
1

Vol.:(0123456789)

Scientific Reports |         (2022) 12:9269  | https://doi.org/10.1038/s41598-022-13493-7

www.nature.com/scientificreports

Stress concentration‑relocating 
interposer in electronic textile 
packaging using thermoplastic 
elastic polyurethane film 
with via holes for bearing textile 
stretch
Seiichi Takamatsu1,2*, Suguru Sato2 & Toshihiro Itoh1,2

Electronic textile (e‑textile) devices require mechanically reliable packaging that can bear up to 
30% stretch induced by textile crimp stretch, because the boundary between the rigid electronic 
components and the soft fabric circuit in the e‑textile is prone to rupture due to mismatch of their 
mechanical properties. Here, we describe a thin stress‑concentration‑relocating interposer that 
can sustain a textile stretch of up to 36%, which is greater than the 16% stretch of conventional 
packaging. The stress‑concentration‑relocating interposer consists of thin soft thermoplastic 
polyurethane film with soft via holes and is inserted between the electronic components and fabric 
circuit in order to move the area of stress concentration from the wiring area of the fabric circuit to 
the film. A finite element method (FEM) simulation showed that when the fabric is stretched by 30%, 
the boundary between the electrical components and the insulation layer is subjected to 90% strain 
and 2.5 MPa stress, whereas, at 30% strain, the boundary between the devices and the wiring is 
subjected to only 1.5 MPa stress, indicating that the concentration of stress in the wiring is reduced. 
Furthermore, it is shown that an optimal interposer structure that can bear a 30% stretch needs 
insulating polyurethane film in excess of 100 μm thick. Our thin soft interposer structure will enable 
LEDs and MEMS sensors to withstand stretching in several types of fabric.

E-textiles, in which sensors and electronic devices are incorporated in fabric, have potential applications in 
entertainment,  communications1  robotics2, and virtual  reality3–6, and  healthcare5,7–10. In particular, e-textiles can 
be used to make costumes that integrate LEDs and can be the basis of digital healthcare wearables that collect 
various healthcare data such as electrocardiogram, myoelectricity, body temperature, and oxygen saturation 
level. Other applications include smart wear with virtual reality controllers, haptic interface devices, and other 
functions 11. However, when highly functional sensors and actuators, such as vibration motors, are implemented 
in textiles, they must be able to withstand not only bending but also stretching when the textile crimps, as the 
people wearing the smart wear will move or even play sports or dance. The resultant crimp stretch of less of than 
5% is derived from the plain weaving structure of the textile. In case of knitwear, the e-textile should withstand 
stretching of more than 30%. Previous studies have attempted to incorporate stretchable electronic devices in 
electronic textiles, for example, island-bridge devices in which the island consists of rigid electronic components, 
such as LSI, MEMS sensors, resistors, or other passive components, and stretchable bridge wiring is made from 
stretchable silver paste or wavy metal interconnects. Stretchable silver paste, which is a mixture of silver and rub-
ber, has been used as a stretchable interconnection in electronic  textiles12–14. Meanwhile, there are few stretchable 
electronic components, because it is difficult to maintain the properties of electronic functional materials such 
as semiconductors by blending them with rubber.
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Island-bridge structure devices with rigid electronic components and stretchable silver paste have been uti-
lized in applications including LED lighting, ultrasonic probes, and Internet of Things edge devices. However, 
when an island bridge structure is stretched, a serious problem arises; the interconnection at the boundary 
between the island and the bridge of the wiring is prone to  breakage5,15–18. The modulus of elasticity of cloth 
and soft stretchable wiring is a few MPa, while the modulus of elasticity of plastic substrates and electronic 
components is several GPa to several hundred GPa. Therefore, strain concentrates at the boundary between the 
fabric substrate and the wiring and chip, where the modulus of elasticity varies by more than 1000 times, and 
the stretchable silver paste ruptures at the boundary under tension.

