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Abstract Conductive serpentine interconnects comprise
fundamental building blocks (e.g., electrodes, antennas,
wires) of many stretchable electronic systems. Here we
present the first numerical and experimental studies of
freestanding thin-film TiNiCuCo superelastic alloys for
stretchable interconnects. The electrical resistivity of the
austenite phase of a Tis33Niz0oCu;29C0s9 thin-film at
room temperature was measured to be 543x107 Q m,
which is larger than reported measurements for copper
thin-films (1.87x10® Q m). Structuring the superelastic
conductor to limit localized strain using a serpentine
geometry led to freestanding interconnects that could reach
maximum serpentine elongations of up to 153%. Finite
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element analysis (FEA) simulations predicted that supere-
lastic serpentine interconnects can achieve significantly
larger (~5X-7X) elastic elongations than copper for the
same serpentine geometry. FEA predictions for stress dis-
tribution along the TiNiCuCo serpentine interconnect were
experimentally verified by infrared imaging and tensile
testing experiments. The superior mechanical advantages
of TiNiCuCo were paired with the high electronic con-
ductivity of copper, to create Cu/TiNiCuCo/Cu serpentine
composites that were demonstrated to serve as freestanding
electrical interconnects between two LEDs. The results
presented in this manuscript demonstrate that thin-film
superelastic alloys are a promising material class to
improve the performance of conductors in stretchable and
flexible electronics.

Keywords Mechanical behaviors - Shape memory films -
Superelasticity - Stress-induced martensitic phase
transformations

Introduction

The next-generation of biointegrated devices [1], epidermal
electronics [2], and wearable energy harvesting and storage
devices [3] must accommodate large levels of physical
deformation (i.e., elastic strains as large as 75-100%) [4, 5]
to ensure conformal contact to the human skin and tissue.
Flexible and stretchable electronics use microelectrome-
chanical systems (MEMS)-inspired techniques to recon-
figure thin-film electronic components into new designs
that can withstand high levels of flexing, bending, and
twisting deformation [6—8]. As depicted in the schematic in
Fig. 1a, the popular “island plus serpentine” design con-
nects functional device “islands” by wavy serpentine
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Fig. 1 a 3D schematic demonstrating “island plus serpentine”
stretchable design with a superelastic serpentine interconnect at
equilibrium in the austenite phase and stretched in the stress-induced
martensite phase. (insert) Serpentine geometry dimensions investi-
gated in this study. b Tensile testing curves of a 51 pm thick

interconnects. Under an applied force, the serpentine will
elongate by changing shape to accommodate the defor-
mation of the stretchable circuit. The serpentine structure
non-uniformly distributes stress/strain throughout the
geometry, enabling the serpentine to elastically elongate to
large levels of applied strains [9-11]. At the same time,
under deformation, the islands undergo low stresses,
enabling them to house any stress-sensitive components
(e.g., photovoltaics, batteries, LEDs, or embedded sensor
elements) [3, 8, 12]. Essentially, the serpentine structure
can enable any material to become stretchable including,
for example, liquid metal [13], thin-film metals such as
copper (Cu) [12, 14-17] and gold [3], and semiconductors
such as silicon [18-21] and gallium nitride [22, 23].
Nickel-titanium (NiTi) is one of the most commercially
prevalent shape memory alloys (SMAs) because of its large
reversible transformation strain of up to ¢ = 8% [24, 25].
Sputtered thin-film NiTi-alloys are employed in numerous
high-bending applications such as self-expanding stents
[26], micro-valves [27, 28], micro-actuators [28-31], and
other types of microdevices [32, 33]. Additionally, it has
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TiNiCuCo dogbone specimen after superelastic cycling between ¢ = 0
and 2.1% for 300 cycles. ¢ Differential scanning calorimetry curves
demonstrating thermal reversibility for an 80 pum thick TiNiCuCo
sample for 40 cycles.

