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ABSTRACT 

     With the advent of stretchable electronics, the numerous applications including wearable 

devices, optoelectronics, and implantable medical devices are realized and thus interconnects that 

can stretch/deform help to attain these stretchable electronic devices have gained extensive 

attention. Here, we present a novel spiral interconnect design that utilizes the mirror-topology 

wherein spiral connect to island in symmetry about the centerline, in contrast to the conventional 

no-mirror configuration. We fabricate the microscale stretchable mirror configurations for 

triangular networks and experimentally demonstrate their stretching profiles. A systematic 

comparison using experiments and FEM modeling illustrates enhanced mechanical response of 

mirror network by lowering von Mises stress up to ~20%. The mirror configuration also achieves 

the higher stretchability. Additionally, interconnects of mirror triangular network experience the 
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identical deformations and stress, as compared to dissimilar stress states in the no-mirror 

counterpart. We further validate the presented scheme to the complex stretchable arrays i.e. 

hexagonal arrays. Our experimental and FEM results corroborate with each other. Our proposed 

configuration can help to customize the deformations and its corresponding stretching profiles, 

which in turn provide the predictive response of the stretchable networks.  

1. Introduction 

The constraints of conventional non-malleable electronic devices i.e. non-conformity to 

human skin/tissues and associated rigidity can be alleviated by using the stretchable, bendable 

and flexible electronics. As a result, these bendable and stretchable electronics enable the 

enhanced performance of state-of-the-art applications i.e. wearable products, optoelectronics, 

surgical devices, and tactile-based electronic actuators/sensors.[1–10] Achieving these 

characteristics of stretchable configurations help to resolve the crucial problems i.e. providing 

the artificial retina, 360 ֯ imaging using spherical photodiode arrays, reconfigurable display, and 

others.[11–18] Although, the inherent electrical and thermal properties of the Si make it the 

most appropriate choice for such electronic devices, inherent mechanical properties of Si such 

as brittleness enable the crack-based failure during its stretching and bending. Therefore, 

different approaches are employed to achieve the stretchability, which includes the diminishing 

of the flexural rigidity by thinning down the feature size,[19] reduction of bending strain by 

controlling the neutral plane,[20] and using the engineered design that provides the required 

stretchability due to its certain geometrical design.  

Among these schemes, engineered designs using island-interconnect provide a remarkable 

stretchability.[11] Island-interconnect based stretchable system consists of an island that holds 
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all of the electronic components such as sensors/actuators while the stretchable interconnect i.e. 

spiral, serpentine, and fractals accommodate all of the induced mechanical strains and stress 

during the stretching process and thus maintain high electrical performance and integrity.[21–

24] A stretchable network is shaped when manifold spirals are connected to the respective 

islands. Tangible applications require the use of such stretchable network of island-

interconnects. Although the mechanical response of a single spiral is easy to follow and was 

reported,[19] the design optimization and associated mechanics of large spiral-island network 

are still not clear. Despite the importance, comparatively few studies emphasize the effect of 

spiral orientation or order of its linkage to the islands. Therefore, a comprehensive 

understanding of the mechanical response of these stretchable island-interconnects is essential 

to optimize the final design of the network that might provide higher mechanical integrity 

without failure of interconnect.  

Here, we show the mechanics of interconnects that link to islands symmetrically about a 

centerline referred to as a mirror configuration. We fabricate the designs called the triangular 

networks i.e. spirals connect in a particular order to the islands to form a mirror triangular shape. 

By comparison to the conventionally used schemes called no-mirror, our configuration show 

higher mechanical reliability by reducing the von Mises stress up to 20% in mirror triangular 

network, as demonstrated by both experiments and finite element methods (FEM) modeling. 

The elastic stretchability of the fabricated networks is calculated as to be 160%. Using our 

proposed mirror configuration for a stretchable network, the controlled or customized 

mechanical behavior or deformations can be attained, which further may enhance the 

functionalities of these stretchable electronic devices. 

