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A Universal Size Design Principle for Stretchable Inorganic 
Electronics to Work Consistently under Different Interface 
Conditions

Shuang Li, Yuqun Lan, YongAn Huang, Yuli Chen, and Yewang Su*

Stretchable inorganic electronics are usually designed and calibrated under 
free interface condition, while the interface conditions between the devices 
and skins/organs in practical applications are rather complex (free, slidable, or 
bonded) and may switch among them. In the ideal situation, the mechanical 
and electrical performances have to be consistent under different interface con-
ditions, to ensure the accuracy and robustness of the devices. Here, the effect 
of interface conditions on the mechanical and electrical performances is studied 
for stretchable inorganic electronics with different configurations by theo-
retical analysis, finite element analysis and experiment. A universal size design 
principle is proposed for stretchable inorganic electronics to work consistently 
under different interface conditions, i.e., the period length of the devices/inter-
connects has to be the same order of magnitude as the encapsulation thickness 
or less. To ensure the comfort of human skin/organs, micron-scale geometrical 
design is necessary for epidermal electronics according to the above designed 
principle. This finding is of great significance for ensuring the accuracy and 
robustness of stretchable inorganic electronics in practical applications.
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impact (e.g., stretchable battery,[4] sensors 
for monitoring heart activity,[5] stretchable 
light emitting diodes,[6,7] optogenetic plat-
forms,[8] and strain sensors[9]) applied to 
complex interfaces such as human skins 
and organ surfaces. Mechanically guided 
structural designs are usually exploited 
to integrate conventional hard inorganic 
semiconductor components and geometri-
cally structural interconnects onto soft sub-
strates (Figure  1a), which guarantee that 
the electronic systems can undergo large 
deformations without failure.[3,10] Up to 
now, various strategies based on wavy,[11–13]  
island-bridge[4,7,14–16] (e.g., arc-shaped 
interconnects,[17–20] serpentine intercon-
nects,[7,21–26] 2D spiral interconnects,[27–31] 
and 3D helical interconnects[32–35]), 
fractal,[4,25,36–41] kirigami structures,[42–48] 
etc. have been adopted in the state-of-the-
art stretchable inorganic electronics. The 
stretchability has developed from >10% of 

the earliest wavy structure[11,12] to 60% of the serpentine inter-
connects, and even to greater than 100% for the 3D helical 
interconnects.[32]

The accuracy and the robustness of the performances of 
stretchable electronics are critically important for large-scale 
commercial use to improve people’s medical conditions and 
quality of life. On this topic, we point out a common and 
vital problem with the stretchable wristband as an example, 
as shown in Figure 1a. Such devices are usually designed and  
calibrated under free interface condition, but the interface  
conditions between the devices and skins/organs in practical 
applications are rather complex (free, slidable or bonded) and 
may switch among them (Figure 1b, details shown in Note S1, 
Supporting Information). The actual deformation mode and 
strain distribution may be different from those of the initial 
design target and calibrated result under the free interface  
condition, which could further lead to the change and unro-
bustness of the electrical performance and even fracture after 
long-term fatigue. We show the difference of the strain distribu-
tion by an example of a serpentine network architecture bonded 
on the soft substrate with typical parameters (details shown in 
the Experimental Section and Figure  S1, Supporting Informa-
tion; additional discussion for the effect of Young’s modulus 
of human skin shown in Note  S2, Supporting Information). 
The finite element analysis (FEA) demonstrates that the max-
imum principal strain in the network, which is subject to 20% 
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1. Introduction

Over the past decade, the rapidly developing technology of 
stretchable inorganic electronics[1–3] has made a large number 
of functional devices with broad interest and potential for 
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uniaxial applied strain under different interface conditions, can 
be quite different (relative difference ≈50%), which indicates 
that the stretchability changes with the switch of interface con-
ditions. Such an effect can greatly limit the practical use and 
further commercialization of the devices. In the ideal situation, 
the mechanical and electrical performances (e.g., stretchability, 
durability, conductivity, and sensing performance) should be 
consistent under different interface conditions, so as to ensure 
that the devices can work accurately and robustly not only in 
the theoretical/FEA models and calibration tests under free 
interface condition in the laboratory, but also under the com-
plex mechanical conditions on the surfaces of human skins or 
other organs. Is there any universal design principle for stretch-
able inorganic electronics to achieve this target?