been shown that thin-film NiTi stents can be functionalized
with other materials such as Pt or Ptlr electrodes for bio-
electronic sensing to produce next-generation smart medi-
cal devices [26]. The strain recovery of up to ¢ = 8% in
NiTi-alloys is enabled by a reversible structural phase
transformation between monoclinic (B19’) or orthorhom-
bic (B19) martensite and cubic (B2) austenite [34].
Through a twinning/detwinning process, martensite can be
deformed to extremely large strains which can be entirely
recovered by a thermally induced phase transformation,
known as the shape memory effect. In the case of austenite,
large superelastic strains are recovered through a stress-
induced phase transformation from austenite to stress-in-
duced martensite, known as, the superelastic effect [25].
With proper chemical composition, fabrication (e.g., mul-
tilayer sputter deposition approach) [35], heat treatment,
and surface finish, thin-film SMAs like Tis4Niz4Cu;, and
Tiss 7Nizg7Cu;23C0, 3 can repeatedly undergo this trans-
formation with ultralow-fatigue [36]. These thin-film
SMAs were shown to undergo the superelastic transfor-
mation to a strain of ¢ = 2% for 104 million cycles
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[35, 36]. Despite other known advantageous properties of
NiTi SMAs such as bio-compatibility, corrosion resistance
[24], high strength, high actuation densities, and good
electrical conductivity [25], these SMAs are seldom
employed in stretchable electronic applications [37].

Recently, the superior mechanical properties offered by
superelastic NiTi wires were shown to be advantageous
compared to Cu wires for stretchable electronics. 100 pm
thick serpentine structures of superelastic NiTi wires were
shown to have a high elastic stretchability of 196% credited
to the large intrinsic superelastic strains of ¢ = 7.5%
achievable by NiTi, as well as the non-uniform strain
distribution offered by the serpentine structure [37]. These
NiTi serpentine wires were demonstrated to reversibly
cycle stretching of 100% for 1000 cycles, whereas Cu wire
serpentine interconnects were plastically deformed after
stretching to 100% for one cycle [37]. Cu is currently the
most widely used stretchable conductor due to its very low
electrical resistivity 1.87x10®% Q@ m [38]. The electrical
resistivity of liquid metal EGaln, another popular con-
ductor used in stretchable electronics, 1s 1.77 x 107°°Qm
[39]. In comparison, NiTi is reported to have an electrical
resistivity of 7.6 x 107 Qm in the martensite phase,
and 1.0 x 10° Q m in the austenite phase [25]. While Cu
thin-films have superior electrical properties compared to
SMAs, the challenge with stretchable Cu interconnects is
their low intrinsic elastic strain (¢ = 0.26% [40]) which
leads to the accumulation of plastic deformation in the
interconnect at low applied serpentine elongations.

The experimental and numerical studies presented here
compare the mechanical and electrical properties of thin-
film superelastic TiNiCuCo serpentine interconnects with
thin-film Cu serpentine interconnects for use in stretchable
electronic applications. Following a MEMS-compatible
fabrication process developed by Lima de Miranda
[41, 42], one can fabricate freestanding SMA thin-films
into any custom stretchable geometry (e.g. auxetic
geometries [43]) with feature sizes as small as 10 microns.
The stress-induced phase transformation from austenite to
stress-induced martensite can be used to develop stretch-
able circuits that can reversibly stretch to large levels of
applied external strain, as depicted in Fig. la. Thermal-
mechanical behavior of the TiNiCuCo serpentines are
evaluated by comparing direct experimental results with
finite element analysis simulations.

Additionally, the results presented in this work demon-
strate that Cu/SMA composites can combine the excellent
electrical conductivity of Cu thin-films with the superior
mechanical properties of superelastic thin-films to develop
freestanding stretchable interconnects that are both con-
ductive and reversibly stretchable. While we demonstrate
only one composition of a TiNiCuCo alloy, our results

show the promise of integrating various other thin-film
NiTi-based SMAs into stretchable electronics.

