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Abstract 
Developing new generation nonuniform metasurface with skin-like stretchability and 
conformability has become the research hotspot in many areas, such as bio-sensoring, 
medical bandages, wearable devices and soft robotics. In this study, a computational method 
was proposed to design nonuniform 2D metasurface, which could perform a similar 
deformation as the target skin surface during the rotation of joint. Considering the nonuniform 
auxetic deformation behavior of the skin around joint area, the designed metasurface should 
also have the same Poisson’s ratio (PR) distribution. By mapping unit cells with different PR 
to the target surface, the obtained structure would have the same mechanical property and 
deformation behavior as the covered skin. With the unique capabilities of additive 
manufacturing (AM), the generated 2D metasurface can be easily fabricated. Especially, new 
generation wearable electronics with superior conformability was developed based on this 
nonuniform structure. Besides, the proposed method is also promising to be applied to design 
novel biomaterials, such as wearable electronics, smart bandage, skin scaffold, etc. 
Keywords: Nonuniform metasurface, Poisson’s ratio distribution, nonuniform auxetic 
deformation, additive manufacturing 
 

1. Introduction 
Thin film structures are used in diverse technological applications such as stretchable 
electronics, soft robotics, smart bandages, wearable devices and living devices. In all these 
areas, achieving a “human-skin-like” deformation behaviour is the main design objective of 
the manufactured film structure. Mainly, researches have tried to solve this problem from two 
aspects: soft materials or stretchable structures. 

To obtain better comfortability, many researchers in stretchable electronics area have 
dedicated to develop new materials with better stretchability. As early as 1994, Garnier, 
Hajlaoui, Yassar and Srivastava [1] had fabricated a field-effect transistor from organic 
materials with printing technology. This flexible device can be bended or twisted without 
causing much difference on the conductivity. From then on, organic electronics have proven 
useful in a number of applications, such as light patterning techniques and organic 
semiconductors [2]. The strain sustainability of organic electronics, despite much better than 
common wafer-based devices, is still not enough to conform the complex 3D surface of 
human body [3]. 

Changing the structure of the film metasurface is another way to achieve better stretchability. 
The most commonly applied strategy is converting the traditional all solid surface into “wavy” 
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structures [4]. In the research [5] of Kim et al., several different circuit designs were 
introduced to construct the “epidermal electronic system”. While, all these circuit patterns 
were developed based on the significant stretchability of “wavy” structure. Someya et al. [6] 
manufactured a networks of pressure and thermal sensors with conductive rubber. Similarly, 
the impressive skin-like conformability and flexibility was gained from the “wavy” layout of 
the material. Besides, many fabric-based electronics [7,8] also have shown good conductivity 
during deformation. The reason is that the conductive wires enabled in fabrics are always at a 
loose- knit state, which is still a nonconstant “wavy” structure essentially. To eliminate this 
deformation property difference between substrate and conductive wires, Jeong, Kim, Cho 
and Hong [4] introduced the “wavy” structure to the construction of both substrate and 
electrode. This wavy substrate was fabricated through casting, and base material was chosen 
as PDMS for better flexibility. Consequently, the deformation behaviour of both substrate 
and silver electrodes can be maintained as uniform, which will dramatically decrease the 
sheer stress at the connection areas. Similarly, a spiral shape wiring system was proposed in 
the study of Sawada et cl. [9], and both substrate and conductive wires were manufactured 
into same structure. The only difference is that the spiral shaped substrate was made of 
photosensitive polyimide and exposed with copper foil. Resistance of the constructed 
stretchable wiring network changed little, even after 200 cycles of 20% stretching. 

