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ARTICLE INFO ABSTRACT

Keywords: Many classes of flexible and stretchable bio-integrated electronic systems rely on mechanically
Bio-integrated electronics sensitive electromagnetic components, such as various forms of antennas for wireless commu-
Near field communication antennas nication and for harvesting energy through coupling with external power sources. This efficient
Stretc-hable serpenti-nes wireless functionality can be important for body area network technologies and can enable
Relative change of inductance . . . ) .

Strain operation without the weight and bulky size of batteries for power supply. Recently, antenna
designs have received increased attention because their mechanical and electromagnetic prop-
erties significantly influence the wireless performance of bio-integrated electronics, particularly
under excessive mechanical loads. These mechanical factors are critical for skin-integrated
electronics during human motion, as complex skin deformations can damage the conductive
traces of antennas, such as those used for near-field communication (NFC), leading to yield or
fracture and affecting their electromagnetic stability. Serpentine interconnects have been pro-
posed as a geometric alternative to in-plane circular or rectangular spiral antenna designs to
improve the elastic stretchability of the metallic traces in NFC antennas and prevent mechanical
fractures. Despite the use of serpentine interconnects within the physiologically relevant strain
range for skin (<20 %), the electromagnetic stability of the antennas decreases. This instability,
reflected by shifts in resonance frequency and scattering parameters due to inductance changes,
reduces the antennas’ wireless power transfer efficiency and readout range. Therefore, main-
taining the electromagnetic stability of antennas, specifically NFC antennas, under various me-
chanical deformations has become a critical challenge in practical wireless skin-integrated
applications, such as sensing and physiological monitoring. Here, we establish a new mechanics
and electromagnetic scaling law that quantifies the inductance changes under strain in a
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rectangular-loop serpentine structure typically used for NFC wireless communication in stretch-
able electronics. We present a systematic analysis of the antenna’s geometric parameters, material
properties of the antenna and substrate, and the applied strain on the inductance change. Our
findings demonstrate that the relative change of inductance is solely influenced by the serpentine
structure’s width-radius ratio, arc angle, aspect ratio of the NFC antennas, and the applied strain.
Additionally, under physiological strain conditions for the skin, the relative change of inductance
can be minimized to preserve the NFC antenna’s performance and prevent mechanical fracture
and electromagnetic stability loss.

1. Introduction

Mechanically deformable bioelectronic devices have enabled compelling applications in wireless, implanted or skin-mounted
physiological monitors for health and well-being as well as those in electrical stimulation and drug release, functioning as
conformal sensors capable of operating in anatomical areas subjected to complex deformations (Choi et al., 2021; Garland et al., 2023;
Jung et al., 2022; Kim et al., 2024; S.H. Kim et al., 2024; Kwon et al., 2023; Oh et al., 2021; Ouyang et al., 2024; Stuart et al., 2023).
These soft, bioelectronic devices rely on integrated antennas embedded within the electronics layout to transmit and receive data/-
power from external devices wirelessly. A widely used protocol for establishing antenna communications through proximity (a few
centimeters) in small devices is near field communication (NFC), where antennas operate at 13.56 MHz (An et al., 2024; Du, 2013;
Wang et al., 2020). NFC antennas, which occupy a relatively small surface area, are typically found in contactless payment cards,
identification tags, smartphones, and wearable devices (Dang et al., 2019; Du, 2013). However, these applications feature mechan-
ically rigid designs where the antennas and electronic components do not deform. A significant mechanical advantage of recent flexible
and stretchable electronic systems is their ability to seamlessly conform to the skin and other biological tissues for continuous bio-
physical/biochemical signal sensing and monitoring (Kim et al., 2011; Wang et al., 2024, 2020; Zhang et al., 2023). This capability
requires that the stretchable device, including antennas, deform to match the soft mechanics of biological tissues. These deformations
challenge the performance of the electromagnetic components since changes to the initial antenna geometry alter its inductive
properties and efficiency. In recent years, researchers in radio-frequency engineering for stretchable systems have explored several
non-linear geometries, innovative mechanical manipulations of internal electronic circuits, and new substrate materials to preserve
electromagnetic stability (S.H. Kim et al., 2024; Wang et al., 2021; Xu et al., 2021, 2024; Zhu et al., 2022).