In this paper, the effect of interface conditions on the 
mechanical and electrical performances is investigated for 
stretchable inorganic electronics with different configurations. 
To reveal the law theoretically, the wavy structure is studied first 
to show the relationship between the mechanical performances 
and the ratio of the encapsulation thickness to the period 
length of the devices/interconnects under different interface 
conditions. For the stretchable inorganic devices/interconnects 
with different configurations, a universal qualitative analysis 
according to superposition principle[49] and Saint-Venant’s  
principle[50–52] is conducted, which gives the similar conclu-
sions as the wavy structure. On this basis, a universal and 
simple size design principle is proposed for stretchable inor-
ganic electronics to work consistently under different interface 
conditions. The adaptability of the design principle is verified 
by the FEA and the experiment on the serpentine-structure 
stretchable electronics as an example.

2. Results and Discussion

2.1. Analysis of the Wavy-Structure Stretchable Electronics

In order to investigate the problem theoretically, the wavy 
structure bonded on soft substrate without any prestrain or 

prestress, the configuration of which is similar to the pioneer 
structure of stretchable electronics formed by release of the pre-
strain of the substrate,[11,12] is adopted as shown in Figure 2a, 
without loss of generality. The initial configuration of the wavy 
structure is given as w0  = A0cos (k0x1), where A0 is the initial 
amplitude and k0 is the initial wave number; λ0 = 2π/k0 is the 
initial period length. For the uniaxial applied strain of εapp, the 
maximum principal strain εmax in the wavy structure bonded on 
the soft substrate, which is under the free, slidable and bonded 
interface conditions between the bottom surface and the skin, 
respectively, can be approximately obtained theoretically by 
drawing lessons from the buckling theory of the film/substrate 
systems,[53–58] especially the works developed by Suo et al.,[55] 
Gao et al.,[57] and Feng et al.[56] (details shown in Note S3, Sup-
porting Information). Here, the skin is treated as a rigid board, 
since its modulus is two orders of magnitude larger than that 
of the soft substrate. The maximum principal strain εmax in the 
stretching state changes with the applied strain εapp as
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Young’s modulus, and νs Poisson’s ratio. In Equation  (1), the 
instant amplitude A can be obtained by the following equation 
containing the elliptic integral of the second kind EllipticE(),
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and the dimensionless parameter of g(k0H) for bonded, slidable  
and free interface conditions are given by Suo et al.,[55]  
Gao et al.[57] and Feng et al.,[56] respectively,
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Figure 1.  Stretchable inorganic electronics under different interface conditions. a) Schematic diagram of a stretchable wristband as an example. b) The 
requirement of working consistently under complex interface conditions (free, slidable, or bonded) between the devices and skins/organs in practical 
applications.
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Here, g(k0H) monotonically decreases with k0H for the bonded 
and slidable interface conditions, while it monotonically 
increases with k0H for the free interface condition.

Taking the initial period length λ0 = 80h, the initial amplitude 
A0 = 10h and the modulus ratio /PI sE E  = 3.45 ×  104, Figure 2b 
shows the changes of the maximum principal strain of the wavy 
structure with the applied strain under three interface condi-
tions (free, slidable, and bonded) according to Equation  (1). 

It is found that, for the large period length (H/λ0=  0.2), the  
maximum principal strain εmax in the wavy structure subjected 
to the same applied strain under the three interface conditions 
is quite different, and the maximum principal strain under 
bonded interface condition is ≈30% larger than that under free 
interface condition; while for the small period length (H/λ0= 1), 
the maximum principal strain in the wavy structure subjected 
to the same applied strain under the three interface conditions 
approaches almost the same and only slightly larger than that 
of the large period length under free interface condition. The 
corresponding FEA results also directly reflect the different 
deformation of the encapsulation under the three interface 
conditions (Figure 2c). For the given maximum principal strain 
εmax = 2%, Figure  2d shows the curves of the stretchability of 
the wavy structure versus the ratio of the encapsulation thick-
ness to the period length under the three interface conditions 

