents layer (2nd-layer) to provide a strain- and stress-
isolation effect, respectively. The stress-isolation (3rd-layer)
protects the main electronic components layer (typically
includes active sensors, the metallic serpentine-inter-
connects, microcontroller, and other peripheral passive
components) from excessive stresses that could lead to me-
tallic yield or fracture and maintains the measurement re-
liability during skin deformations. Conversely, the strain-
isolation layer (1st-layer), weakens the initial physiological
signal amplitude from the human epidermis affecting the
measurement. The multi-layered wearable device can be
modeled using the theory of the plane linear elastic problems
in cylindrical coordinates, an analytic approach often used in
the elastic analysis of multi-layered pavement structures
[24–26]. Here, we consider the dynamic load (i.e., vibration
signals) on the three-layer medium and focus on the stress/
displacement distribution on the top/bottom surfaces of the
main electronic components layer (2nd-layer). The top and
bottom encapsulation layers are modeled as horizontal

layered, homogeneous, and transversely isotropic solids.
Assuming that the z-axis is perpendicular to the isotropic
plane and the variables only depend on the radial and vertical
directions (r and z), as shown in Figure 1(b). The governing
equilibrium and constitutive equations for the axisymmetric
problem can be written as follows.
(1) The stress equilibrium equations:

r z r+ + = 0, (1a)r zr r

z r r
u
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where E is Young’s modulus, is density and v is Poisson’s

ratio, vE
v v= (1 + )(1 2 ) and G E

v= 2(1 + ) are the Lame

constant and shear modulus, respectively. r,  , z, and zr
are the stress components in the cylindrical coordinate, and
uz is the displacement component. The set of equilibrium and
constitutive equations is given in eqs. (1) and (2) coupling six
partial differential equations to solve six unknowns. The

Figure 1 (Color online) (a) Illustration of a wearable device mounted on
the epidermis, which consists of interconnects between islands of electrical
components contained within a soft, elastomeric enclosure. (b) Axisym-
metric schematic diagram of the encapsulated device modeled as a trans-
versely isotropic three-layer medium.
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state space formulation consists of describing physical phe-
nomena in terms of the minimum possible number of vari-
ables. To achieve this, the first step is to reduce the number of
state variables in eqs. (1) and (2) by eliminating the in-plane
stress components r and , rendering a set of partial dif-
ferential equations with four state variables as follows:
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Note that the displacement studied here exists in the time
domain as an impulse function uz=u(r, z)e

iωt, where ω is the
angular frequency. Using the Hankel integral transform, all
variables in eq. (3) can be transformed to depend only on
and z (Hankel transforms details are given in Appendix A in
Supporting Information online), and eq. (3) can be reduced to
a set of ordinary differential equations, which are rewritten

simply in matrix form as
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The state vector solution in Hankel transform space for eq.
(4) is expressed as (Details can be found in Appendix B):

z C zX X( , ) = ( ) ( , 0), (6)
where C z( ) is the transfer matrix between the initial state
vector X( , 0) and the state vector zX( , ) of arbitrary depth z.
By analyzing the eigenvalues of A ( ) in eq. (5b), the com-
ponents of the transfer matrix C z( ) can be derived as [27]
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where E= / is a vibration parameter. When the vibration disappears ( 0) and produces 0, the transfer matrix
zC( ) can be simplified as
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For the encapsulated device shown in Figure 1, the hi, i,
Gi, Ei and vi represent the thickness, density, shear modulus,
Young’s modulus, and the Poisson ratio of the ith layer,
where the label i = top, main, or bot, represents the top
encapsulation layer, the main layer, and the bottom en-
capsulation layer, respectively. The vibration parameter can
be rewritten as E= /i i i . The total thickness of the

device is H h h h= + +top main bot, and the state vector at the
top surface (or bottom surface) of the ith layers is labeled as
X i

+ (or X i ) as shown in Figure 1(b). By using eq. (6) the
transfer relations between the state vector at the top and
bottom surfaces of the ith layer can be expressed as

( ) ( )h C h G vX X, = , , , ( , 0), (8)i i i i i i i i
+

and the continuity conditions at the layer interfaces are given
as

( )
( )
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Using eqs. (8) and (9), the state vector at the interfaces can
be eliminated, and the transfer relations between HX ( , )top