One common strategy to improve the stretchability of thin-film structures under strain is to leverage geometric shapes to induce
buckling. Recent examples of this approach include horseshoe serpentine structures (Pan et al., 2017; Xu et al., 2017; Zhang et al.,
2014), origami and kirigami designs (Lu et al., 2023; Yan et al., 2016; Zhang et al., 2015; Y. Zhu et al., 2022), fractal curves (Fan et al.,
2014; Ma and Zhang, 2016), and three-dimensional structures for buckling-induced assembly (Xue et al., 2020). Among these con-
figurations, serpentine structures have been widely used in stretchable electronics as interconnects between rigid electronic islands
housing sensors and chips (Zhang et al., 2014). Due to their highly stretchable mechanics, achieved through extensive theoretical,
numerical, and experimental studies, serpentine structures are now also employed as radio-frequency antennas in stretchable elec-
tronics to withstand the deformations imposed by skin motion (Xie et al., 2018, 2020). Miniaturized stretchable patch antennas with
serpentine structures have enabled wireless energy harvesting in implantable optogenetic devices for small animal models (Park et al.,
2015). Demonstrations in humans include multi-turn epidermal NFC antennas for neonatal monitoring featuring ultra-thin designs
that integrate easily with skin areas undergoing large deformations (Chung et al., 2019). Similarly, mesh serpentine layouts have been
proposed to design stretchable microwave systems, including transmission lines, dipole antennas, and midfield phased surface an-
tennas (Chang et al., 2017). Structurally, the serpentines can be carefully engineered, along with soft materials, for compact areas in
portable electronics to match the mechanics of skin. These radiative elements, which are highly sensitive to deformations, are used for
body network area sensing applications (Zhu et al., 2019), where the electromagnetic response is dependent on strain, as demonstrated
for 3D serpentine structure antennas (Yan et al., 2017) and other serpentine structure far-field antennas (Kim et al., 2020).

In epidermal devices, the motion and deformation of the skin are closely coupled to the deformations experienced by stretchable
devices, particularly the electronic components and metallic interconnects. Excessive deformations can lead to unstable electronic
performance (Hussain et al., 2015; S.H. Kim et al., 2024). For NFC antennas, the critical parameter to control is inductance, which
depends on the total antenna length and geometry. The resonance frequency of the antenna is determined by f = 2”17\/L_C’ where L is the

inductance and C is the capacitance (An et al., 2024; Kim et al., 2015). When stretched, the antenna’s inductance increases, causing the
resonance frequency to shift. Under very large deformations, inductance changes can completely detune the antenna, affecting the
stability and wireless efficiency required for signal output in stretchable electronic applications (Kim et al., 2015). Retaining elec-
tromagnetic efficiency with minimal resonance frequency shift, while allowing deformation during skin movements, remains a major
design challenge for stretchable antennas.

Current analysis of antenna geometries in stretchable electronics often focuses on either the mechanical or electromagnetic per-
formance individually. However, these aspects are closely linked, as mechanical deformations influence electromagnetic properties.
Specifically, the deformation of antennas alters their self and mutual inductance, depending on the type of deformation and the design
of the NFC antenna (Xie et al., 2020). In existing research, there is little theoretical framework that considers both mechanics and
electromagnetics to guide the design of NFC antennas, enabling them to maintain electromagnetic stability under large deformations.
Most designs use multiple iterations of finite element analysis (FEA) to achieve stable electromagnetic characteristics of antennas
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Fig. 1. (a) Diagram of binodal, wireless epidermal bioelectronic systems with in-sensor analytics for neonatal intensive care monitoring (Chung et al., 2019) Copyright 2019, AAAS, (b) 3D schematic
view of the encapsulation and conductive material layers for a multi-turn rectangular NFC antenna on a flexible substrate (Kim et al., 2015) Copyright 2014, Wiley-VCH.
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under large deformations, which is time-consuming (S.H. Kim et al., 2024). Therefore, it is necessary to propose a theoretical model to
study the electromagnetic performance of NFC antennas undergoing large deformation and its influencing factors.