Adv. Funct. Mater. 2023, 33, 2210880

Figure 2.  Analysis of the wavy-structure stretchable electronics under different interface conditions. a) Three interface conditions of wavy-structure 
stretchable electronics (free, slidable, and bonded). b) Curves of maximum principal strain versus applied strain of wavy-structure stretchable elec-
tronics under three interface conditions. c) Strain distribution of wavy-structure stretchable electronics with thin/thick encapsulation under three 
interface conditions by the FEA. d) Curves of stretchability of wavy-structure stretchable electronics versus the ratio of the encapsulation thickness to 
the period length under three interface conditions.
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according to Equation  (1). It is found that: i) the stretchability 
increases with the increase of the ratio of the encapsulation 
thickness to the period length under the bonded interface  
condition, which is contrary to the free interface condition;  
ii) the stretchability under different interface conditions is quite 
different for the large period length (thin encapsulation), while, 
under these conditions, it tends to be the same value when the 
encapsulation thickness reaches the period length of the wavy 
structure. This suggests that the relatively small period length 
(thick encapsulation) is helpful to ensure the accuracy and 
the robustness of the performances of stretchable inorganic  
electronics in practical applications, in spite of the interface con-
dition. The key mechanism can be understood as follows. The 
encapsulation constrains the deformation of the wavy structure 
and thus increases the maximum principal strain under a given 
applied strain. Such constraint becomes stronger for larger 
encapsulation thickness under the free interface condition or 
for smaller encapsulation thickness under the slidable/bonded 
interface conditions. When the encapsulation thickness is thick 
enough, the interface conditions on the bottom surface have a 
negligible effect on the wavy structure, and thus the constraint 
approaches the same degree. Therefore, the mechanical perfor-
mances under different interface conditions are quite different 
for the large period length (thin encapsulation), while they tend 
to be the same for the small period length (thick encapsulation).

For the wavy structure with both the top and the bottom 
encapsulation (thickness of H for each layer), Equation  (1) 
can also be used to calculate the stretchability as long as g is 
replaced with g′, which is equal to 2gfree for the free interface 
condition, or equal to gfree  + gslidable for the slidable interface 
condition, or equal to gfree  + gbonded for the bonded interface 
condition, considering that the top side is always the free inter-
face condition (details shown in Note S3, Supporting Informa-
tion). Figure  S5 (Supporting Information) shows the curves 
of stretchability of the wavy-structure stretchable electronics 
encapsulated from both the top and the bottom versus the ratio 
of the encapsulation thickness to the period length under three 
interface conditions. Note that the trend of the stretchability 
under free interface condition is opposite to that of the other 
two interface conditions for single-side encapsulation. There-
fore, for the wavy structure with both the top and the bottom 
encapsulation, when gfree and gslidable or gbonded are superposed, 
a slight non-monotonous of the stretchability could occur.  
However, this does not affect the trend of the stretchability  
similar to that of the single-side encapsulation on the whole 
and also the size design principle. Besides the wavy structure, 
do the stretchable inorganic electronics with other configura-
tions have the similar conclusion?

2.2. Universal Size Design Principle for 
Stretchable Inorganic Electronics

In general, despite the different configurations, the stretchable  
inorganic devices/interconnects have the characteristics of 
periodicity and symmetry, and thus a qualitative analysis 
according to superposition principle[49] and Saint–Venant’s 
principle[50–52] can be conducted on one period of the devices/
interconnects, which gives the similar conclusion as the wavy 

structure. Here, the stretchable electronics are considered as 
linear elastic solids without loss of generality. As the basis for 
subsequent analysis, we first suppose a stretchable inorganic 
device/interconnect with the period length λ0 and infinite  
encapsulation thickness. Owing to the periodicity, only 
one period is taken out for the analysis, as shown in the left  
subgraph of Figure 3a. It can be divided into two parts: one part 
with thickness H and the rest, with the normal stress σ1 and 
shear stress τ1 acting on the parting planes and the horizontal 
stretching displacement boundary on the two sides (right  
subgraph of Figure 3a). Let VH denote the volume of the encap-
sulation between the section x3  = H and x3  =  ∞, and E(H) 
denote the strain energy in VH. Noted that the “strain energy”  
mentioned here is calculated by the stresses and strains 
excluding the elastic field of homogeneously stretching in 
the encapsulation material, and it is actually caused by the 
influence of the inhomogeneous deformation of the device/
interconnect. The exponential attenuation law of strain energy 
in Saint–Venant’s principle[50–52] gives

0 2( ) ( )≤ α( )−E H E e H 	 (4)

where α is a coefficient related to λ0. Although the estimates of 
α are various for different boundary-value problems, they are 
typically on the order of 1/λ0.[50] Thus, the strain/stress incre-
ment in the encapsulation should also decay exponentially with 
H/λ0. For the elastic fields of the actual stretchable inorganic 
device/interconnect with the finite encapsulation thickness H 
under the free interface condition (left subgraph of Figure 3b), 
the slidable interface condition (left subgraph of Figure 3c) and 
the bonded interface condition (left subgraph of Figure  3d), 
they can be divided into two elastic fields by using superposi-
tion principle[49] respectively: one with the normal stress σ1 
and shear stress τ1 in the bottom interface, the other with the 