Previous research aimed at preventing stress from concentrating at the boundaries of the rigid electric com-
ponents and the stretchable silver paste in textiles has focused on trying to vary Young’s modulus smoothly 
between the rigid electronic device and the elastic  interconnection18.One approach is to change Young’s modulus 
by changing the thickness of the protective rubber  layer19,20. Here, thick polydimethylsiloxane (PDMS) or some 
other encapsulation material (about 5 mm thick) is attached to the top of the electronic component, while the 
PDMS on the stretchable silver paste or wavy metal interconnect is thinned over a certain distance to about 1 
mm; i.e., the thickness of the PDMS between the rigid component and the interconnect smoothly varies 19,21,22. 
However, since the PDMS protective layer has to be several millimeters thick to change Young’s modulus, the 
components in the fabric are uncomfortable to wear.

Another approach is to change the hardness as well as the thickness of the PDMS; this method has been used 
to make an organic thin film  transistor19,23. The stiffness under the transistor chip was hardened by using UV-
curable PDMS, while the region under the wiring was softened. The hardness of the remaining part was smoothly 
varied by changing the UV exposure  intensity24. Although thickness of the substrate in this case was less than 1 
mm, it was concluded that it would be time consuming to expose different parts of the material to different UV 
illuminations or durations especially when making devices that have large areas or to apply this method to mass 
production of stretchable circuits in textiles.

The above discussion points to a need for a new electronic-textile device packaging that can reduce stress 
concentration. In particular, the packaging structure should be thin and able to be applied to a large area. Here, 
to solve the problem of stress concentration due to mismatches between the characteristics of rigid electronic 
components and soft silver paste electrodes, we propose to use an interposer structure in which the stress con-
centration area is moved from the stretchable silver paste wiring to the insulating layer. The interposer consists 
of soft thermoplastic polyurethane film perforated with via holes. Soft thermoplastic polyurethane as thin as 
100 μm works as an adhesive and is inserted between the FPC mounting the electronic components and the 
fabric circuit with stretchable silver paste as shown in Fig. 1a. The via holes connect the electronic components 
and the fabric wiring. Thermoplastic polyurethane has the advantage of being able to be fabricated in very thin 
(100 μm) sheets and is easy to commercialize, as it is used as an adhesive for ironing appliqués on clothes. It can 
also be used to mount chips of different designs by drilling via holes with a laser. Furthermore, its difference 
from other stress-concentration-reducing structures is that instead of reducing the stress of the entire board, 
it relocates the stress concentration to the part of the soft thermoplastic polyurethane interposer layer that is 
not the wiring. The mechanical properties of this structure were evaluated in experiments and in finite element 
simulations. Conventional proposed structures were manufactured and evaluated in tensile tests to see if they 
could sustain stretching of more than 30%. Then, a prototype stretchable electronic textile device with LEDs and 
MEMS accelerometers was demonstrated.

The proposed structures are shown in Fig. 1a. A soft thermoplastic polyurethane film with an adhesive 
function was placed between a double-sided flexible substrate on which electronic components were mounted 
and a fabric circuit with stretchable silver paste. The fabrication of the proposed structure began with screen 
printing of silver paste (SSP2801, Toyobo Co., Ltd.) on polyurethane (PU) film (DUS202, SSP2801, Toyobo 
Co., Ltd.) by using a screen-printing machine (DP-320, Newlong Seimitsu Kogyo Co., Ltd.). The fabric circuit 
board was formed by using a hot press to bond the PU film on the fabric (ALPHA Wiper TX1009, TexWipe) 
using thermoplastic polyurethane (DUS202, Sheedom Co., Ltd.). LEDs and MEMS components were mounted 
on a double-sided flexible circuit board (Unicraft corp.). The proposed interposer consisted of 100-μm-thick 
thermoplastic polyurethane film with via holes made by laser cutting. After the interposer was placed on the 
fabric circuit and the via holes were filled with silver paste, the FPC mounting the electronic components was 
bonded on the interposer.