In this paper, based on our previous work (Fig. 1) (Chung et al., 2019; Kim et al., 2015), we propose a theoretical model to calculate
the inductance change of the multi-turns rectangular NFC antennas composed of serpentine wires under strain. Finite element analysis
is used to numerically solve the relative change of inductance, based on the total length change of the deformed antenna, for
rectangular-loop antenna geometries using serpentine traces in wireless epidermal electronics (Fig. 1b). A new scaling law describes
the relative change of inductance of the antennas through a combination of dimensionless parameters, providing design guidelines to
minimize the inductance change under various strains for future stretchable electronic applications.

In the following sections, we present our study and corresponding scaling laws to model the relative change of inductance of
rectangular serpentine antennas under strain, with relevant applications for near-field communication in stretchable electronics. First,
in Section 2, we introduce the theoretical model for the electromagnetic analysis of multi-turn rectangular NFC antennas under strain.
We also analyze the geometrical, material, and deformation variables that affect the antennas’ relative change of inductance.
Following this analysis, we establish a scaling law to quantify this relative change of inductance. Section 3 examines the effects of
several dimensionless parameters within the scaling law formulation to model the relative change of inductance of serpentine an-
tennas. We identify when specific parameters, or combinations of parameters, can be neglected or modified to obtain a more
straightforward modeling framework for multi-turn antenna layouts. Finally, Section 4 discusses the optimal design of NFC antennas
for practical stretchable electronic applications. We aim to minimize their relative change of inductance and maximize the mechanical
stretchability under uniaxial or biaxial strains.

2. An electromagnetic model for serpentine antennas

An electromagnetic model is established for rectangular loop NFC antennas with horse-shoe serpentine designs to quantify the
relative change of inductance under strain. Fig. 2 shows a schematic of an N-turn serpentine rectangular NFC antenna fully bonded to a
low-modulus elastomer substrate and subjected to applied biaxial strains (ex and &,). The model is three-dimensional since the
serpentine trace may buckle under strain, inducing out of plane deformation.

The parameters that may influence the inductance of the serpentine antennas can be classified into three categories that include:

1) Geometric parameters (Fig. 2), including the microscopic parameters for each unit of the horse-shoe serpentine trace: thickness (t)
and width (w) in the cross section, radius (r), and arc angle (0); and the macroscopic parameters: inner lengths (ajn, bin), outer
lengths (aout, bout), number of turns (N), and spacing (d).

2) Material parameters, including the Young’s moduli, Poisson’s ratios, and permeabilities of the substrate (Egyp, Usub, and psyp) and
the serpentine trace (Eger, User, and jiser), permeability p,ir of air, and permittivity {gyp of the substrate.

3) Applied strains &, and e,. For simplicity we neglect the effect of in-plane shear.

4) Let Ly and L denote the inductances of the serpentine antenna before and after the applied strains, respectively. In general, the
relationship between inductance L and the geometric, material, and deformation parameters can be expressed as

L= L(t7 W, T, 0, Qin, bin, Gout, bout, N, d, Esyv, Eser, Usub, User Hairs Hsubs Hser Coubs Exs ey) (€8

Cross-section

e

Fig. 2. Schematic of an N-turn rectangular loop antenna with serpentine traces on an elastomeric substrate subjected to biaxial strains.
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First, a single-turn (N = 1) rectangular antenna is analyzed, for which the spacing d becomes irrelevant, and the macroscopic
lengths can be rewritten as a and b. Eq. (1) becomes