+

at the top encapsulation layer and X ( , 0)bot at the bottom
encapsulation layer can be expressed as

H C C CX X( , ) = ( , 0). (10a)top
+

top main bot bot

Applying the boundary conditions at the top and bottom
encapsulation layers, the concerned state vector at the top
and bottom surfaces of the main layer can be further obtained
as

( )h CX X, = ( , 0), (10b)main bot bot bot

( )H h C HX X, = ( , ), (10c)main
+

top top top
+

where ( )C hi i is the transfer matrix of the ith layer (Figure 1
(b)).

3 Results and discussion

The effect of the layered encapsulated medium on the main
layer of the device (where passive/active electronic compo-
nents and serpentine interconnects reside) is discussed based
on the theoretical framework for layered isotropic elastic
solids presented in the previous section. Here, two different
loading modes were investigated. The first is the decay of the
internal physiological signal originating from the epidermis
traveling through the bottom encapsulation layer until it
reaches the bottom surface of the main layer; this loading
mode is defined as the strain-isolation effect or SAI. The
second is the maximum stress generated on the top surface of
the main layer due to external loading above the top en-

capsulation layer that can damage the internal serpentine
interconnects and/or electronic components; this loading
mode is defined as the stress-isolation effect or SEI.

3.1 Strain-isolation effect on internal physiological
signal.

Recently reported wearable devices mounted on the skin can
detect various physiological signals, including respiration
[28,29], pulse [30,31], heartbeat [7,32], and fetal movement
[33] (examples of physiological parameters are listed in
Table 1), among others. For convenience, a simplified
mathematical form to describe these complex vibration sig-
nals is adopted as

u r z u r u( , ) = ( , 0) = e , (11)z z z
t Rr

=0 0
i 2

where u 0, ω and R are the amplitude (from dozens of mi-
crometers to several millimeters), the angular frequencies
(from 0.1 to 2 Hz) and the vibration range of the physiolo-
gical signals (from several millimeters to several deci-
meters), respectively.
The original physiological signal u r( , 0)z is transmitted to

the pressure sensor after passing through the strain-isolation
(bottom or 1st) layer, and the decayed signal

( )u r z u r h( , ) = ,z z h z= bot
bot

must be determinated (Figure 2

(a)–(i)). Considering a traction-free condition on top surface
of the top encapsulation layer, the boundary conditions of the
system are written as follows:
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Using the Hankel transform in eq. (S1a), the following is
obtained:
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Substituting eq. (12b) into eq. (10a) gives

Table 1 Mechanical and thermal properties of the specimens

Frequency ω (min–1) Range R (mm)

Pulse 60–100 2–5

Heartbeat 60–100 15–25

Respiration 12–20 40–60
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where ( ) ( ) ( )C C h C h C h( ) = top top main main bot bot . Solving eq.
(13), the stress components are obtained as
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where Cij(i, j = 1, 2, 3 and 4) are the elements of matrixC( ).
Based on eq. (13) and eq. (10b), the state vector at the in-
terface between the sensor and bottom encapsulation layer is
governed by
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Solving the eq. (15), the vertical displacement u z( , )z at

the bottom layer is obtained as

u z A u
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where Aij(i, j = 1, 2, 3 and 4) are the elements of matrix
( )C hbot bot . Substituting eq. (14) into eq. (16a) and using the

Hankel inverse transform in eq. (S1b), the normalized dis-
placement component at the interface between the sensor and
bottom encapsulation layer is obtained:

u r z u r z
u

u u z J r
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where J ( )0 is the zero order Bessel function. To evaluate the
degree of signal decay in the bottom encapsulation layer, a
strain-isolation index κ1 is introduced to define the original
signal decrease from the maximum amplitude as

u z

u u z J r
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= 1 1
e ( , )  ( )d . (17)
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1 =

0
i 0 0
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If the vibration is weak ( 0) and three-layer homo-
geneous media take the same elastic modulus
(E E E E= = =top main bot , v v v v= = =top main bot ), the solution
in eq. (13) degenerates to