Compared with stretchability, conformability is a more important property for wearable 
devices or medical bandages. Especially, some joint areas of human body have very complex 
3D surfaces, and skin around these areas always bear extremely high stretching. Besides, the 
skin at joint area is always unevenly stretched at all directions, which means this is a 
nonuniform auxetic deformation. To mimic such a unique deformation behaviour, negative 
Poisson’s ratio (NPR) structures became necessary to construct the suitable wearable 
electronics [10]. Yang, Choi and Kamien [11] utilized fractal cuts to develop super 
conformable materials that could be applied to design stretchable electronics. After the 
proposed fractal cut process, a common silicone rubber sheet can be easily stretched and 
conformed to a spherical surface. In Vogiatzis, Ma, Chen and Gu’s study [12], topology 
optimization method was applied to design NPR structures with optimized conformability. 
The optimized 2D metasurface can conform to the complex surface of a human face, which 
provided great potential for the structural design of wearable electronics. However, all these 
conformable NPR structures were uniformly constructed. Considering the nonuniform 
auxetic deformation of the skin, there will beinevitable deformation behaviour difference 
between the thin film and human skin. This difference will definitely cause sheer stress at the 
connection area between substrate and skin surface, which will reduce the stability of the 
device and may even cause detachment of the wearable electronic. To make sure the designed 
metasurface have the same deformation behaviour as the target skin surface, substrate 
structures with nonuniform PR distribution [13– 15] can be introduced. 

In this study, a novel method was proposed to design and manufacture thin film structures 
with customized deformation behaviour, which can conform with the highly-stretched skin 
surface at human joint areas. By analysing the deformation behaviour of the skin during the 
rotation of joint, elongation (along the rotation surface) and expandation (vertical to the 
rotation surface) values of each small subsurface were measured. With this deformation data 
of all subsurfaces, strain and PR distribution of the target skin were calculated. To mimic the 
nonuniform PR distribution of the skin, the structure of substrate was organized by 
connecting unit cells with different PR values. Tuneable PR of unit cell was obtained by 
changing the interior angle of re- entrant honeycomb structure, which was still a mutation of 
“wavy” structures. Skin around a person-specific elbow was chosen as the target surface. 
After deformation analysis and structural construction, finite element analysis (FEA) was 



 

 

conducted to validate the conformability of the designed nonuniform substrate. With PolyJet 
printed flexible nonuniform metasurface, stretching test was carried out to measure 
deformation behaviour, and both computational and experimental tests have shown a perfect 
conformability. 

2. Materials and methods 
2.1 Materials 
To enhance the stretchability and flexibility of the elastomer film, rubber-like material 
Agilus30 was selected. This newly developed material is one of the most flexible materials 
available for Objet Connex 260 (Stratasys Inc., Edina, MN, USA). As tested in [16], this 
material can be assumed as linear elastic when the applied strain is smaller than 100%, and 
the material Young’s modulus is 423MPa and Poisson’s ratio is 0.34. 

2.2 General processes of the proposed method 
In this study, a structural design method was proposed to develop metasurface structure with 
nonuniform PR distribution to conform with skin surfaces around highly stretched joint areas. 
Particularly, the method was mainly composed of six steps as shown in Figure 1. Firstly, 3D 
scanning was conducted to get the point cloud data of the skin surface around joint. The joint 
surface was scanned at two positions: fully-straightened and fully-bended. The fully- 
straightened position was set as initial state with assumed strain and deformation of zero. On 
the other hand, the fully-bended position was the objective state. From the initial state to the 
objective state, the deformation behaviour of the skin can be analysed. The skin surface was 
descriptive into finite subsurfaces to analyse how the strain and deformation was distributed 
over the surface area. By setting as joint bending direction the applied strain direction, PR of 
each subsurface could be calculated easily. To mimic the nonuniform auxetic deformation of 
the skin, the PR distribution in the substrate should also be nonuniform correspondingly. As 
been done in our previous research [17], re-entrant honeycomb structure was introduced to 
achieve tuneable PR by manipulating the interior angle of each unit cell. The size of unit cell 
was defined based the geometry of subsurface to make sure that each subsurface was covered 
by one unit cell. Considering the relative large deformation, geometrically nonlinear FEA 
was applied to get the relationship between unit cell’s PR and the interior angle. With this 
relationship, Unit cells with the same PR values were mapped to cover the all the subsurfaces 
of the skin. Both computational and experimental tests were conducted to validate the 
conformability of the design substrate structure. Two comparison structures, uniform NPR 
anduniform PPR, were also tested to demonstrate whether the generated nonuniform structure 
had better conformability.  