2. Results and Discussions 
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2.1 Mechanical Response of Triangular Networks 

Figure.1 demonstrates the schematic of island-interconnect configurations, where we use 

the spiral as interconnect while the shape of the island is chosen as hexagonal.  

  
Figure 1. Schematic illustration of no-mirror and mirror configurations with hexagonal island-spiral 

interconnects for representative stretchable triangular networks. (a) Single spiral and its associated parameters 

showing the diameter of the inner circle (ϕ), total length, and thickness (t) of the arm. (b) Assembly of three spirals 

and hexagonal islands making the triangular island-interconnect network. (c) Conventionally used triangular network, 

called no-mirror henceforth. The spirals S1-S3 are connected to the hexagonal islands in a displayed manner. (d) Mirror 

configurations of spiral interconnect for the triangular network, wherein the spirals i.e. S2 and S3 are connected to the 

hexagonal islands (I1-I3) in a mirror-like symmetry about the centerline. 

It is well-known that Si interconnect can withstand the bending strain of 1%, therefore, the 

chosen thickness of the arm (t) and diameter of the inner circle (ϕ), should enable the maximum 

allowable bending strain (𝜀𝜀𝑏𝑏) up to 1%. [19,25,26] i.e. 

𝜀𝜀𝑏𝑏 =
𝑡𝑡

𝜙𝜙 − 𝑡𝑡
 

Figure 1a represents a typically used single spiral and its parameters wherein we chose the 

t, ϕ, and total length of the arm of the spiral as 5 µm, 500 µm, and 1050 µm, respectively. The real 

(b)

(c)

S2S3

S1
1384 µm

(d)

center-line

I1 I2

I3

ϕ =500 µm

1050 µm

t= 5 µm
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application needs these islands and spirals to essentially assemble or connect with each other in a 

particular order; called a network of stretchable interconnects, as shown in figure 1b. It is worth 

mentioning that interconnects will accommodate all of the deformations during stretching whereas 

the islands remain stress-free, exhibiting the main merit of stretchable engineered 

geometries.[13,27] As the name depicts for the triangular network, the spirals are arranged to form 

the shape of a triangle. Figure 1c shows a conventionally used triangular network, wherein the 

spirals S2 and S3 follow a particular order as displayed in the figures, referred to here as a no-

mirror. This study proposes a mirror configuration for triangular networks, where spirals S2 and S3 

connect to the respective island (I3) in a mirror-topology i.e. symmetrical order about the 

centerline, as shown in figure 1d.  

We report the merits of mirror configuration in terms of mechanical stability and thus 

fabricate the representative triangular networks by following the steps described in figure S1 of 

the supplementary information. These fabricated samples were tested in a probe station, where 

probes move in-plane (along with x-axis) and stretch the network along the desired direction under 

the prescribed displacement (Dp), as shown in figure S2 of the supplementary information. Figure 

S2a represents the optical image of the experimental setup i.e. full details of the probe station 

including the probes, optical lens, and stage to position the fabricated triangular networks. The 

initially undeformed state of the triangular network is shown in figure S2b. It is worthy to mention 

that the fabricated samples were handled carefully so that there was no pre-straining or out-of-

plane bending before/during the testing, as exhibited in the figure S2b.  

The reason to opt the triangular network could be attributed to the fact that the triangular 

network works as a basic unit-cell to form the hexagonal-arrays for the extended and complex 
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stretchable system.[28] Upon stretching, island moves axially and its corresponding spirals start 

to unwrap.  