Figure 2 (Color online) (a) Schematic illustration of strain-isolation effect in encapsulation systems with different layers. (b) Distribution of u r( )z
' at the

bottom surface of the main layer for different systems.
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And u z( , )z in eq. (17) for calculating the strain-isolation index becomes
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where a H z= 2 , b v v H= 5 12 + 8 + 22 2 2, and c v= 3 4 .
For the special case of a monolayer system with H h= bot

(Figure 2(a)-ii), the strain-isolation index can be further
simplified to

v
R

H H v H
v v H v H J r= 1 2(1 ) sinh( ) + 2(1 )cosh( )

5 12 + 8 + 2 + (3 4 )cosh(2 )e ( )d . (19)R

r
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=0
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Eqs. (16a) and (17) predict the normalized displacement
components of the vibration signal at the top of the en-
capsulation layer and evaluate the strain-isolation effect of
the device after encapsulation. It is noted that eqs. (18) and
(19) can be adopted as the lower limit for evaluating the
strain-isolation effect of the bottom encapsulation layer.

Figure 2(b) shows the distribution of the signal u r( )z z h= bot

for three systems with different layers. The strain-isolation
effects are larger for a multi-layered system as the number of
layers increases where the monolayer system exhibits the
lower SAI limit obtained from eq. (19). Figure 3(a) shows

the signal u r( )z z h= bot
of a three-layer system versus r R/ for

R R R= = / 10 = 0.001bot top main , E E E= = / 10bot top main ,
v = 0.5, h h R= = / 2main top and h R/ = 0.25,  0.5,  0.75,  1bot

(example of soft elastomeric enclosures typically used in
wearable devices are listed in Table 2). The results indicate
that half of the signal amplitude would be shielded by the
bottom encapsulation layer when its thickness h bot is com-
parable to equivalent to the signal range, R. To identify the
effect of each layer in the SAI via the strain-isolation index
κ1, the thickness of an individual layer was changed by the
ratio h R/ = 0.25,  0.5,  0.75,  1i (i=top, main, bot) while the
thickness of the remaining two layers was fixed to
h R/ = 0.5i . The results in Figure 3(b) indicate that the bot-
tom encapsulation layer has the most significant effect on the
SAI as the κ1 varies from 5% to 50% when the bottom layer
thickness changes. For the main layer, the effect on the SAI
is reduced, as shown by the changes between 14% and 35%
in the κ1 and the top encapsulation layer shows a relatively
small effect on the SAI as the variation in the κ1 is almost

negligible when the top layer thickness changes.
In addition to the thickness of the elastomeric layers, the

density, vibration frequency and elastic modulus of each
layer also affect the SAI, which can be combined into a
single parameter E= / (mentioned in Sect. 2). Figure

3(c) shows κ1 versus Rtop for a three-layer system with
different Young’s modulus ratios between the main and top
encapsulation layers (E E/ = 1,  10,  100,  and 1000main bot ) for
a device with a fixed thickness (h h h R= = = / 4top main bot ).
The results show that the strain-isolation effect can be re-
duced by increasing the density of the 1st-layer, and even
further relieved by decreasing the modulus of the 2nd-layer,
i.e., adopting encapsulating materials with a high density and
the layout of electronic components with low effective
elastic modulus. For the case when the main layer is very
rigid as compared to the top encapsulation layer by several
orders of magnitude (e.g., E E/ = 10main bot

7), the strain-iso-
lation effect becomes very strong and κ1 approaches 1, i.e.,
100% of the original signal is lost (Figure 3(d)). Recently,
researchers adopted air- or Silicon gel-pocket layout to en-
close the main layer (2nd-layer), which allows free move-
ment of the serpentine interconnects and islands of
components, then obtained the main layers with ultra-low
equivalent modulus [32,34–38]. These designs leave the
sensors in conformal contact with skin and greatly alleviate
the strain-isolation effect (SAI). Previous works demonstrate
that the effective Young’s moduli of the layout of the main
layer would be optimized as low as that of encapsulating
layer (E E/ 1bot main ) [32,34]. If the bottom encapsulation
is prepared by the ultra-thin elastomeric membrane with a
Young’s modulus lower than human skin (e.g., Ecoflex
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Smooth-on, Silbione 4717, etc.), its h h/ < 0.3bot main and
h R/ < 0.1bot (h bot is about 300 μm and the total thickness of
device are more than 1 mm); therefore, the strain-isolation
effect in these devices can be neglected (its corresponding κ1
can less than 1%).