Figure 1b compares stress concentrations in the conventional structure and in the proposed structure when 
tension is applied to the electronic textile devices. In the conventional packaging structure, the electronic com-
ponents, which are soldered on a single-sided FPC, are laterally connected to the silver paste wiring of the fabric 
circuit. The stress concentrates at the boundary between the rigid FPC and the soft silver paste wiring when ten-
sion is applied to the textile substrate. This is because the flexible printed circuit board, which is harder than the 
PU film and the stretchable silver paste, is not distorted by the tension, meaning that the strain is applied only to 
PU film and stretchable silver paste, especially the boundary of the paste and the FPC; this leads to breakage. In 
particular, even if the paste has high stretchability, the fabric circuit breaks under an applied strain of 15%. On 
the other hand, in the proposed structure, in which a soft thermoplastic polyurethane film-based interposer is 
inserted between the rigid FPC and soft fabric circuit with silver paste, the stress concentrates in the insulation 
layer of the thermoplastic polyurethane film, not in the fabric circuit. As shown in Fig. 1b, in case of a strain of 
15%, the strain applied to the silver paste of fabric circuit is small. On the other hand, when the strain reaches 
30%, the stress at the silver paste of the fabric circuit increases, causing the wiring to break.
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Methods
Fabrication of stress relocation interposer of electronic textile packaging structure. The pack-
aging structure was fabricated in three steps.

(a) The circuit pattern was fabricated by screen-printing on a 100-μm-thick polyurethane sheet (DUS202, 
Sheedom Co., Ltd.) with stretchable conductive paste (SSP2801, Toyobo Co., Ltd.). The screen mask was made 
by Mitani Micronics Co., Ltd., and the emulsion thickness was 30 um. A DP-320 screen printer (Newlong Seim-
itsu Kogyo Co., Ltd.) was used. The printed patterns were baked at 90 °C for 30 min in an oven (OFW-600V, 
AZ-1 Co., Ltd.). (b) The fabrics were a knit (AlphaWipe TX1009, Texwipe) and organdie. The fabric circuit 
board consisted of stretchable fabric and a PU sheet with a silver paste pattern. The fabric and PU sheet were 
thermally bonded using 100-μm-thick thermoplastic polyurethane film (SHM101, Sheedom Co., Ltd.). A hot 
press machine (JL-CO005B, Quick Art Co., Ltd.) was used to press the samples at 120°C for 15 s at a pressure 
of approximately 20 kPa. (c) LEDs and sensor components were mounted on a double-sided flexible substrate 
(Unicraft, 100 um thickness polyimide film and 18 μm copper foil) using standard solder paste (M705-ULT369, 

Figure 1.  (a) Smartwear with the proposed stress-concentration-relocation electronic textile packaging 
structure. The electronic components are placed on thermoplastic layers. (b) The area of stress concentration is 
in the silver paste wiring in the conventional structure but in the thermoplastic polyurehtane interposer layer in 
the proposed structure.
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Senju Metal Industry Co., Ltd.). The double-sided flexible substrate with electronic components was thermally 
bonded to a fabric circuit board using the thermoplastic polyurethane film interposer. Via holes were drilled in 
the HMS film by using a laser cutting machine (VLS4.60-30, Universal Systems). The double-sided flexible and 
fabric circuit boards were connected by injecting silver paste into the via holes. The conventional structure had 
a single-sided flexible substrate on which the LEDs and sensors were soldered. A single-sided flexible board was 
bonded to the fabric circuit with adhesive (AX-040, Cemedine Corporation). The pads of the single-sided flex-
ible board and the fabric circuit board were connected with stretchable silver paste in the horizontal direction.