Adv. Funct. Mater. 2023, 33, 2210880

Figure 3.  Universal stress analysis of stretchable inorganic electronics. 
a) Stretchable electronics with infinite encapsulation thickness. Stress 
decomposition of encapsulated stretchable electronics under b) free,  
c) slidable, and d) bonded interface conditions.
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normal stress − σ1, σ2 or σ3 and shear stress − τ1, − τ1 or τ3 
in the bottom interface (right subgraphs of Figure 3b–d). The 
effect on the strain of the device caused by the former one is 
the same as the case of infinite encapsulation thickness, and 
the effect caused by the latter one decreases with the increase 
of encapsulation thickness H. In order to facilitate the general  
understanding of the rate of the energy attenuation, we  
suppose a typical value α  = 1/λ0 in Equation  (4) as an 
example, which yields ( ) (0) ( 2 / )0≤ λ−E H E e H . When H/λ0  = 1 and  
H/λ0 = 2, E(H)/E(0) ≤ 13.5% and E(H)/E(0) ≤ 1.8% are obtained, 
respectively, which indicates that the effect caused by the inter-
face condition could be neglected when H/λ0 is on the order of 
magnitude of 1 (H/λ0 ~ 1). Therefore, when

/ 10λ ∼H 	 (5)

or more, the strain distribution of the device under different 
interface conditions finally approaches a same stable value. 
Generally, the superposition principle is applied to linear elas-
ticity. In the practical applications of the stretchable electronics, 
the nonlinear behaviors usually exist and thus the real strain 
distribution is different from the analysis under the assump-
tion of small deformation. In this work, in order to obtain a 
general rule theoretically, we adopt the assumption of small 
deformation considering that it is impossible to accurately solve 
each complex stretchable configuration with the encapsulation. 
Noted that the qualitative analysis finally gives an order of mag-
nitude estimate, and it will not fail due to a few of strain/stress 
differences. All of the finite element analyses in this work are 
without the assumption of small deformation, which can also 
prove the validity of the size design principle. The following is 
a typical case where the superposition principle will fail even 
when it is only used to estimate the order of magnitude: when 
the stretchable electronics are stretched greatly (e.g., 400%: 
λ0–5λ0), the encapsulation thickness becomes very small 
(H–0.45H) due to Poisson’s ratio effect, and λ/H becomes  
more than 10 times of the original, thus the initial design is 
no longer valid. For the stretchable interconnects with fractal 
design that have different period lengths in different orders, 
the maximum period length should be used in the size design 
principle. As shown in Figure  S6 (Supporting Information), 
as long as H/λ3 ~ 1 is satisfied, H/λ2  > 1 and H/λ1 ≫ 1 are 
automatically satisfied. Therefore, the stretchable interconnects 
can work consistently under different interface conditions. For 
the stretchable inorganic electronics with different configu-
rations encapsulated from both the top and the bottom, such 
qualitative analysis can also be conducted on one period of 
the devices/interconnects, as shown in Figure  S7 (Supporting 
Information). The top encapsulation and the bottom encapsu-
lation can be decomposed separately, and then the effect on 
the devices/interconnects can be summed. Similar to the wave 
structure encapsulated from both the top and the bottom, there 
could be slight non-monotonous of the stretchability. However, 
this does not affect the trend of the stretchability similar to that 
of the single-side encapsulation on the whole and also the size 
design principle.

On the basis of above results, a universal and simple size 
design principle for stretchable inorganic electronics to work 
consistently under different interface conditions can be 
proposed, that is, the period length of the devices/interconnects 

should be the same order of magnitude as the encapsula-
tion thickness or less such that the mechanical and electrical 
performances (e.g., stretchability, durability, conductivity and 
sensing performance) are no longer sensitive to different 
interfaces. Then other geometric and material parameters 
should be optimized on this basis. Considering requirement 
of the comfort of the human skin/organs, the thickness of the 
encapsulation layer of the epidermal electronics should prefer-
ably not exceed 100  µm, which means that the period length 
of the devices/interconnects is better on the order of 100  µm 
or smaller. From this point of view, micron-scale geometrical 
design is necessary for epidermal electronics according to above 
design principle. This finding is of much significance since the 
design of the ratio of the encapsulation thickness to the period 
length of the devices/interconnects has not been seriously  
considered but only prepared randomly in general. It provides 
theoretical guidance for ensuring the accuracy and the robust-
ness of the mechanical and electrical performances of stretch-
able inorganic electronics in practical applications.