 



 

 

 
Figure 1. General process of the proposed design and manufacturing method 

2.3 Skin surface scanning and analysis 
Commonly, human skin is in the form of complex 3D surface. It is extremely challenging to 
model the such a complex geometry manually, especially with the consideration of the slight 
difference between each individual. To customize the metasurface structure for each person- 
specific design, 3D scanning was utilized in this study to collect the geomaterial data of the 
target skin surface. An ArtecTM Space Spider (Artec Inc., Luxembourg) was applied to 
conduct the 3D scanning of the skin surface. This portable/handheld scanner has outstanding 
capabilities to render complex geometry, sharp edges and thin ribs. 

 
Figure 2. Scanning results of the skin surface around a person-specific joint area: 

(a) straightened state, (b) bended state. 
Figure 2 shows the scanning results of the skin surface around a person-specific joint area. 
For the convenience of feature recognition, a blue rubber film with marked uniform grid was 
attached to the target area. Considering the difficulty of analysing the point cloud data, 
curvilinear surface fitting was necessary. Nonuniform Rational B-splines (NURBS) are 
mathematical models usually used in computer graphics [18], which was chosen to 
mathematically represent the scanned surface. However, it’s not possible to fit NURBS 
surface to the whole point cloud directly because of the massive separated point data and 
requirement of NURBS surface approximation. To make the surface approximation more 
efficiently computer aided feature recognition was introduced to find the coordinates of all 
intersection points “+” in the scanning results, as shown in Figure 2a. By fitting a NURBS 



 

 

surface that crossed all the recognized points, geometrically analysis could be processed. 
Detailedly, for a 3D NURBS with the order of (𝑝𝑝, 𝑞𝑞), the mathematical definition is given in 
Equation (1). 
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0 < 𝑢𝑢, 𝑣𝑣 < 1                                                          (1) 

     𝑝𝑝 ≤ 𝑛𝑛; 𝑞𝑞 ≤ 𝑚𝑚 

where, 𝑛𝑛 and 𝑚𝑚 denote the number of control points at direction of 𝑢𝑢 and 𝑣𝑣. To construct a 
NURBS surface with the order of (𝑝𝑝, 𝑞𝑞), the number of control points must be larger or equals 
to the order. 𝑁𝑁𝑥𝑥,𝑝𝑝 are the non-rational B-spline basis functions defined on the knot vectors. 𝐶𝐶𝑥𝑥,𝑦𝑦 is 
the coordinate of control point, and 𝑤𝑤𝑥𝑥,𝑦𝑦 is the weight of the point. In this paper, to obtain a 
linear solution, all the weights were set to 1. With the coordinates of all recognized points 𝑃𝑃𝑖𝑖,𝑗𝑗, 
the NURBS surface can be approximated in the least-squares sense: 

min∑ ∑ (𝑃𝑃𝑖𝑖,𝑗𝑗 − 𝑆𝑆(𝑢𝑢𝑖𝑖, 𝑣𝑣𝑗𝑗))𝑙𝑙
𝑗𝑗=1

𝑘𝑘
𝑖𝑖=1                                              (2) 

where, 𝑘𝑘 and 𝑙𝑙 are the number of recognized points on the surface at the direction of 𝑢𝑢 and 𝑣𝑣 
respectively. With a total number of fitting points equals 𝑘𝑘 ×  , a 3D NURBS was 
approximately constructed. Figure 3a shows a 7 × 7 order NURBS that fitted from 7 × 7 
points on the scanned skin surface of the bended elbow (Figure 2b). The fitted NURBS had a 
significant advantage that it can be evenly subdivided into any number of subsurfaces, with 
mathematical interpolating process. As demonstrated in Figure 3b & 3c, the fitted NURBS 
was divided into smaller subsurfaces and each subsurface still could represent the deformed 
geometry of a smaller skin area. 