Model of the mechanical properties of knit and polyurethane film and FEM simulation. The 
stress concentrations in the proposed and conventional mounting structures under more than 30% strain were 
analyzed using the finite element method (FEM) software (SIMULIA Academic Abuqus 2019 software, Dassault 
Systèmes). The finite element model treated the electronic components embedded in the FPC as rigid bodies 
and treated the elastic knit and polyurethane film as hyperelastic  materials25. Thermoplastic polyurethane films 
(40 mm long, 10 mm wide, and 800 µm thick knit and 40 mm long, 10 mm wide, and 280 um thick) were tested 
with a tensile test machine (FTN1-13A, Aiko Engineering Co., Ltd.). A reduced polynomial  model26 was used to 
describe the deformation behavior of the knit and thermoplastic polyurethane film, because it is a strain-energy 
function with I1 as a variable, and the accuracy of the model does not decrease significantly when there is no 
test data of multiple deformation modes and the material properties are calculated with the following Eq. (1).

where N and Ci are the order of the model and the material parameter, respectively. The material parameters of the 
first- to fourth-order reduced polynomial model were calculated from the test data of the knit and thermoplastic 
polyurethane film. The results of the curve fitting are shown in Fig. 1S. The material parameters of the reduced 
polynomial models for the knit and HMS are shown in the table at the bottom of the figure. The coefficient of 
determination R2 was calculated to evaluate the accuracy of the model against the test data. In consideration 
of the accuracy of the model and the speed of the simulation, the deformation behavior of the textile substrate 
could be expressed with a reduced polynomial model of the third order.

The simulation models of the electronic textile packaging with the conventional structure and the proposed 
structure are shown in Fig. 2S. A two-dimensional half model of the test piece cross section was used for sym-
metry. The conventional structure consisted of 10-mm-long and 700-μm-thick textile substrate, 8-mm-long 
and 25-μm-thick silver paste conductive paste, and 2-mm-wide and 60-μm-thick FPC. The proposed structure 
consisted of 10-mm-long and 100-μm-thick thermoplastic polyurethane film was inserted between the FPC 
and textile substrate.

The mesh size and shape of the boundary area between the FPC and thermoplastic polyurethane film was 
10 μm and triangle elements, respectively. On the other hand, the mesh size and shape of the other areas were 
50 μm and quadrilateral elements, respectively. In the boundary conditions, the horizontal and vertical dis-
placements of the left side of the half model test piece were constrained. In addition, the right end of the half 
model test piece was given a displacement that was up to 30% of the length of the structure. Young’s modulus 
and Poisson’s ratio of the silver paste were 4 MPa and 0.49, respectively, while those of the FPC were 3000 MPa 
and 0.3, respectively. The mechanical stress–strain models of knit textile and thermoplastic polyurethane film 
were described in the Fig. 1S. The three-order reduced polynomial model parameters of the knit textile are 
C1 = 4.69e2 MPa, C2 = 2.49e2 MPa and C3 = 6.92e1 while the three-order reduced polynomial model parameters 
of thermoplastic polyurethane film are C1 = 1.15e3 MPa, C2 = −1.67e2 MPa and C3 = 1.60e1 . The convergence 
decision for this simulation was made using the Newton–Raphson method with incremental calculations and 
default convergence criterion.

Weibull analysis of the failure strain. The Weibull  distribution27,28 was applied to the rupture strain of 
the e-textile packaging structure. The cumulative Weibull distribution function F(ε) is

where ε, m, and η represent failure strain, shaper parameter, and < what else?? > . Taking the logarithm of Eq. (2) 
twice on both sides yields

The Weibull parameters m and η were calculated from the slope a and the intercept b of the graph plotting the 
cumulative failure rate F(ε) calculated from the experimental results where the vertical axis is lnln(1/1− F(ε)) 
and the horizontal axis lnε . The cumulative failure rate F(ε) was calculated from the experimental results by 
using the median rank method.

where r is the cumulative number of failures and n is the number of test pieces. The average life

(1)W =

N∑

i=1

Ci(I1 − 3)i

(2)F(ε) = 1− exp
[
−

(
ε
η

)m]

(3)lnln

(
1

1− F(ε)

)

= mlnε −mlnη

(4)F(ε) = r−0.3

n+0.4



5

Vol.:(0123456789)

Scientific Reports |         (2022) 12:9269  | https://doi.org/10.1038/s41598-022-13493-7

www.nature.com/scientificreports/

time μ was calculated from the calculated Weibull parameters by using the following equation.