On the other hand, this work expands the understanding of 
the role of the solid encapsulation. The solid encapsulation is 
essential in most practical applications, not only to physically 
protect the circuits and the surrounding tissues/organs from 
damage by scratch or leakage of electricity, but also to avoid the 
failure of functional components due to the chemical reactions 
that can follow upon contact with sweat or body fluid. However, 
in the conventional wisdom the solid encapsulation strategies 
generally cause a reduction in the stretchability, as compared 
to the unencapsulated inorganic electronics.[3,21] Therefore, rela-
tively thin encapsulation was usually adopted in the stretchable 
inorganic electronics.[21] Here, we point out that the relatively 
thick encapsulation is beneficial to the accuracy and the robust-
ness of the mechanical and electrical performances of stretch-
able inorganic electronics under different interface conditions.

2.3. Verification of the Size Design Principle by 
an Example of the Serpentine Structure

Serpentine structure is the most popular configuration in 
the design of the stretchable inorganic electronics nowadays 
because of the excellent stretchability.[7] In order to verify 
the adaptability of the size design principle, we studied the 
relationship between the mechanical and electrical perfor-
mances of the serpentine-structure stretchable electronics and 
encapsulation thickness under different interface conditions 
(free, slidable, and bonded, Figure 4a) by the FEA and experi-
ment, as an example. The serpentine structure is inside the 
encapsulation with a thickness of 2H and at the middle plane 
along the thickness direction. For the thickness h= 0.2 mm, the 
width wPI=  0.2 mm, the radius R=  0.8 mm, the period length 
λ0  = 4R, the length L=  4  mm and the given maximum prin-
cipal strain εmax  = 0.6% of the serpentine structure (detailed 
layout shown in Figure S8, Supporting Information), Figure 4b 
shows the curves of the stretchability of the serpentine struc-
ture versus the ratio of the encapsulation thickness to the 
period length under the three interface conditions by FEA. It 
is also found that: i) on the whole, the stretchability increases 
with the increase of the ratio of the encapsulation thickness to 

Adv. Funct. Mater. 2023, 33, 2210880
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Figure 4.  Verification of the size design principle by an example of the serpentine-structure stretchable electronics. a) Three interface conditions for 
serpentine-structure stretchable electronics (free, slidable, and bonded). b) Curves of stretchability of serpentine-structure stretchable electronics 
versus the ratio of the encapsulation thickness to the period length under three interface conditions. c) Strain distribution of the encapsulation of 
the serpentine-structure stretchable electronics with thin/thick encapsulation under three interface conditions by the FEA. d) Curves of the maximum 
interface stress (shear stress σ13) between the serpentine structure and the encapsulation versus the ratio of the encapsulation thickness to the period 
length under three interface conditions. e) Distribution of interface stress (shear stress σ13) between the serpentine structure and the encapsulation 
under three interface conditions by the FEA. f) Layout of the serpentine structure with off-axis constantan foil. g) Tensile samples of the serpentine 
structure with thin/thick encapsulation under free interface and bonded interface conditions. h) Curves of relative resistance change versus applied 
strain of the serpentine structure with thin/thick encapsulation under free interface and bonded interface conditions.
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the period length under the bonded interface condition, which 
is contrary to the free interface condition; ii) the stretchability 
under different interface conditions is quite different for the 
large period length, while, under these conditions, it tends to be 
the same value when the encapsulation thickness reaches the 
period length of the serpentine structure, i.e., H/λ0~1, which 
conforms to the order of magnitude estimation in Equation (4). 
The corresponding FEA results directly reflect the different 
deformation of the encapsulation under the three interface con-
ditions (Figure  4c). To ensure the good bonding between the 
inorganic structure and the encapsulation, the interface stress 
between the inorganic structure and the encapsulation should 
be reduced as much as possible, so that it is less than the max-
imum bonding strength that the two materials can withstand. 
In fact, the size design principle in this work can also help 
reduce the interface stress between the inorganic structure and 
the encapsulation. Figure 4d shows the curves of the maximum 
interface stress (shear stress σ13) between the serpentine struc-
ture and the encapsulation versus the ratio of the encapsula-
tion thickness to the period length under the three interface 
conditions by FEA. It is found that: i) the maximum interface 
stress decreases with the increase of the ratio of the encapsula-
tion thickness to the period length under the bonded interface  
condition, which is contrary to the free interface condition;  
ii) the maximum interface stress under different interface 
conditions is quite different for the large period length, while, 
under these conditions, it tends to be the same value when 
the encapsulation thickness reaches the period length of the  
serpentine structure, i.e., H/λ0  ~ 1. Figure  4e directly reflects 
the different interface stress distribution under the three inter-
face conditions. The maximum interface stress (shear stress 
σ13) between the inorganic structure and the encapsulation 
reaches 0.017 MPa for H/R = 0.05 under the bonded interface 
condition, while it is only 0.002 MPa for H/R = 2.00 under the 
three interface conditions.