 

Figure 2. Mechanics of mirror configuration for the triangular network. (a-d) Microscale images of 

mirror triangular network during stretching by probes under εapp of 46%, 78%, 118%, and 160%, respectively, scale 

bar = 1mm. (e-h) FEM results showing the deformation contours along the spiral interconnects as a function of the 

same εapp of 46%, 78%, 118%, and 160% at island I3, respectively. Interestingly, both of the spirals S2 and S3 share the 

prescribed displacements equally due to mirror symmetry, which is contrary to the conventionally used no-mirror 

triangular network. (i-l) Corresponding von Mises stress contours showing the maximum von Mises stress of 1.42 

GPa at εapp of 160%. 

Figure 2 presents the unwrapping profiles and mechanical response of the mirror triangular 

network under applied strain (εapp) of 46%, 78%, 118%, and 160%, respectively. Figure 2(a-d) and 

2(e-h) illustrate the in-plane stretching process of the fabricated samples by probes and 

deformation contours by FEM analysis of mirror triangular network at the same εapp of 46%, 78%, 

(a)

εapp = 46%
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εapp = 78%
1 mm

(b)

εapp = 118%
1 mm

(c)
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(d)
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(f)
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(g)
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(h)
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(e)

Dp

(l)
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(k)
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(j)
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118%, and 160% respectively. To demonstrate loading state according to mirror configurations, 

the displacement was prescribed on island-I3. It is clear from the figure that the mirror-topology 

allows both of interconnects S2 and S3 to experience the identical amount of deformation or they 

have similar unwrapping profile, as shown in SMovie 1 of the supplementary information. The 

evolution of the equal amount of deformations is logical since both spirals S2 and S3 experience 

the identical tensile forces. The experimental unwrapping profiles of all of the spirals corroborate 

to the FEM calculations.  

As our numerical results show a fair comparison with the experimental results i.e. well-

matched mechanical response during stretching, we may further extend the use of numerical 

modeling to reveal the stress/strain states. Moreover, the real-time stress states are not easy to map 

experimentally, therefore, we may effectively utilize the FEM calculations. Figure 2 (i-l) shows 

the numerically calculated distribution of von Mises stress as a function of εapp. Generally, the axial 

in-plane stretch is expected to result in identical stress contours for all of the spirals in the mirror 

network. In other words, although the magnitude of stress varies as a function of εapp, the location 

and contours of stress along the spiral boundary or arm remains similar for the said boundary 

conditions, as shown by the zoomed 3D von Mises stress contours for the spiral (inset of figure S3 

of the supplementary information). For comparison purposes, we also illustrate the FEM analysis 

for the no-mirror triangular network. Here, the assembly is considered in such a manner that the 

spirals S2 and S3 are not symmetrical about the centerline (see the figure S4a of the supplementary 

information), which is expected to result in different deformations because of the dissimilar 

distribution of tensile forces in S2 and S3. It is worthy to mention that we stretch the no-mirror 

triangular network up to maximum principal strain of 1% that corresponds to the εapp of 138%. 
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Figure 3. The mechanical response of spiral interconnects for the mirror and no-mirror triangular network. 

(a) The deformation or displacement distribution along the arm of the spiral interconnect. For results extraction, the 

chosen region of the arm is shown as inset of figure 3a, 3b and supplementary figure S6. Dp for spirals S2 and S3 in 

mirror configurations is equal in magnitude, however, for the no-mirror case, they have a different amount of 

deformations since the unwrapping profile is not identical for both of the spirals. (b) The von Mises stress distribution 

along the same region of spiral interconnect. For mirror triangular network, S2 and S3 have the same amount of induced 

stress, however, for the no-mirror network, S3 has higher von Mises stress and thus failure will likely start to occur 

from this interconnect. Additionally, both of spiral for mirror case achieve the maximum elastic stretchability as they 

fully unwarp at the end of the stretching process. (c-f) Optical images of experimental stretching by probes of mirror 

triangular network at εapp of 46%, 78%, 118%, and 160% respectively. Scale bar = 1 mm. 