Results
Experiments and simulations comparing conventional and proposed e‑textile packaging 
structures. Experiments and numerical simulations were conducted to show that the proposed structure 
can withstand a larger expansion than the conventional structure can. The required mechanical strength of 
e-textiles is approximately 30%, which is equivalent to the stretchability of human skin. Therefore, the proposed 
structure was experimentally evaluated to withstand a stretching rate of more than 30%. In addition, the stress 
concentration on the packaging structure during expansion was analyzed in a nonlinear material mechanics 
simulation to verify that the stress concentration moved from the silver paste of the fabric circuit to the insulat-
ing thermoplastic polyurethane of our interposer, as proposed. For the experiments, e-textile packaging with the 
conventional and proposed structures were fabricated and tested using a tensile testing machine (FTN1-13A, 
Aiko Engineering Co., Ltd.). During the tensile test, the change in resistance of the fabric circuit was measured 
using a Keithley 2400 source meter. In the comparative experiments, the thickness t of the thermoplastic polyu-
rethane film of the interposer was 100 μm, since this is the most commonly available thickness. The failure strain 
of the structure due to tension was assessed by performing a Weibull analysis. Specifically, the probability of 
fabric circuit failure was approximated by a Weibull distribution, which statistically describes the strength of 
materials, and the shape parameter, scale parameter, and mean strain in failure were obtained.

Figure 2a is a plot of the fracture strain on the horizontal axis and the cumulative failure rate of the proposed 
and conventional structures on the vertical axis. A fracture of silver paste wiring has a probability distribution of 
a Weibull distribution. Therefore, the cumulative fracture rate is the ratio of the number of fracture samples at a 
given strain to the number of all samples in the tensile test. One hundred samples for each of the conventional 
and proposed packaging structures were tested. From these distributions, we obtained the fracture strains based 
on Weibull analysis. The Weibull parameters, which indicate the characteristics of fracture, were obtained from 
the Weibull distribution equation described in the method section. The Weibull parameters calculated from 
the data are shown in the Fig. 2b. The geometry parameter m indicates the failure mode; m < 1 indicates an 
early failure, and m > 1indicates a wear-out failure. The conventional and proposed structures have m = 10.61 
and 3.41, respectively; i.e., both fail in wear-out mode. Therefore, the fabric circuit with stretchable silver paste 
will break under tension and the electric resistance increases, which shows the packaging structural limit. The 
average lifetime of the proposed structure is 0.36 in strain, while that of the conventional structure is 0.16 in 
strain. Therefore, the proposed structure should be able to withstand up to 36% strain, which is more than the 
required 30% strain.