Besides, we designed an experiment to verify the difference  
of the maximum principal strain of the serpentine structure  
with thin/thick encapsulation (equivalent to large/small 
period length) under different interface conditions. Since the  
maximum principal strain occurs in the arc segments, several 
thin constantan foils are set off-axis in the arc segments of the 
serpentine structure to reflect the strain level by the resist-
ance change. The parameters of the PI serpentine structure 
are the same as the FEA model in Figure  4b, and the width 
wcon= 25 µm, the thickness hcon= 4 µm, the distance d= 50 µm 
from the inner edge of the constantan foil to the central axis 
of PI layer, and the Young’s modulus Econ= 163 GPa are for the 
constantan foils (Figure 4f; Figure S9, Supporting Information). 
The fabrication process is shown in the Experimental Section.  
Figure  4g exhibits the tensile samples of the serpentine  
structure with thin/thick (0.25  mm / 0.8  mm) encapsulation 
(Ecoflex 00–30, Smooth-On, USA) for the free interface condi
tion and the bonded interface condition, respectively. The  
serpentine structure is inside the encapsulation, just like the 
diagram in Figure 4a. Figure 4h shows the curves of the relative 
resistance changes versus the applied strain of the serpentine 
structure with thin/thick encapsulation under the free/bonded 
interface conditions. For the thin encapsulation, the relative 
resistance changes under the free/bonded interface conditions 

have a difference of 15.4%, while for the thick encapsulation, 
the relative resistance changes under the free/bonded interface 
conditions are almost the same. Another set of repeated experi-
ment shows the same conclusion with 14.1% difference of the 
relative resistance changes under the free/bonded interface 
conditions for the thin encapsulation (Figure  S10, Supporting 
Information). Considering the linear relationship between 
the relative resistance change and the maximum principal 
strain, these curves verify the nonnegligible difference of the 
maximum principal strain of the serpentine structure for thin 
encapsulation under different interface conditions and prove 
the consistency for thick encapsulation.

The functions and geometrical configurations of stretch-
able inorganic electronics are diverse, and thus the final design 
needs to consider various requirements. The appropriate  
stiffness (rigidity) is one of the important requirements in the 
practical applications, which is related to both of the material 
parameters and the geometric configurations. For example, 
the tensile stiffness of the serpentine structure is related to the 
thickness h, the width w, the radius R, the length L, Young’s 
modulus E, and Poisson’s ratio v.[23–25] The size design prin-
ciple proposed in this work requires that the period length of 
the serpentine structure is the same order of magnitude as the 
encapsulation thickness or less. Therefore, only the value range 
of the radius R is limited. On this basis, the tensile stiffness 
can be further optimized according to previous researches.[23–25] 
Our work does not give all the design principles, but gives one 
important and general design principle, which has not been 
found before.

3. Conclusion

The rapidly developing stretchable inorganic electronic tech-
nology has proved that “they can do a lot” over the past decade, 
but at this stage, “how they can do accurately and robustly” 
should be discussed on the table. On the basis of the study of 
the effect of interface conditions on the mechanical and elec-
trical performances for stretchable inorganic electronics with 
different configurations, this paper gives a simple and universal 
size design principle for stretchable inorganic electronics to 
work consistently under different interface conditions, i.e., the 
period length of the devices/interconnects should be the same 
order of magnitude as the encapsulation thickness or less. It 
also provides an additional beneficial effect on reducing the 
interface stress to ensure the good bonding between the inor-
ganic structure and the encapsulation, which helps to improve 
the robustness of the devices. To ensure the comfort of human 
skin/organs, micron-scale geometrical design is necessary for 
epidermal electronics according to above design principle.