L= L(t, w,T,0,a,b, Egw, Eer, Usub, User s Hair> Hsubs Hsers Ssubs Exs 8y) 2

(It also depends on the frequency 13.56 MHz of the NFC antenna.) The baseline values for these parameters are t =5 pm, r = 125 pm, w
=50 pm, § = (Kim et al., 2015), Eser = 119 GPa and vger = 0.34 for copper (Xie et al., 2018), Esyp, = 69 kPa and vgyp, = 0.48 for Ecoflex,
Hair = Hser = Hsub = 4% 107 H/m (Babic and Akyel, 2020; Hu et al., 2022), and ¢ = 23.8 X 1012 F/m (Miranda et al., 2021).

Fig. 3 shows that the inductance of the NFC antenna does not depend on the permittivity {s,, of substrate within its common range
22x10712~31x10712 F/m (Wen et al., 2018) such that Csub does not appear in Eq. (2), i.e.,

L= L(t7 w,r, 0) a, ba Esuba Eser-, Usub, Usery Hair> Hsub» Hsers €x» Ey) (3)

In addition, the permeabilities of serpentine traces, substrate, and air are the same (Babic and Akyel, 2020; Hu et al., 2022). The
dimensional analysis shows that the inductance must be linearly proportional to yiser (= fair = sub)- The relative change of inductance,
AL/Lg = (L-Lg)/Lo, becomes independent of pser (= pair = psub), and depends only on the 1) dimensionless geometric parameters t/r,
w/r, 0, a/r, and a/b, 2) dimensionless material properties Egyp/Eser, Usub and vger, and 3) the applied strains. Eq. (3) can then be written
via a non-dimensional function f as

; Usub User €x; Ey) (4)

Its baseline values, based on previous serpentine antenna designs (Kim et al., 2015), are t/r = 0.04, w/r=0.4,0 =n,a/r =60, a/b =
1.5, Egup/Eser = 0.058 107>, vy, = 0.48, ger = 0.34, &5 = 20 %, and €y = 0. All subsequent discussions and results, unless otherwise
noted, are based on these values.

3. Numerical results and a simplified scaling law

We study the influence of the dimensionless parameters on the relative change of inductance using the finite element analysis (see
Appendix A for details). We first discuss the modulus ratio Egp/Eser for a single-turn rectangular-loop serpentine antenna. For copper
traces (Young’s modulus Egr = 119 GPa) used in NFC antennas (Xie et al., 2018) on an elastomeric substrate (Young’s modulus ranging
from 69 kPa to 3 MPa (Cui et al., 2022; He et al., 2024), covering the human skin and commonly used silicone substrates), Figs. 4a, b
and c show that the relative change of inductance AL/L is essentially independent of the modulus ratio Eyp/Eger OVer its range of
interest (0.6 x 107% < Esub/Eser < 2.5 % 107%) (Cui et al., 2022; Wang and Facchetti, 2019), and the Poisson’s ratios of the substrate and
serpentine, respectively. Therefore, Eq. (4) is further simplified to

Spensy) ®)

Among all geometric parameters, a/r is the only one representing the interplay between the macroscopic (a, b) and microscopic (t,
w, 1, 0) parameters. Fig. 5a shows that the AL/Ly ~ a/r curve has an asymptote; for a/r beyond 60 (i.e., many units of horse-shoe
serpentine trace along its length) as in most serpentine antennas, the relative change of inductance AL/Ly becomes independent of
a/r. This fact of no interplay between the macroscopic and microscopic geometric parameters is further supported by Table 1, which
shows that the dependence of the relative change of inductance AL/Lj on the macroscopic aspect ratio a/b of the NFC antenna and on
the microscopic width w/r is completely decoupled, i.e., the function f in Eq. (5) is the product of one function of a/b and another
function of w/r (and t/r and 0) within ~1.5 % error.