Figure 2c shows the distribution and plot of the maximum principal logarithmic strain of the conventional 
packaging structure and Fig. 2d shows the same for the proposed structure. In the experiment, the proposed 
structure has a larger fracture strain than the conventional structure. This is because the proposed structure 
reduces the strain to the wiring area compared to the conventional structure. Even when small strain of 15% is 
applied to the entire fabric, the strain is concentrated in the wiring area and the wiring fails. Since the fracture 
strain for the entire fabric can be obtained from experiments, but the wiring area cannot be measured, the stress 
and strain on the wiring area were evaluated using FEM simulations. Since the wiring material of elastic silver 
paste used in this study fractures at 50% strain, we investigated the strain of the entire fabric which induces 
more than 50% strain of the wiring area. In addition, the fracture property of elastic silver paste is represented 
by strain, not by stress in general, because elastic silver paste is a wiring material designed for high stretchabil-
ity. Therefore, maximum principal logarithmic strains of proposed and conventional structures are shown in 
Fig. 2c,d. In the conventional structure, as the strain increases from 0%, 15%, and 30%, stress concentration is 
applied to the boundary between the electronic-component-embedded FPC and the fabric circuit with silver 
paste. When strain of 16% is applied, approximately 50% of that strain is concentrated in the silver paste wiring 
at the boundary, causing the fabric circuit wiring to rupture, as shown in Fig. 2e. In the proposed structure, the 
stress concentration is in the thermoplastic polyurethane film of the interposer where the silver paste wiring 
of the fabric circuit is not present. This is because the silver is located below the thermoplastic polyurethane 
interposer and the stress on the interconnects is reduced. When strain of 16% is applied to the entire fabric, the 
wiring does not rupture because only about 20% of the strain is applied to the wiring. On the other hand, when 
the entire fabric is subjected to strain of 30%, the wires fail, as shown in Fig. 2d.

Figure 2e,f shows the stress on the silver paste wiring of the fabric circuit for the proposed and conventional 
structures. At a strain of 16% on the substrate, the wiring of the conventional structure is subjected to a stress of 
1.5 MPa, causing the wiring to rupture. In the proposed structure, only 0.6 MPa of stress is applied to the wiring 
at a substrate strain of 16%. Therefore, our packaging structure reduces the stress concentration on the silver 
paste wiring of the fabric circuit, which leads to our structure having higher stretchability.

Optimization of stress‑concentration‑relocation packaging structure. The relocation of the stress 
concentration from the silver paste wiring to the insulation layer of the thermoplastic polyurethane interposer 
is determined by the dimensions of the thermoplastic polyurethane interposer. The geometry of the interposer 
that can be optimized to relocate the stresses concentration are the thickness and diameter of the interposer, 
and the placement of the interposer in the packaging structure. The placement of the interposer is changed by 
the distance between the via holes and edge of the electronic-component-embedded FPC. Among these param-
eters, the diameter of the interposer is difficult to change because it is defined by the footprint of the electronic 
component. Therefore, test samples of the structure were fabricated with varying thicknesses t of thermoplastic 

(5)µ = ηŴ
(
1+

1

m
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polyurethane and distances l between the via holes and edge of the electronic-component-embedded FPC, as 
shown in Fig. 3a,b, and tensile strength tests were conducted. The stress concentration on the wiring of fabric 
circuit was also evaluated in an FEM simulation.

Figure 3a plots the rupture strain on the horizontal axis and the cumulative failure rates of the proposed and 
conventional structures on the vertical axis for different distances l. Because the accuracy with which the FPC 
can be cut is about 200 μm, l was varied between 200 and 1000 μm. The thickness of the film was 100 μm. The 
resultant shape parameter is m>1. Thus, the failure mode is wear and the lifetime indicates the structural limit. 
Varying l within the above range has no significant effect on the mean life and the strain at which the cumulative 
failure rate reached 10 %. Figure 3c,e shows the strain distribution and results of the FEM simulation with l as 
a parameter. The strain on the silver paste wiring of the fabric circuit relative to the strain applied to the entire 
fabric is almost the same even when l exceeds 200 μm. Therefore, the optimal distance l is more than 200 μm.

Figure 3b shows the probability density of fracture strain for different thicknesses t of the interposer. The 
thermoplastic polyurethane film of the interposer is made using a die-coating or balloon process in which 
thicknesses can range from 30 to 300 μm. Thus, the thicknesses t were varied within this range. In this case, the 
shape parameter is m > 1, which means the failure mode is wear and the lifetime indicates the structural limit. 