 
Figure 3. NUMBS fitting and dividing. (a) a NUMBS fitted from 𝟕𝟕 × 𝟕𝟕 points on the 

surface. (b) the fitted NUMBS was divided into 𝟔𝟔 × 𝟔𝟔 subsurfaces. (c) the fitted NUMBS 
was divided into 𝟏𝟏𝟐𝟐 × 𝟏𝟏𝟐𝟐 subsurfaces. 

To analysis the deformation behaviour of the target skin area, the straightened joint was set as 
the initial state (Figure 2a). As this state, the skin was assumed as non-stretched and the side- 
lengths of all square subsurfaces were kept as uniform with the value of 𝑙𝑙𝑖𝑖𝑛𝑛𝑡𝑡, as shown in Figure 
4a. The side-lengths of each square would keep changing along with the bending of the joint. 
When the maximum bending was applied as suggested in Figure 2b, the skin would also be 
stretched to the maximum extent. The side-lengths of each subsurface of the deformed skin 
were measured based on the interpolation of the NURBS. As marked in Figure 4b, the length 



 

 

of each edge of subsurface 𝑆𝑆𝑢𝑢𝑏𝑏𝑆𝑆𝑤𝑤,𝑧𝑧 became different to each other. 

 

Figure 4. Measuring the side-length of each subsurface: (a) initial state, (b) target state. 
The length change of each edge represented the elongation (along longitude direction) and 
expandation (along parallel direction) of the subsurface. To simplify the deformation analysis, 
the deformation of the subsurface was assumed as axisymmetric. Therefore, average 
elongation values were used to calculate the applied strain of each subsurface, as demonstrated 
in Equation (3). Besides, Poisson’s ratio of the subsurface could also be derived from the 
side-lengths of the deformed subsurface (Figure 4b) with Equation (4). 
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− 2𝑙𝑙𝑖𝑖𝑛𝑛𝑡𝑡) 2𝑙𝑙𝑖𝑖𝑛𝑛𝑡𝑡�                                                (3) 
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𝐿𝐿1

+ 𝑙𝑙𝑑𝑑𝑒𝑒𝑓𝑓
𝐿𝐿2
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As shown in Figure 5, (𝑤𝑤, 𝑧𝑧) is the number of the analysed subsurface. 𝑙𝑙𝑖𝑖𝑛𝑛𝑡𝑡 denotes the initial 

length of all subsurface edges. Respectively, 𝑙𝑙𝑑𝑑𝑒𝑒𝑓𝑓
𝐿𝐿

 and  𝑙𝑙𝑑𝑑𝑒𝑒𝑓𝑓
𝑃𝑃

 represent the elongation and 
expandation the subsurface after the bending of joint. Even though the calculation of both 
strain and PR was based on the assumption of axisymmetric deformation, the influence could 
be ignored if the size of subsurface was small enough. By analysing all the subsurfaces one 
by one, the nonuniform strain and PR distribution of the target skin surface was demonstrated.  

2.4 Unit cell analysis and structure generation 
To mimic the nonuniform deformation behaviour of the skin around joint area, the designed 
metasurface should also possess a similar PR distribution to generate no sheer stress over the 
connection area of substrate and human skin. As the basic strategy of the proposed method, 
the nonuniform of PR distribution was achieved by connecting unit cells with different PR 
into an integrated structure. The PR of re-entrant honeycomb structure can be easily modified 
from negative to positive by just changing the interior angle [17]. To analyse the PR of unit 
cells with different interior angle 𝜃𝜃 and under different strain, geometrical nonlinear FEA was 
conducted. Agilus30 was selected as the base material, and the load and boundary conditions 
of the analysis is demonstrated in Figure 5. The unit cell can cover a square area with side-
length of 𝑙𝑙𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 = 10𝑚𝑚𝑚𝑚. By applying a +𝑋𝑋 direction displacement 𝐷𝐷𝑖𝑖𝑠𝑠_𝑖𝑖𝑛𝑛 on the left 
boundary of the unit cell, the output displacement 𝐷𝐷𝑖𝑖𝑠𝑠_𝑜𝑜𝑢𝑢𝑡𝑡 was measured. The applied strain 
𝜀𝜀𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 and PR 𝜈𝜈𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 of the unit cell was calculated with Equation (5) & (6). 