3.2 Stress-isolation effect on external loading

Generally, a loading applied on the top encapsulation layer
can be decomposed to the normal and tangential components
along the z and r directions, respectively. First, a uniform
distributed normal load P0 with radius R applied on the top
encapsulation layer (as shown in Figure 4(a)) is considered.
Considering the encapsulation layers are much more com-

pliant than the main layer, the displacements at the bottom of
the encapsulation layer can be regarded as zero given the
following boundary conditions:
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=

=0

=0

Substituting eq. (20a) into eq. (10a) gives

z

z C

RJ R

u z

u z

( , )

( , )

0
0

= ( )

( )

0
( , )

( , )

. (21)

z z

rz z
r z H

z z H

=0

=0

0
1

=

=

From eq. (21), we obtain

Figure 3 (Color online) (a) Distribution of u r( )z
' at the bottom surface of the main layer for a 3-layer system with different hbot/R (the circle and solid line

correspond to FEA and theoretical results, respectively). (b) Strain-isolation effect of bottom encapsulation layer in a three-layer system with a different layer
thickness hi/R (i = top, main and bot, respectively). (c) κ1 versus ηbotR for a three-layer system with different Young’s modulus. (d) κ1 versus Emain/Ebot for a
three-layer system with different hbot/R.

Table 2 Parameters of common encapsulating materials for wearable
devices

Materials ρ (g/cm3) E (MPa) ν ρ/E (10−4)

PDMS 0.965 0.12–2.8 0.5 3.45–80.4

Ecoflex 1.07 0.055–0.1034 0.47 103.5–194.5

PI 1.39–1.45 2500–3200 0.34 0.004344–0.0058

PET 1.38 1900–3800 0.3–0.4 0.00363–0.00726

PE 0.86–0.96 1070 0.4 0.008037–0.008971

Parylene 1.110 2800 0.4 0.003964
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z C C C C C C C C C C C C C C C C C C
c c c c

z C C C C C C C C C C C C C C C C C C
c c c c

u z C C C C
C C C C

u z C C C C
C C C C

( , ) = + + ,

( , ) = + + ,

( , ) = ,

( , ) = ,

(22)

z z

zr z

r z H

z z H

=0
13 22 31 12 23 31 13 21 32 11 23 32 12 21 33 11 22 33

12 21 11 22 0

=0
13 22 41 12 23 41 13 21 42 11 23 42 12 21 43 11 22 43

12 21 11 22

=
12 23 13 22

11 22 12 21
0

=
13 21 11 23

11 22 12 21
0

where Cij is the elements of the matrix C( ), and
RJ R= ( )0

0
1 . Based on eqs. (10c) and (22), the dis-

placement and stresses at the interface between the main
layer and the top encapsulation layer are governed by

( )

( )

z

z

u z

u z

h

z

z

u z

u z

C h

RJ R

c C C C
C C C C
C C C C
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. (23)

z z H h

rz z H h

r z H h

z z H h

z z H

rz z H

r z H

z z H

=

=

=

=

top top 

=

=

=

=

top top 

0
1

12 23 13 22

11 22 12 21

13 21 11 23
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top 

top 

top 

top 

Substituting to eq. (23) into the Hankel inverse transform
in eq. (S1b), the stress components at the interface between
the 2nd-layer and the 3rd-layer are obtained as

r z z J r( , ) = ( , ) ( )d , (24a)z z H h z z H h= 0 = 0
top top

r z z J r( , ) = ( , ) ( )d . (24b)rz z H h rz z H h= 0 = 1
top top

Here, a stress-isolation index κ2 is introduced to quantify
the protective effect of the top encapsulation layer from
normal loading as

r z r z= 1 Max ( , ) = 1 ( , ) .z

z H h

z

r z H h
2 0 = 0 =0, =top top

(25)
For a three-layered homogeneous media with the same

elastic modulus (E E=top main=E E=bot , v v=top main=
v v=bot ), the solution in eq. (23) simplifies to

z
c a z z b zH z a a

b c H

( , ) = ×
[cosh( )+ sinh( )]+( 2 )cosh( )+ sinh( )