  Figure S4b illustrates that S3 has a higher maximum principal strain as compared to S2 

and thus is expected to reach the fracture point of 1% prior to S2 and thus might cause the earlier 

failure of S3. For the no-mirror triangular network, the detailed FEM results of deformation and 

von Mises stress contours, at same εapp, are shown in figure S5 of the supplementary information. 

It is interesting to note that the von Mises stress for no-mirror or conventionally used 

configurations is higher for each corresponding εapp when compared to counterpart. For instance, 

Normalized size of half-arm 

    

(b)

(e) (f)
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at maximum elastic stretchability, the stress for the no-mirror network is 1.69 GPa as compared to 

1.42 GPa for our proposed mirror configurations i.e. 20% lower for mirror configurations.  

The mechanical response of the arm of the spiral varies along its boundary that depends on 

the amount of unwrapping or state of deformations. As the spiral may experience the crack or 

failure at any region of the arm of the spiral, mapping of prescribed displacement and evolved 

stress along its boundary will be handy to illustrate. It is logical to say that the spiral experiences 

the symmetrical stress evolution during the stretching, therefore, taking the half-arm will serve the 

purpose. Figure S6 of the supplementary information demonstrates the half-arm for the triangular 

network. We may define the normalized Dp as � 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷 𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓 

�, whereas the normalized half-arm 

size of 0 and 1 indicate the arm’s end connected to the inner circle of S1 and to the island-I2, 

respectively. 

Next, the comparison of deformations and von Mises stress along the boundary of half-arm 

is revealed in figure 3a and 3b, respectively. The definition of half-arm for the triangular network 

is shown in figure S6 of the supplementary information, inset of figure 3a, and 3b, whereas the 

optical images during experimental stretching for mirror triangular network were recorded at the 

particular value of εapp shown in figure 3 (c-f). The results validate that for the no-mirror case, the 

spiral S3 has higher von Mises stress as compared to S2 and thus the failure is likely to occur at this 

region that in turn adds the uncertainty in terms of the mechanical response of stretchable networks. 

In contrary, for mirror triangular network, both of the spirals evolve the same amount of the stress. 

Another perspective is that the total elastic stretchability of the network depends on the elastic 

stretchability of the individual interconnect. Therefore, for mirror network, both of the spirals S2 

and S3 achieve their maximum stretchability whereas the spiral S2 for the no-mirror case does not 

provide its full share to the total stretchability of the network. Additionally, the dissimilar stress 
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contours for each spiral in a no-mirror network add the uncertainty in terms of the mechanical 

deformations of the network. Our results suggest that under identical boundary conditions, mirror 

configurations have significantly high mechanical reliability because of symmetrical stress 

distribution. In contrast, the higher stress in spiral S3 can lead to early failure in the conventionally 

used no-mirror triangular network.  

 

Figure 4. Application of mirror configuration in the array-based complex stretchable system. (a) The 

undeformed or initial state of an extended version of the triangular network representing a complex array-based 

stretchable system. The array was formed by adding two unit-cells and thus contains two additional spirals (S4 and S5) 

along with island (I4). Spirals are arranged in a particular manner that mirror-topology is ensured along the axial and 

lateral direction. (b) FEM results showing the identical deformation contours for all of the spirals of the array where 

the εapp is applied in axial and lateral directions until the structure reaches its fracture point. (c, d) The 3D von Mises 

stress and principal strain contours showing that the maximum stress at the onset of the fracture i.e. at 1% principal 

strain. Interestingly, all of the spirals (S2-S5) achieve their maximum elastic stretchability and also have identical 

stress/strain contours which are contrary to the conventionally used no-mirror configurations. FEM analysis 

demonstrates that mirror-topology is equally applicable to the complex arrays and thus results in the higher mechanical 

stability of the arrays by enabling the customized mechanical deformations. 