4. Experimental Section
Typical Parameters of the Serpentine Network Architecture: In Figure S1 

(Supporting Information), the difference of the strain distribution was 
shown by an example of a serpentine network architecture bonded on 
the soft substrate (Ecoflex), with typical parameters including width  
wPI/Cu = 25 µm, thicknesses hCu = 0.5 µm, and hPI = 24.5 µm, arc radius 
R = 500 µm, period length λ0 = 4R, Young's moduli ECu = 124 GPa and 
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EPI = 2.5 GPa, Poisson’s ratio vCu = 0.33 and vPI = 0.34 for the serpentine 
network, and thickness H = 50 µm, Young’s modulus Esubstrate = 20 kPa[32,33]  
and Poisson’s ratio vsubstrate = 0.49 for the soft substrate. The parameters 
of the skin include Young’s modulus[59] Eskin  =  2  MPa, Poisson’s ratio 
vskin = 0.49 and thickness of 100 µm. The results with different Young’s 
moduli of the skin and the soft substrate in Note  S2 (Supporting 
Information) were also given.

Fabrication Processes of the Serpentine Structure: The fabrication 
processes of the serpentine structure were in the following. Step 1: A PI 
layer was spin-coated (2000 r.p.m. for 60 s) on a 4 µm thick constantan 
foil (Hanzhong Jingce, China) and cured at 250 °C for 4 h. The process 
was repeated 8 times to thicken the PI layer to 50 µm. A layer of 150 µm 
thick PI film was laminated on the 50 µm thick PI layer by resin adhesive. 
Step 2: The constantan layer was patterned to the off-axis serpentine 
structure by the standard photolithography process (including coating 
photoresist, pre-baking, UV exposure, development, corrosion of 
ferric chloride solution, and removal of photoresist). Step 3: The final 
serpentine structure was obtained after the pattern by an UV picosecond 
laser (DL566PU, DCT, China).

Stretching Tests of the Serpentine Structure: Stretching tests of the 
serpentine structure were carried out by a programmable tensile testing 
machine (ZQ-990A, ZHIQU, China). The resistance signals of the 
serpentine structure were measured by a digital multimeter (34461A, 
Keysight, USA).

Finite Element Analysis: The FEA was performed by employing 
the commercial software ABAQUS (SIMULIA, France). PI (Young’s  
modulus  =  2.5  GPa, Poisson’s ratio  =  0.34), Cu (Young’s 
modulus  =  124  GPa, Poisson’s ratio  =  0.33) and constantan (Young’s 
modulus =  163 GPa, Poisson’s ratio = 0.33) were all regarded as linear 
elastic materials. For relatively large deformation in Figure  4 and 
Figure S1 (Supporting Information), the material parameters of Ecoflex, 
which was regarded as a hyper elastic material described by the Mooney–
Rivlin model, were C10  =  0.00805369  MPa, C01  =  0.00201342  MPa, and 
D1  =  2  MPa−1, respectively. For small deformation in Figure  2, Ecoflex 
was regarded as linear elastic material with Young’s modulus = 62.3 kPa 
and Poisson’s ratio = 0.49. In the FEA of the wavy-structure stretchable 
electronics, the number of uniform grids on the wave-like edge is one 
hundred and twenty, and one grid on other edges of the soft substrate 
is ≈0.3 h. In the FEA of the serpentine-structure stretchable electronics, 
the number of uniform grids along the line-width direction of the 
serpentine structure is twelve, and one grid of the serpentine structure 
along the neutral axis direction is ≈0.25wPI; The in-plane grid size of 
the encapsulation is ≈0.25wPI, and the number of uniform grids of the 
encapsulation along the thickness direction is sixteen. The hexahedron 
element C3D8RH was utilized for Ecoflex and the skin, and the shell 
element S4R for PI, Cu and constantan. The geometric configuration 
of the wave structure in the FEA is established as wavy-like in the 
initial state, rather than formed by buckling. To simulate the slidable 
interface in Figure 2b and Figure S1 (Supporting Information), a contact 
relationship is set between the bottom of the encapsulation layer and 
the skin in ABAQUS, that is, no separation in the normal direction and 
no friction in the tangential direction. Then the horizontal stretching is 
carried out at the left and right ends.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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