Experimental
Sample Preparation

Free-standing SMA films were fabricated through a com-
bination of UV-lithography, DC magnetron sputtering, and
a wet chemical etching process as described in detail by
Lima de Miranda et al. [41]. The films included single-
period and five-period serpentine mechanical test structures
with three different thicknesses (# = 20 pm, 60 pm, and 80
pm) and serpentine widths (w = 25 pm, 50 pum, and
75 um). As shown in the insert in Fig. la, all fabricated
serpentines had an arc radius (R) = 250 pm, a wavelength
(4) = 1 mm, and a peak-to-peak amplitude (A) = 1 mm. A
cluster magnetron sputtering device with a base pressure <
3x10”7 mbar (model CS730S by Von Aardenne GmbH,
Germany) was used to sputter amorphous TiNiCuCo onto a
pre-structured 100 mm silicon substrate. Sputtering took
place with a 200 mm TiNiCuCo target (FHR Anlagenbau
GmbH, Germany) at a pressure of 2x 10~ mbar, an argon
flow of 20 sccm, and a DC power of 300W, resulting in a
deposition rate of ~2 pm / hour. Rapid thermal annealing
(RTA) using an RTA-6 SY09 (Createc Fischer, Germany,
base pressure < 1x 107 mbar) was performed at 700 °C for
15 minutes with a heating rate of 50 °C /s to crystallize the
amorphous films. Due to slight variations in the fabrication
process, the cross-section of the serpentine’s area varies by
up to 10% and exhibits a trapezoidal cross-sectional shape
rather than the desired rectangle cross-section. Addition-
ally, thickness variations of up to 10% were found from the
center to the edge of the wafer. These compositional and
geometrical variations are expected sources of error in the
following measurements and experiments.

Energy Dispersive X-ray Spectroscopy (EDX)

The actual film composition of a 5 pum thick amorphous
TiNiCuCo layer on a 100 mm Si substrate was determined
using a Helios NanoLab 600 scanning electron microscopy
(FEI, Germany) equipped with energy-dispersive X-ray
spectroscopy (EDX) silicon drift detector (Oxford Instru-
ments, UK). Quantitative analysis used a Tigg 0Niso.40
binary standard. EDX measurements were taken in a line
scan across the sputtered amorphous TiNiCuCo film on a
100 mm silicon substrate. The composition was found to
vary from Tis; 3Niz09Cu;29Co, 9 at the center and Tisz .
Nijz; 5Cuy7,Co, ¢ at the edge of the wafer, with an error
around £ 0.5 at %. This characterization wafer is in
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addition to the freestanding wafers with serpentine
specimens.

Differential Scanning Calorimetry (DSC)

Thermal analysis included thermal cycling of all fabricated
TiNiCuCo films and was conducted on a differential
scanning calorimeter (DSC 204 F1 Phoenix by Netzsch,
Germany). The heating and cooling rate was 10 °C min™".
The transformation temperatures and latent heat of the
SMA were determined using the internal software, Proteus
7.1.0, and the tangent method. Thermal hysteresis was
calculated according to AT =1(A;+A; — M, — My),
where A, and A¢ corresponds to the austenite start and finish
temperatures, and M, and M; correspond to the martensite
start and finish temperature.

Tensile Testing

Functional stability of the phase transformation during
superelastic mechanical cycling of a TiNiCuCo dogbone
specimen and single-period serpentines was evaluated
using a tensile tester (Zwick Roell Z.05) at a temperature of
37 °C using a strain rate frequency of 0.02 Hz to maintain
isothermal loading conditions. The dogbone specimen was
preloaded to a force of 0.5 N prior to measurement,
whereas serpentine specimens were preloaded by a much
smaller force of 0.001 N. Figure 1b demonstrates the
superelastic hysteresis loop of a TiNiCuCo dogbone
specimen (parallel length of 13 mm, 500 pum wide, 51 pm
thick). After 300 cycles between ¢ = 0-2.1% there was
unrecoverable plastic strain (gpjasic = 0.28%), due to the
buildup of remnant martensite.

Due to the non-uniform cross-section across the ser-
pentine mechanical test structures, the data are reported as
‘force vs serpentine elongation’ instead of ‘stress vs strain’.
Serpentine elongation is defined as %*100% where [ is the
initial end-to-end length of the serpentine in the equilib-
rium position when the sample is in the austenite phase
under no applied external force. Tensile testing took place
on single-period serpentine mechanical test structures, with
an initial end-to-end length, i.e., the end-to-end distance, /
=1 mm.

Electrical Resistivity of TiNiCuCo

The electrical resistivity of an 18.6 pm thick TiNiCuCo
film was determined using four-point resistance measure-
ments carried out inside a cryostat. Quasi-stationary con-
ditions help guarantee that the temperature is constant so
that thermally induced changes in resistance are negligible
during measurement. The electrical resistivity of the
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austenite phases at room temperature of TiNiCuCo was
determined to be 5.43x107 Q m, slightly lower than the
resistivity reported for binary NiTi [25].