Fig. 5b shows that the relative change of inductance AL/Ly is linearly proportional to the applied strain e, (and &, = 0) for the
macroscopic aspect ratio a/b = 0.2, 1.5, 5.0, at least for £, < 20 %. Similarly, it is also linearly proportional to &, (< 20 %) when the
serpentine trace is stretched in the other direction (and &, = 0). Based on the results in Figs. 5a, 5b and Table 1, Eq. (5) can be written as

34}

26}

22 24 26 28 30
Laup (X102 F/m)

Fig. 3. The inductance as a function of the dielectric constant (g, of substrate for the baseline parametric values of a single-turn serpentine antenna.
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Fig. 4. The relative change of inductance versus (a) the substrate to serpentine modulus ratio Esy,/Eser, (b) and (c) the Piossion’s ratios of substrate
vsup and serpentine vy, respectively, for a single-turn serpentine antenna.
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Fig. 5. The relative change of inductance versus (a) the ratio of macroscopic length a to microscopic radius r of the serpentine trace; and (b) the
applied strain ¢, for several macroscopic aspect ratios a/b of the NFC antenna.

Table 1
The relative change of inductance AL/L versus with different a/b and w/r.
w/r =0.2 w/r = 0.3 w/r=0.4 w/r = 0.5 w/r = 0.6
a/b=0.5 0.0477 0.0495 0.0537 0.0579 0.0629
a/b=1 0.0610 0.0637 0.0677 0.0727 0.0788
a/b=1.5 0.0695 0.0722 0.0767 0.0824 0.0893
AL tw a b
= = ko (2220 [Kemacr (5 )+ macro = ) 6
LO miCcro r7 r) -macro b X -macro a y ( )
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where kmacro(a/b) represents the influence of macroscopic aspect ratio a/b and is shown in Fig. 6; without losing generality we define
kmacro(1) = 1; it has the interesting property of kmacro(a/b) + kmacro(b/a) = 2, the limits kpyacro(0) = 1/2 and kmacro(infinity) = 3/2, and
is well represented by the following expression (Fig. 6)

1 a b
kmacro =1+ E tanh |:029 (E — a):| (7)

kmicro(t/T, w/T, 0) represents the influence of microscopic parameters and is shown in Figs. 7a, 7b and 7c versus t/r, w/r, and 6,
respectively. Fig. 7a clearly shows that the dimensionless thickness t/r has a negligible effect in kpyjcro Within its representative range
0.016 and 0.064 (Kim et al., 2015). Therefore, Eq. (6) is further simplified to yield the following scaling law

2 e (20) o (D) o (2 >

For the commonly used angle 6 = &, kpicro is well represented by (Fig. 7b)

Knicro (? n) —0.27 (2)2 +03 ©)

The analysis above has focused exclusively on a single-turn serpentine antenna. In the following we study antennas with multiple-
turns to effectively distribute the self-inductance along the antennas’ total length; specifically to study the influence of the number of
turns N and trace spacing between turns d. The macroscopic lengths are related by (Fig. 2)

bou = bin + 2(N—1)d 10)
Aoyt = @in +2(N—1)d 1
We define the effective lengths a and b for a multi-turn antenna as

_ Qi + Aout

2 12)
_ bin + bout
b= — 5 13)

Fig. 8 presents the relative change of inductance versus the applied strain &, under two different loading conditions: uniaxial
stretching (i.e., &, = 0) and equi-biaxial stretching (&, = &x). The relative change of inductance for a single-turn and a three-turn
rectangular serpentine antenna have negligible differences for both uniaxial and equi-biaxial stretching. Therefore the scaling law
in Eq. (8) can be applied to a multi-turn serpentine antenna as

AL w an,+ (N—1) bin +(N—1)
E = kmlCl’O (77 0) : {kmacro {W]V—l)g] &+ kmacro {m &y (14)

4. Optimization and discussions

The microscopic and macroscopic geometric parameters are optimized to 1) minimize the inductance change due to the applied
strains, and 2) maximize the mechanical stretchability of NFC antennas. Fig. 7 suggests that wire thickness t has no effect on the
inductance change, and a small wire width w and large arc angle 6 reduce kpjcro, therefore the inductance change. Meanwhile a small ¢,
small w, and a large 6 increase the mechanical stretchability (Xie et al., 2018; Zhang et al., 2014). Therefore they (small ¢, small w, and a
large 6) achieve both minimal inductance change and maximal mechanical stretchability.