𝜀𝜀𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 = 𝐷𝐷𝑖𝑖𝑠𝑠_𝑖𝑖𝑛𝑛 𝑙𝑙𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙�                                                                (5) 



 

 

𝜈𝜈𝑐𝑐𝑒𝑒𝑙𝑙 = 𝐷𝐷𝑖𝑖𝑠𝑠_𝑜𝑜𝑢𝑢𝑡𝑡 𝑖𝑖𝑠𝑠_𝑜𝑜𝑢𝑢𝑡𝑡�                                                          (6) 

 

Figure 5. Load and boundary conditions for the nonlinear FEA of unit cell 

Thirteen unit cells with different interior angle, form 𝜃𝜃 = 120° to 𝜃𝜃 = 240°, were analysed. 
Because geometrical nonlinearity was considered, PR of each unit cell was different with the 
change of applied strain, as shown in Figure 7. With the summarized “ν-𝜃𝜃-ε” relationship in 
Figure 7, the nonuniform substrate structure was generated by assigning the corresponding 
unit cell to mimic the properties of each subsurface, letting 𝜀𝜀𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 = 𝜀𝜀𝑤𝑤,𝑧𝑧 and 𝜈𝜈𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 = 𝜈𝜈𝑤𝑤,𝑧𝑧.  

 
Figure 6. The relationship between applied strain, PR value and unit cell’s interior 

angel 
3. Numerical and experimental validation 
To validate the proposed structural design method, a more challenging task, designing a 
nonuniform metasurface structure that suitable for a person-specific elbow, was introduced. 
The skin surface of the person-specific elbow is shown in Figure 2. A 60 × 60𝑚𝑚𝑚𝑚2 area was 
chosen as the target surface to the attach the film structure. With the surface scanning and 
analysis method discussed in Section 2.3, the point cloud data of the scanned target surface 
was fitted into a 7 × 7 order NUMBS (Figure 3a). The reason why such a relatively low order 
was chosen to represent this NUMBS is that the precision of our equipment can only 
guarantee the stretchability and conductivity of the structure with relatively large unit cell 
(Figure 5). 

For each subsurface of the target NUMBS, length of each edge was measured. Based on 
Equation (3) & (4), applied strain and PR of the subsurface can be obtained. Figure 7b shows 
the length of each edge for subsurface 𝑆𝑆𝑢𝑢𝑏𝑏𝑆𝑆1,1. With Equation (3) and (4), we could get the 



 

 

applied strain (𝜀𝜀1,1 = 0.175) and PR (𝜈𝜈1,1 = −0.543) of the subsurface 𝑆𝑆𝑢𝑢𝑏𝑏𝑆𝑆1,1. From the 
resulted “ν-𝜃𝜃-ε” relationship summarized in Figure 6, the corresponding unit cell (with 
𝜀𝜀𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 = 0.175 & 𝜈𝜈𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 = −0.543) has the interior angle of 𝜃𝜃𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 = 206.8°, as shown in Figure 
7c.  As a result, this unit cell will be mapped to the position of 𝑆𝑆𝑢𝑢𝑏𝑏𝑆𝑆1,1. One by one form 
𝑆𝑆𝑢𝑢𝑏𝑏𝑆𝑆1,1  to 𝑆𝑆𝑢𝑢𝑏𝑏6,6 , every subsurface were analysed and unit cell with the same 
deformation behaviour was mapped. The stretched strain and PR of all subsurfaces were 
summarized in Appendix 1. Besides, the corresponding interior angle of unit cell were also 
listed in the appendix. By connecting all the unit cells, the nonuniform structure of substrate 
were generated.  