(a) Mirror-topology for complex array

S1

S2S3

S4 S5

I1

I2

I3

I4

Dp

Dp Dp

Dp

(b) Deformation contours

(c) Von Mises stress contours (d) Strain contours
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2.2 Extension of Mirror-topology to Complex Arrays 

We previously have presented the concept of unit-cell that can dictate the mechanical 

response of conventionally used full hexagonal, square, and diamond-arrays.[28] Next, in order to 

verify our claim about the advantage of proposed mirror-topology for a complex array of the 

stretchable system under multi-axis loading, we extend the mirror-based triangular network up to 

complex array. For instance, we add two unit-cells of triangular networks i.e. building a half 

hexagonal-array by adding two more spirals (S4 and S5) and one island (I4) and perform FEM 

analysis, as shown in figure 4a. Figure 4b illustrates the details of deformations when we prescribe 

Dp axially and laterally i.e. multi-axis stretching, simultaneously. As the spiral S1 is anchored 

between two moving islands of I1 and I3, it experiences the maximum deformation and stress. 

Figure S7 of the supplementary information represents the location of stress concentration for 

spiral S1. As expected, contour results show that all of the spirals (S2-S5) experience an identical 

amount of deformations even under multi-axis loading. Likewise, figure 4 (c, d) reveals the 3D 

von Mises stress and principal strain contours for the complex array of island-interconnect 

networks. Interestingly, all of the spirals (S2-S5) have identical stress and strain contours which are 

contrary to the conventionally used no-mirror configurations and thus validates our proposed 

concept for the extended stretchable systems.  

3.  Conclusions and Summary 

In conclusion, we established a mirror triangular configuration for spiral interconnects, capable 

of offering an unprecedented mechanical response during stretching. We fabricate and conduct a 

detailed study to reveal the mechanical response of the proposed mirror topology. For mirror 

configuration of the triangular network, all of the spirals experience the identical deformations and 

corresponding von Mises stress. Also, all of the spirals achieve their maximum elastic 
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stretchability at the end of stretching i.e. they fully unwrap at the onset of the fracture. In 

comparison, the no-mirror configuration results in the higher stress in one spiral as compared to 

others in the network. Moreover, at same elastic stretchability, for mirror configuration of the 

network, the induced von Mises stress of spiral interconnect is 20% lower than traditionally used 

no-mirror triangular configuration. This dissimilar stress evolution in the no-mirror configuration 

could lead to the earlier failure of particular spiral adding the uncertainty to the design. Combined 

theoretical analysis by FEM and experimental revealed the underlying mechanics and stress 

evolution of mirror and no-mirror configuration. We further extend our strategy to the complex 

array i.e. half hexagonal-array based network and validate that our scheme is equally valuable for 

advanced and complex stretchable systems. As a result, our results demonstrate that the mirror-

based triangular network is more reliable and predictive in nature for complex arrays based 

stretchable systems. In other words, using our proposed strategy, one can customize the 

deformations of the stretchable networks and govern the mechanical response to avert the crack-

based failure. 

4. Materials and Methods 

4.1 Fabrication of Triangular Network 

The inexpensive fabrication of triangular mirror-network was carried out by using virtual 

silicon on insulator (SOI) wafer. PECVD (Oxford Instruments PlasmaLab Deposition) was used 

to deposit the 10 µm layer of oxide (SiO2) and 20 µm amorphous silicon (a-Si) on the Si wafer, 

respectively. As aluminum (Al) was used as a hard mask, the thickness of 200 nm of Al was 

sputtered (Equipment Support Company). Patterning of the triangular designs of the networks 

was attained by using Lithography (EVG 620S). After that the Al was etched by using the metal 

reactive ion etching (RIE). The targeted thickness of 20 µm of a-Si on the substrate of Si/SiO2 
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was attained by using the deep RIE (Oxford Instruments PlasmaLab 100). Acetone was used to 

clean the remaining photoresist (PR). Then, hard mask from the top of the triangular network 

was etched by using the solution of Al wet-etchant for about five minutes. Lastly, the final 

triangular network was achieved by immersing the structures in the 48% HF i.e. Hydrofluoric 

acid (Sigma-Aldrich) that allowed the isotropic etching of the buried oxide layer after 1 hour. 