2.0
m FEA .
15| Equation 7
8
g€1.0r
x
0.5}
0.0 : : : : -

0 1 2 3 4 5

Fig. 6. kmacro Versus the aspect ratio a/b of NFC antennas.
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Fig. 7. kmicro versus (a) the dimensionless thickness t/r, (b) the dimensionless width w/r, and (c) the arc angle 6.
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Fig. 8. The relative change of inductance for a single-turn and a three-turn rectangular serpentine antenna under uniaxial stretching (e, = 0) and
equi-biaxial stretching (ey=¢,).

The macroscopic lengths a and b do not affect the mechanical stretchability, but can be optimized to minimize the inductance
change, though this optimization depends on the type of applied strain. For example,

1) Uniaxial stretching ey (and e, = 0): Eq. (8) becomes

2E = Ko (%20) Koo () as)

Lo

Therefore a small aspect ratio a/b is optimal since kpyacro (therefore AL/Lg) decreases monotonically with a/b.

2) Equi-biaxial stretching e, = &y: Eq. (8) becomes
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ﬁ—f — 2k (10 ex (16)

It is independent of the aspect ratio a/b because kpacro has a unique property kmacro(a@/b) + kmacro(b/a) = 2.

For general biaxial stretching (e, &), Eq. (8) can be used to optimize the aspect ratio a/b in order to minimize the inductance
change. It is interesting to discuss the following two limits: 1) a square antenna: a = b (for a single-turn antenna), or a;,=b;, for a
multiple-turn antenna; and 2) antenna with a very large number of turns N. Then Eq. (8) or Eq. (14) become

AL
Lo

= Kumiero (V—: 9) (ec+8)) 17)

It is linearly proportional to the change of antenna area ex+¢y, as reported in the early studies (Kim et al., 2015). The coefficient of
proportionality depends only on the dimensionless width w/r and arc angle 6 through kpjcro-

5. Conclusion

The inductance change of NFC antennas with serpentine structures is quantified under various strain fields using a new theoretical
model, providing design guidelines for future mechanically insensitive stretchable electronics. This model includes a detailed analysis
of mechanical and electromagnetic effects, considering geometrical, material, and mechanical parameters through a new scaling law
that accurately captures the inductive response under strain. Numerical results indicate that for elastomeric substrates with a skin-like
modulus of elasticity and thin-film NFC antenna serpentine geometries currently used in stretchable electronics, four dimensionless
parameters mainly influence the inductance change: (1) serpentine width-radius ratio (e.g., given analytically in Eq. (9) for arc angle 6
=m), (2) arc angle, (3) antenna aspect ratio (as given analytically in Eq. (7)), and (4) (linearly proportional to the) applied strains. The
results are also applicable to multi-turn serpentine antennas (as given in Eq. (14)). The established scaling law can be used to minimize
the inductance change due to strain and maximize the mechanical stretchability, paving the way for future applications in highly
stretchable yet electromagnetically stable technologies.
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Appendix A. Finite Element Analysis (FEA)

The finite element analysis (FEA) was conducted to study the inductance of the NFC antenna under given strain. Commercial
software Abaqus was used to calculate the deformation of the NFC antennas. Eight-node 3D solid elements (C3D8R) and Four-node
composite shell elements (S4R) were used for the substrate and serpentine traces, respectively. Convergence tests of the mesh size
were performed to ensure accuracy. The deformed NFC antenna, obtained from mechanical simulation with commercial software
Abaqus, was imported into the multiphysics analysis software COMSOL for the electromagnetic analyses, where the magnetic field and
current-only models were adopted to calculate the inductance of the deformed NFC antenna at the general operating frequency 13.56
MHz of NFC antenna.
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