Stress-Induced Electrical Properties

The stress-dependent electrical properties were determined
for 20 um thick five-period serpentine mechanical test
structures having 5 mm unstretched length using a custom-
built translation stage to allow four-point resistance mea-
surements while stretching the serpentine. Serpentines
were loaded and unloaded at room temperature at a rate of
0.5 mm/s for serpentine elongations of 0-30% for 1000
cycles. A power supply provided a constant current of 0.05
A +£ 0.005 A along the serpentine trace, while an ohmmeter
monitored the change in electrical resistance.

Stretchable LED Demonstration

Here we consider metallic thin-film superelastic serpenti-
nes as freestanding substrates for other conductors for use
in stretchable electronics. Cu/TiNiCuCo/Cu serpentine
composites were used as freestanding electrical intercon-
nects between two LEDs. The wettability of solder on
SMA surfaces is known to be poor because the surface of
NiTi-based SMAs forms a stable native oxide layer (TiO,).
However, the thin layer of sputtered copper or gold on top
of the native TiO, layer on TiNiCuCo films was found to
make a stable connection for lead-based solder. TiNiCuCo
five-period serpentines with t/w = 20/75 and 80/75 were
sputter-deposited with 5 pm thick Cu on one side, and 500
nm Cu on the other side. Each Cu/TiNiCuCo/Cu serpentine
composite was then soldered between two red LEDs
(Lumitronix LED-Technik GmbH, Germany). A copper
wire (diameter = 0.5 mm) was soldered between the
external LED contact pads and connected to a power
supply. A constant voltage (V) of 3.5 V was applied to the
circuit. The current (I) and corresponding resistance
(R) was monitored as a function of serpentine elongation.
The resistance of the circuit is calculated according to
ohms law (R = I/V). Potential mechanical inconsistencies
in the experimental set-up such as solder joint integrity,
wire lengths, and power supply fluctuations are sources of
error in this experiment. Another source of error that is not
considered is local temperature fluctuations that arise from
the latent heat of transformation upon stretching supere-
lastic materials [44].

Infrared (IR) Thermography
Single-period and five-period serpentine mechanical test

structures (f = 60 pm, w = 50 um) were spray-coated with a
~10 pm carbon coating (Graphit33, CRC Industries).
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Single-period serpentines were loaded and unloaded at
room temperature at a strain rate of 20 mm/s between
serpentine elongations of 0-33%. Five-period serpentines
were tested with a strain rate of 15 mm/s. A FLIR A655sc
camera with a minimum pixel size of 11 pm was used to
detect changes in the temperature at regions of maximum
strain concentration in the serpentine.

Results
Thermal-Induced Martensitic Transformation

The most practical SMAs for stretchable systems will be
those that have austenite finish temperatures (Af) below
room temperature, to ensure all applied deformation to the
stretchable SMA can be recovered through the superelastic
effect. Differential scanning calorimetry (DSC) was used to
evaluate the martensitic transformation temperatures and
enthalpies from TiNiCuCo samples with different thick-
nesses (f = 20 pm, 60 pum, 80 pum) and prepared in dif-
ferent wafer batches. As shown in Table 1 all samples have
austenite finish (Ay) temperatures between 10 °C and
11 °C, therefore they are superelastic at room temperature.
Similar transition temperatures and latent heat values were
obtained for all samples which indicates that all samples
have similar atomic compositions and microstructure
characteristics. DSC was also used to evaluate thermal
fatigue in all samples. Figure 1¢ demonstrates good thermal
reversibility for an 80 pm thick TiNiCuCo film. After 40
cycles, there was a change of less than 0.1K and 0.1 J/g in
the martensitic/ austenitic transformation temperatures and
transformation enthalpies, respectively, implying that all
fabricated samples have low functional fatigue [45].
Additionally, all fabricated samples have a narrow thermal
hysteresis (AT = 14 °C-15.5 °C), which indicates that the
middle eigenvalue of transformation strain is close to zero
which is a prerequisite for cycling stability [46, 47].

