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Abstract: In this paper, deformable structures used for stretchable biomedical flexible 
electrode are designed. The presented cross curves in the deformable structures promote the 
reliability of the flexible electrode. To show the strain distribution of the structures when 
stretched, three-dimensional FEM analysis models are established. The FEM analysis results 
illustrate that the designed structures can be stretched to 20% with the maximum principal 
strain less than 0.3% which adapt to the deformation of the skin.  

1. Introduction 

With the rapid development of flexible materials, researches relevant to flexible electrodes for 
biomedical signals measurement are increasing. The conformal contact between the flexible 
electrodes and human skin leads to lower skin-electrode impedance, thus, it can acquire better 
bioelectric signals by the flexible electrodes [1]. The flexible electrodes can also attach to the skin for 
a long period of time, which can be used in long-term bioelectric signals monitoring. 

Currently, there are mainly three ways to fabricate flexible electrodes. The first way is to apply 
deformable structures to realize the flexibility of the electrodes [2]. The second way is to utilize the 
flexible conductive polymers as the raw materials of the electrodes [3]. The third way is to combine 
the conductive nanomaterial with flexible silicon material [4].  

On the first method which realizes the flexibility of the electrodes by deformable structure, to 
achieve high stretchability of the electrode by pattern design is the most important matter, for the 
electrodes are required to contact and stretch with human skin. Self-similar Peano curves are 
proposed for electrode structure design [5]. The advantage of this kind of structure is that it can 
achieve good stretchability in different directions. All vertical Peano curve can maximize 
stretchability in longitudinal axes of the electrodes and half-and-half Peano curve have the ability to 
balance stretchability of the electrode in all directions. However, the Peano curve electrodes possess 
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low reliability, for the Peano curve is single curve and the electrode is in no conducting state if any 
part of the curve breaks along the complicated fabrication process and the contact to the skin. 

In this paper, we put forward two kinds of deformable structure unit for stretchable biomedical 
epidermal flexible electrodes based on the flexible electrode model. The interspersed curve in the 
structures we presented ensure the reliability of the whole electrode. By FEM analysis, the strain 
distribution of the electrode in the condition of uniaxially and biaxially stretching is analyzed to 
simulate the deformable of the electrode along the human skin. 

2. Methods 

2.1 Materials and structure of the flexible electrode model  

As illustrated in Fig.1, the flexible electrode model composes electrode layer and elastomer 
substrate. The electrode layer includes a layer of Polyimide (PI) and a layer of Au on the top of PI. 
The flexible substrate is made of Ecoflex (Smooth-on, 0030) which is a kind of ultra-low modulus 
silicon. All the material parameters are shown on Table 1. The flexible electrode contact and deform 
with the skin when measuring the bioelectric signals. As the average human skin deformation is 
10%~20%, the design principle for the structure of the electrode is that the electrode layer should be 
stretched by at least 20% with the maximum principal strain of Au layer less than 0.3% (the elastic 
limit of Au is 0.3%).  

Table 1 Parameters of the materials in flexible electrode 

 Au PI Ecoflex 
Density (kg/m3) 19320 1300 1070 
Poisson's ratio 0.42 0.499 0.370 

Young's modulus 79.5 GPa 3.1 GPa 125 kPa 

 
Fig. 1 The flexible electrode model 

2.2 Fracture condition in single curve electrode 

The fabrication process of the electrode illustrated in Fig. 1 is complicated including spinning 
coating, magnetron sputtering, lithography and transfer printing. The success rate of the fabrication is 
about 30%, mainly because of the fracture of the electrode layer during fabrication process. When 
attached to the skin for a period of time, the electrode may also break.  

Fig. 2 shows the photos of part of the single curve electrodes. Fig. 2A displays a complete 
electrode part, however, the electrode in Fig. 2B is completely disconnected because of the 
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fabrication process. After a period of time of contact to the skin, the electrode breaks as shown in Fig. 
2C. 

 
Fig. 2 The fracture condition of single curve electrode 

2.3 Deformable structure units design 

To avoid the affection of the broken electrode curves to the conductivity of the whole electrodes, 
we put forward two deformable structure units for the electrode layer as present in Fig. 3. The cross 
lines ensure that the electrodes keep conductive when part of the electrodes break. In addition, the 
curves improve the stretchability of the electrode effectively. 

 
Fig. 3 Structure units design for stretchable flexible electrode 

3. Results  

To verify whether the presented structure units can be stretched by at least 20% with the maximum 
principal strain of Au layer less than 0.3%, the FEM analysis was conducted. The model is shown in 
Fig. 1 with Au layer (300nm), PI layer (2μm) and Ecoflex layer (25μm) and the figure is shown in Fig. 
3 with the width of 10μm of each curve. The 20% uniaxial and biaxial displacement was added on the 
edge of the electrode layer respectively and then the FEM results was conducted by ABAQUS.  

A B 
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Fig. 4 Uniaxial stretching FEM result of structure A 

 
Fig. 5 Biaxial stretching FEM result of structure A 

The results show that when stretching by 20% in x-axis, the maximum principal strain of the Au 
layer is 0.1741% (Fig. 4) and the maximum principal strain of the Au layer is 0.2627% when 
stretching by 20% in both x-axis and y-axis (Fig. 5). The position of the maximum principal strain of 
the metal layer is labeled on the FEM results in particular. The results indicate that the structure A can 
meet the requirement of stretching with human skin. 