Before taking the samples to the probe station testing system, the samples were dried at the 

room temperature.  

4.2 Numerical Modeling 

3D finite element method (FEM) analysis was performed to calculate the mechanical response 

of triangular stretchable network for the mirror and no-mirror configurations. Mechanical 

deformation and von Mises stress distributions were calculated by using a commercially available 

FEM program ABAQUS™. The structure of the mirror and no-mirror triangular network was 

designed in SOLIDWORKS™ and a thickness of 20 µm was attained by using extrude function, 

which was analogous to the thickness of the fabricated samples. These 3D samples were then 

imported to the ABAQUS™ for further analysis. For identical boundary conditions, we prescribed 

an in-plane displacement Dp or corresponding applied strain (εapp) on the island, I3, connecting to 

spiral S2 and S3 up to their fracture limits. In other words, FEM analysis was executed until the 

maximum principal strain exceeded the fracture strain of 1% for Si.  The other islands elements of 

the triangular network were kept fixed. Mechanical properties of Si were taken similar to the 

previous study.[12,19] To address the large deformations and geometrical nonlinearities, 

“NLgeom on” was used in ABAQUS™.  Numerical solution convergence was assured by using a 

refined mesh of 10-node quadratic tetrahedron (C3D10) element i.e. the element size was smaller 

than the arm’s width.  
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Supplementary Material  

See supplementary material for the fabrication process, experimental probe station setup, 

zoomed 3D von Mises stress for mirror configuration, mechanical response of mirror and no-

mirror configurations for triangular networks, definition of the half-arm of the spiral, experimental 

and FEM videos/animations.  
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Figure S1. The fabrication process of the island-interconnect network. (a) Initial P-type silicon (Si) wafer. 

Deposition of (b) SiO2 and (c) amorphous Si on the substrate of Si by using the PECVD. (d) Deposition of aluminum 

(Al) by using the metal reactive ion etching (RIE) that is used as a hard mask for patterning. (e) Photolithography 

was used for patterning of the triangular network, (f) Al removal by etching, and (g) deep RIE to get targeted thickness 

of interconnect. (h)Wet etching of Al. (i) 48% HF (Hydrofluoric acid) i.e. wet etching for1 hour to release the 

stretchable triangular network. 
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Figure S2. Optical images of the experimental setup for testing. (a) Full setup showing the probes, optical lens 

and stage to position the samples. (b) Initial undeformed state of triangular networks. 
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Figure S3. Detailed 3D stress contour for mirror triangular networks. 3D stress contours with the inset showing 

the zoomed view of von Mises stress distributions along the boundary of the arm of the spiral.  

εapp = 160%
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Figure S4. Strain distribution of no-mirror configuration for the triangular network. (a) Undeformed state and 

(b) comparison of maximum principal strains of spirals S2 and S3 showing the high maximum principal strain for 

spiral S3.  
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Figure S5. Mechanics of no-mirror configuration for the triangular network. FEM results showing the (a-d) 

deformation contours and (e-h) corresponding von Mises stress along the spirals interconnects as a function of εapp 

of 46%, 78%, 118%, and 138% at island I3, respectively. In contrast to the mirror configurations, both of the spirals 

S2 and S3 do not share the prescribed displacements equally due to no-mirror configuration. As a result, the spiral S3 

has high stress as compared to S2  for each of the cases.  
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Figure S6. Definition of representative half-arm for the triangular networks. The results were extracted along 

the arm boundary shown between 0 and 1. The value of 0 and 1 normalized half-arm length for the respective design 

have also been illustrated.  
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Figure S7. Stress-concentration for mirror array-based complex system. Results show that S1 experiences the 
maximum von Mises stress along the stretching. 
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