In some cases, upon cooling, a double peak was
observed on the martensite peak for the 20 and 60 pm
thick samples which might be an indication that an inter-
mediate phase transition occurs during the phase transfor-
mation. Alternatively, the double peaks could arise due to
the inhomogeneity of the microstructure throughout the
sample [48, 49]. To precisely determine the origin of the
multi-step transformation and one must confirm the size
and homogeneity of the Ti,Cu precipitates using temper-
ature-dependent X-ray diffraction, transmission electron
microscopy, and scanning electron microscopy studies.
Such experiments are beyond the scope of this work. The
reader is guided to the following studies on the influence of
microstructure, and crystallographic phase compatibility on
the functional and structural fatigue of thin-film SMAs
[35, 45-47].

Superelastic Serpentine Mechanics

The maximum elongation achieved by a serpentine is
dependent on the material’s mechanical properties, as well
as the dimensions of the serpentine’s thickness/width (t/w)
aspect ratio. Su et al. showed the scissoring or buckling
mechanical deformation mode of a serpentine trace is
dependent on the t/w aspect ratio of the serpentine geom-
etry [40]. Buckling deformation occurs when the t/w < 1,
because rotational and torsional forces cause the serpentine
to bend and twist out-of-plane [12]. Scissoring occurs when
the t/w > 1, because rotation is no longer feasible, and
therefore only in-plane (non-buckling) deformation is
possible [40].

The maximum serpentine elongation at fracture along
with the geometrical buckling/scissoring dependence was
determined through strain-to-rupture tests on five-period
serpentine mechanical test structures. All samples were
mounted in a custom-built 3D-printed holder which could
precisely apply a uniaxial displacement to the fabricated
serpentine structures while taking optical images. Serpen-
tine elongation (#*IOO%, where [ = 5 mm) was calculated

Table 1 Martensitic transformation temperatures and enthalpy of transformation obtained from the center of the wafer for cycle 1 and cycle 40
on fabricated 20 pm, 60 pm, and 80 pm thick films, determined by DSC.

TiNiCuCo film  Cycle A [°Cl  Af[°Cl A, [°Cl  AHy .4 M,[°Cl  M:[°C] M, [°C] AHs.y AT [°C]
thickness number [J/g] [J/g]

20 pm Cycle 1 8.62 9.96 9.36 7.22 —4.63 —5.59 —5.10 9.95 14.40
20 pm Cycle 40 8.62 9.91 9.36 7.14 —4.63 — 5.57 — 5.09 10.04 14.37
60 pm Cycle 1 9.29 11.01 10.39 7.10 —3.84 —5.18 —4.62 10.18 14.66
60 pm Cycle 40 9.31 11.01 10.39 7.08 —3.84 — 523 —4.63 10.24 14.70
80 um Cycle 1 8.46 11.00 10.26 6.98 — 434 —17.30 — 5.66 9.48 15.55
80 um Cycle 40 8.34 10.93 10.14 7.09 — 433 —17.20 —5.63 9.37 15.40
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through image processing with the program Image J. Fig-
ure 2a shows the average maximum applied serpentine
elongation before fracture as a function of the t/w aspect
ratio. Where provided, the error bars represent the standard
deviation from the average value of each measurement for
at least three tested serpentine samples. Serpentines of all
t/w ratios were found to reach large maximum serpentine
elongations between 72 and 153%. As the serpentine width
or thickness increases, the effective stiffness of the cross-
section becomes greater, thus smaller uniaxial displace-
ments result.

Freestanding SMA serpentines are found to follow
similar buckling and scissoring deformation dependencies
reported for thin-film Cu serpentines [40]. When the ser-
pentine thickness was increased to 80 um, only in-plane
bending, i.e., scissoring, deformation is obtained. Figure 2b
shows scissoring deformation behavior for superelastic
serpentines with t/w = 60/25, 80/25, and 80/75. The ser-
pentine samples are unstretched in the austenite phase at
equilibrium. The phase transformation to stress-induced
martensite occurs by stretching the serpentine. Samples
with a serpentine width of 25 pm (t/w = 20/25, 60/25, and
80/25) exhibited average maximum serpentine elongations
of 153% =+ 4%, approaching the shape of a straight line,
with kinks. As shown in Fig. 2c, all 20 pm thick serpen-
tines have a t/w < 1, and in these cases, the serpentines
deflect out-of-plane under elongation, resulting in buckling
deformation. All 20 pm thick samples (t/w = 20/25, 20/50,
and 20/75) were found to reach maximum applied