 
Figure 7. The construction process of the nonuniform substrate. (a) shows the geometry 
of target NUMBS. (b) & (c) demonstrates the detailed generation process of the unit cell 

𝑪𝑪𝒆𝒆𝒍𝒍𝒍𝒍𝟏𝟏,𝟏𝟏. (d) is the layout of the final substrate structure. 

First, nonlinear FEA was conducted to test the conformability of the generated substrate. The 
setup of the test is illustrated in Figure 8a. The fitted NUMBS was defined as rigid body, and 
user-defined displacements were applied on both ends of the flexible substrate. All these 
displacements were defined through user-subroutines in Abaqus, and the objective was to 
make sure two ends of substrate were exactly connected with top and bottom edges of the 
target NUMBS. The dynamic-explicit solver was utilized to solve this nonlinear problem. As 
comparisons, structures with both uniform PPR and uniform NPR were also analysed. All 
these three FEA results were showed in Figure 8. To quantitatively evaluate the conformality 
of each stretched substrate, reciprocal of the maximum distance between the substrate and the 
edge of objective surface was introduced. As listed in Table 1, the substrate with nonuniform 
PR distribution had the best conformality to cover the target skin surface. 

Table 1. FEA resulted maximum distance and conformability of all three structures. 
Substrate structure Uniform PPR Uniform NPR Nonuniform 
Maximum distance (𝑚𝑚𝑚𝑚) 9.51 3.12 0.92 
Conformability (𝑚𝑚𝑚𝑚−1) 0.039 0.321 1.097 

 



 

 

Figure 8. (a) illustrates the initial state and boundary conditions of the dynamic FEA 
test. Respectively,  (b), (c) and (d) show the FEA results of uniform PPR, uniform NPR 

and nonuniform substrates. 
Experimental tests were also carried out to validate both the conformability and conductivity 
of the designed nonuniform structure. Still, uniform NPR and PPR structure were tested as 
comparison. The deformation results of all three substrates were demonstrated in Figure 9, 
and measured maximum distance and resulted conformability were listed in Table 2. Same as 
the FEA test, the deformation behaviour of the designed nonuniform substrate wes more alike 
to the target skin.  With large gap areas or out-of-bound areas (rad circle areas in Figure 9), it 
needs extra forces be applied on both free boundaries for uniform structures to obtain better 
conformation. However, this will bring sheer stress at the substrate-skin connection area, 
which will decrease the stability of the wearable devices dramatically. Therefore, the 
nonuniform structure, with a similar deformation behaviour to the target skin, is the most 
preferred design for wearable electronics at highly-stretched joint areas. Moreover, this 
nonuniform structure can exactly conform with the target surface without causing any 
wrinkle on the skin, which is impossible for those uniform structures, such as bulking 
structures, open-mesh structures, sponge structures etc. 

 
Figure 9. Experimental tests of the conformability of three different structures: (a) 

uniform PPR, (b) uniform NPR, and (c) nonuniform. 
Table 2. Experimentally resulted maximum distance and conformability of all three 

structures. 
Substrate structure Uniform PPR Uniform NPR Nonuniform 
Maximum distance (𝑚𝑚𝑚𝑚) 7.02 5.60 1.32 

Conformability (𝑚𝑚𝑚𝑚
−1

) 0.142 0.179 0.758 

 
4. Conclusions 
In this paper, a novel method was proposed to develop metasurface structure for highly- 



 

 

stretched skin around joint areas. Both structural design and manufacture processes were 
included in this novel method. The PR distribution in the designed thin film structure was 
organized base on the analysis of the target skin surface. By mapping re-entrant unit cells 
with different PR to the subsurface areas with the same mechanical properties, the generated 
structure could mimic the deformation behaviour of the target skin. As a result, the sheer 
stress at the connection areas between substrate and the attached skin would be eliminated, 
which is the main challenge for those common film structures with uniformly distributed 
material. This property brings good flexibility and conformability to the designed 
metasurface. The proposed structural design method can be introduced to solve problems in 
different areas. One of our future works is to develop patient-specific skin scaffold that can 
perfectly conformed to the 3D complex surface of human body. Soft robotics and 4D printing 
are also the possible application areas. 
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