 
Fig. 6 Uniaxial stretching FEM result of structure B 
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Fig. 7 Biaxial stretching FEM result of structure B 

When stretching by 20% in x-axis, the maximum principal strain of the Au layer is 0.09597% (Fig. 
6) and the maximum principal strain of the Au layer is 0.1287% when stretching by 20% in both 
x-axis and y-axis (Fig. 7). The position of the maximum principal strain of the metal layer is labeled 
on the FEM results in particular. From the results of FEM, we can verify that the structure B can meet 
the requirement of stretching with human skin. 

 
Fig. 8 Uniaxial stretching FEM result of structure B 

When stretching the structure B by 40% in x-axis, the maximum principal strain is still lower than 
the elastic limit of Au and the structure is greatly deformed, which shows the good stretchability of 
structure B. 

4. Conclusion 

In this paper, we put forward two kinds of deformable structures for the stretchable biomedical 
flexible electrode. The interspersed electrode curves ensured the reliability of the electrode, which 
solved the actual problems. By FEM, we verified that the good stretchability of the structures. The 
structure B can even be stretched by 40% with maximum principal strain less than 0.3%. By arraying 
the structure further, we can get a whole pattern of flexible electrode which can achieve high 
reliability and stretchability. 

y 

x 

0.1287% 

0% 

0.2066% 

0 % 

y 

x 

221



 

Acknowledgments 

This research was supported by the National Natural Science Foundation of China under Grant No. 
81471749, the Tsinghua University Initiative Scientific Research Program under Grant No. 
2014Z01001, the National Key R&D Program of China under Grant No. 2017YFC0803507 and the 
Foundation of Beijing Laboratory in Biomedical Technology and Instruments. We express gratitude 
to CapitalBio Corporation Micro Systems Engineering Lab for their help.  

References 

[1]  J.W. Jeong , W.H. Yeo, A. Akhtar, J.J.S. Norton, Y.J. Kwack, S. Li, S.Y.Jung, Y. Su, W. Lee, J. Xia, H. Cheng, Y. 
Huang, W.S. Choi, T. Bretl, John A. Rogers. Materials and Optimized Designs for Human‐Machine Interfaces Via 
Epidermal Electronics, J. Adv. Mater. 47(2013) 6839-6846. 
[2] W.H. Yeo, Y.S. Kim, J. Lee, A. Ameen, L. Shi, M. Li, S. Wang, R. Ma, S.H. Jin, Z. Kang, Y. Huang, John A. 
Rogers.Multifunctional epidermal electronics printed directly onto the skin, J. Adv. Mater. 20(2013) 2773-2778. 
[3] J. Xu, S. Wang, G.J.N. Wang, C. Zhu, S. Luo, L. Jin, X. Gu, S. Chen, V.R. Feig, J.W.F. To, S.R. Gagné, J. Park, B.C. 
Schroeder, C. Lu, J.Y. Oh, Y. Wang, Y.H. Kim, H. Yan, R. Sinclair, D. Zhou, G. Xue, B. Murmann, C. Linder, W. Cai, 
J.B.H. Tok, J.W. Chung, Z. Bao. Highly stretchable polymer semiconductor films through the nanoconfinement effect, J. 
Science. 6320(2017) 59-64. 
[4] S.M. Lee, H.J. Byeon, J.H. Lee, D.H. Baek, K.H. Lee, J.S. Hong, S.H. Lee. Self-adhesive epidermal carbon nanotube 
electronics for tether-free long-term continuous recording of biosignals, J. Sci. Rep. 6074(2014). 
[5] J.J.S. Norton, D.S. Lee, J.W. Lee, P. Won, S.Y. Jung, H. Cheng, J.W. Jeong, A. Akce, S. Umunna, I. Na, Y.H. 
Kwon, X.Q. Wang, Z.J. Liu,U. Paik, Y. Huang, T. Bretl, W.H. Yeo, John A. Rogers. Soft, curved electrode systems 
capable of integration on the auricle as a persistent brain–computer interface, J. PNAS 13(2015) 3920-3925. 

222

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Jeong%2C+Jae-Woong
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yeo%2C+Woon-Hong
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Akhtar%2C+Aadeel
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Norton%2C+James+J+S
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Kwack%2C+Young-Jin
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Li%2C+Shuo
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Jung%2C+Sung-Young
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Su%2C+Yewang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Lee%2C+Woosik
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Xia%2C+Jing
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Cheng%2C+Huanyu
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Huang%2C+Yonggang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Huang%2C+Yonggang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Choi%2C+Woon-Seop
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Bretl%2C+Timothy
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Rogers%2C+John+A
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yeo%2C+Woon-Hong
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Kim%2C+Yun-Soung
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Lee%2C+Jongwoo
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ameen%2C+Abid
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Shi%2C+Luke
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Li%2C+Ming
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wang%2C+Shuodao
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ma%2C+Rui
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Jin%2C+Sung+Hun
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Kang%2C+Zhan
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Huang%2C+Yonggang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Rogers%2C+John+A
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Rogers%2C+John+A
https://www.nature.com/articles/srep06074#auth-1
https://www.nature.com/articles/srep06074#auth-2
https://www.nature.com/articles/srep06074#auth-3
https://www.nature.com/articles/srep06074#auth-4
https://www.nature.com/articles/srep06074#auth-5
https://www.nature.com/articles/srep06074#auth-6
https://www.nature.com/articles/srep06074#auth-7