+ cosh(2 ) ,

z 0
2

(26a)

z
z c a z b zH z

b c H

( , )

= [ cosh( ) + cosh( )] ( 2 1)sinh( )
 cosh(2 ) ,

rz

0

2

(26b)

RJ R= ( ), (26c)0
0

1

where a H z= 2 , b v v H= 5 12 + 8 + 22 2 2, and c v= 3 4 .
For the special case of a monolayer system with H h= top, the
stress-isolation index further simplifies to

R v
v H H H

v v H v H
J R J r

= 1 4 (1 )

× 2(1 )cosh( ) + sinh( )
5 12 + 8 + 2 + (3 4 )cosh(2 )

× ( ) ( )d . (27)

2

0 2 2 2

1 0

Using eqs. (24) and (25), the normalized stress compo-
nents at the top of the main layer and SEI in the pressure
sensors after encapsulation can be evaluated to verify that the
design protects the sensor and electronics from external
loading. Figure 4(b) shows the distribution of the normalized

stress component, r z( , ) /z z H h= 0
top

, at the bottom surface

of the top encapsulation layer with different h h R= /top

under a uniform normal load 0. Clearly, the normal stress
/z 0, at the bottom of the encapsulation layer decreases

with increasing layer thickness h under normal load 0, in-
dicating that the SEI of the thicker elastic encapsulation layer
is more prominent. For the case of an encapsulation pressure
sensor on a wearable device, 18% of the normal stress from
the external load will be shielded when the size of the ex-
ternal load (R) is close to the thickness of the encapsulation
layer (h) (i.e., h R/top close to 1). Moreover, the normal load
at the top of the encapsulation layer induces extra shear stress
at the bottom (the interface between sensor and encapsula-
tion layer), and its maximum occurs at the edge of the load
(r R= ) (Figure S2, Supporting Information online). In some
cases, particularly for piezoelectric (PZT) sensors, the in-
duced shear stress along the layer interface can increase the
tensile stress in a super-sensitive PZT sensor, therefore im-
proving its sensitivity.
In addition to the thickness, the elastic modulus of layers

also affects the SEI. Figure 4(c) shows the distribution of the
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normalized stress /z 0 on the top of the 2nd-layer for dif-
ferent Young’s modulus (E E/ = 1,  5main top and 10), the
maximum of /z 0 exibits a slightly decreasing tendency
(decreases from 1 to 0.9) when E E/main top increases one or-
der of magnitude from 1 to 10. Figure 4(d) shows 2 versus
E E/main top for different top encapsulation thicknesses
(h R/ = 0.18,  0.3,  0.38,  0.5top ). It is clear that 2 approaches
a contant value, which could be estimated by the monolayer
system (eq. (27)), when the main layer is very rigid as
compared with the top encapsulation layer (e.g.,
E E/ = 10main top

3).
Similarly, the stress-isolation analysis of encapsulated

device for a tangential load is given in Appendix C. The
tangential load at the top encapsulation layer also causes
additional normal stresses at the top surface of the main
layer, and its corresponding maximum or minimum value
occurs at the edge (r = 0) or center of the load (r R= ), as
shown in Figure S3(b).
FEAwas performed to verify the results from the proposed

analytic model. Theoretical results are in good agreement
with FEA ones, as shown in Figures 3(b) and 4(b)

4 Conclusion

In summary, we developed an analytic model for evaluating
the strain- and stress-isolation effects in wearable devices.
The soft, elastomeric encapsulation layers and electronic
main layer are modeled as transversely isotropic mediums,
and two isolation indexes that quantify the strain- and stress-
isolation effects are proposed. The results show that the
strain- and stress-isolation effects strongly depend on the
thickness, density, and elastic modulus of both the en-
capsulation layers and the main layer. Incorporating the
theory described, we can further optimize the top and
bottom elastomeric encapsulation layers and the structure
of electronic components to achieve a high sensitivity
while protecting the wearable devices from external
forces.
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