Figure 2.  (a) Relationship between strain applied to electronic textile and cumulative failure. (b) Table of 
Weibull parameters of the conventional and proposed structure. (c,e) Distribution and plot of maximum 
principal strain of the conventional packaging structure. (d,f) Distribution and plot of maximum principal 
strain of the proposed packaging structure.
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As t increases, the mean failure strain increases from 0.24 to 0.44. The increase in mean failure strain from t 
= 140 µm to t = 200 µm is less pronounced as the thickness t is varied. This is because the stress is reduced at 
locations far from the stress concentration. Figure 3d,f shows the strain distribution and a plot of results of the 
FEM simulation with the thickness t as a parameter. These figures show that the stress is reduced as t increases. 
In particular, the applied strain is significantly reduced when the thickness of the protective layer is 100 μm or 
more. Therefore, the proposed structure with thermoplastic polyurethane film more than 100-μm thick can 
reduce the stress more than the conventional structure can.

Figure 3.  (a,b) Relationship between strain applied to the electronic textile and cumulative failure of proposed 
packaging structure for different distances l and different thermoplastic thicknesses t. (c,e) Distribution and plot 
of maximum principal strain of the proposed packaging structure for different distances l under applied strain. 
(d,f) Distribution and plot of the maximum principal strain of the proposed packaging structure for different 
thermoplastic thicknesses t under applied strain.
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Demonstration of mechanically reliable e‑textile with integrated LEDs and MEMS sen‑
sors. Figure 4 shows a prototype e-textile device incorporating LEDs (WS2812C-2020, Worldsemi Co., Lim-
ited) and accelerometers (ADXL316, Analog devices, Inc.) that was fabricated using our structure. Figure 4a 
shows that the LED fabric circuit with our e-textile packaging structure stretches 15%. Even if it stretches up 
to 30%, the e-textile packaging structure bears the applied strain. Figure 4b,c shows LED and MEMS acceler-
ometers mounted on a very thin organdie fabric with a thickness of 300 μm. The LED changes its color to red 
depending on the applied acceleration (Fig. 4d). Thus, this structure for mounting electronic devices on fabric 
has excellent stretchability.

Discussion
Our interposer in which thin thermoplastic polyurethane film with via holes can withstand a 36% expansion of 
e-textile devices simply by relocating stress concentration part from the wiring of the fabric circuit to the insu-
lation film. Therefore, our structure can meet the requirement of the 30% elongation caused by conventional 
plain weaving textile structure. In addition, increasing the thickness of our interposer was effective in relocating 
the stress concentration part to the insulation film. However, the thickness of 100 μm is the limit of the present 
study, because conventional thermoplastic polyurethane film thickness is 100 μm and thicker film makes the 
fabric circuits stiff.

Figure 4.  (a) Stretched LED-embedded e-textile with the proposed packaging structure. (b) e-textile 
integrating thin LEDs and MEMS sensors. (c) Magnified images of LED and MEMS sensors integrated into the 
fabric circuit structure. (d) The LEDs changed color to red by applying acceleration.
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Conclusions
We developed a thin stress-concentration-relocating interposer in which thin thermoplastic polyurethane film 
with via holes is inserted between electronic-component-embedded FPC and a fabric circuit with silver paste. 
Our interposer structure can withstand a 36% expansion of e-textile devices and thus meets the requirement 
of 30% stretchability for e-textile devices. An FEM simulation of the interposer structure indicated that the 
region in which stress concentrates when the fabric is stretched changes from the wiring of the fabric circuit 
in the conventional structure to the thermoplastic polyurethane film of the interposer; thereby the interposer 
provides higher stretchability compared with the conventional e-textile packaging. The optimal dimensions of 
the interposer require the thermoplastic polyurethane film to be more than 100 μm thick. The optimal interposer 
structure can be used to incorporate LEDs and MEMS sensors into e-textiles. It will lead to new mechanically 
reliable e-textile devices.

Data availability
The datasets used and analyzed during the current study available from the corresponding author on reasonable 
request.
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