elongations between 135 and 153%. After sample fracture,
all tested serpentine segments, regardless of serpentine
thickness or width, mostly returned to their equilibrium
form with only minimal observable plastic strain, as shown
in Fig. 2c. Only slight plastic deformation was observed at
the regions of maximum stress, which includes the anchor
connection points of the mechanical frame, as well as in the
curved regions of the serpentine structure (i.e., arc). Plastic
strain accumulation in the superelastic interconnect could
be mitigated using a stretchable geometry that distributes
stress more uniformly throughout the structure (e.g., fractal
serpentine interconnects [20], archimedean spirals [50],
stretchable auxetic geometries [43]).

Finite Element Analysis and Experimental
Comparison

The performance of superelastic TiNiCuCo serpentine and
Cu serpentine interconnects under strain loading conditions
are numerically compared utilizing finite element analysis
(FEA). Gugat et al. [51] previously developed a custom 2D
FEA model using COMSOL Multiphysics 5.3a to evaluate
the thermal-mechanical behavior of structured NiTi thin-
films under strain loading. This model was adapted to
analyze and compare the stretchable behavior of TiNiCuCo
and Cu serpentines. The model includes SMA dynamic
mechanical analysis and kinetic energy transfer simulations
to allow the simultaneous analysis of the von Mises stress
distribution, maximum principal strains, and the volume

Buckling Wi<1 Scissoring Wi>1 t ) .
q Swl . & el Austenite <+ Stress-Induced Martensite
< 1404 |20 60| 60 80 b 153%
2100 & 2 v -
o —
o 80 - 5
2 o0 S P ol t_8
S 40 75| | S|l w 25
2 201 %
Q _
»n 9 t 80 f ~ -
o I PR &
20 um 60 um 80 um w 75 — = 72% 1 mm
Serpentine thickness (t)
t s
C |=<1 Equilibrium  Elongated 55% Elongated 135% 1 mm
w q g g After Fracture
t AL B
==
o))
£
=\t
Oo|l—=
S|w
m
t .
==

Fig. 2 Buckling and scissoring deformation dependence for supere-
lastic serpentines. a Maximum serpentine elongation at fracture for all
tested serpentine specimens. b Demonstration of scissoring deforma-
tion (t/w > 1) for serpentines with t/w = 60/25, 80/25 and 80/75.
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¢ Demonstration of buckling deformation (t/w < 1) for serpentines
with t/w = 20/25, 20/50, and 20/75. The fracture images show
superelastic recovery after applying the maximum serpentine elon-
gation to the specimens.
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fraction of material that transformed from austenite to
stress-induced martensite.

The SMA material properties (critical stress, critical
strain, transformation temperatures, and Clasius-Claperyon
coefficients (Can, Cma)) of TiNiCuCo for the FEA model
were estimated based on the results of temperature-de-
pendent tensile testing and differential calorimetry exper-
iments. Figure 3 demonstrates temperature-dependent
tensile tests at 37, 55, and 65 °C on a fabricated free-
standing TiNiCuCo dog bone specimen (parallel length of
13 mm, 500 pm wide, 51 pum thick). Experimental tensile
testing results were empirically fit to extract several of the
material properties used in the model, see Table 2. The
comparison of the experiment and FEA results determined
the recoverable strain from the superelastic transformation
for TiNiCuCo to be & = 1.8%. There was a total of €pu5ic =
0.28% in the sample because the dogbone had previously
been cycled between ¢ = 0-2.1% for 300 cycles, as is
shown in Fig. la. The influence of fatigue and plastic
deformation is not implemented into the SMA model. For
simulations, the yield stress and elastic strain limit for Cu
were determined to be 200 MPa, and 0.26%, respectively.
The Cu material properties are similar to the properties
reported in theoretical and experimental studies of buckling
and scissoring thin-film Cu serpentine interconnects on
polymer substrates [40]. A summary of the most important
material properties considered in the simulation is given in
Table 2, however, the full list of all parameters used in the
model is given by Gugat et al. [51].

Structural mechanical FEA simulations were imple-
mented for 2D problems with plane stress assumptions,

After 300 <I:ycles betvslleen 0% - 2|.1%
7004t=51 um, w =500 um
Tt =37°C e e

test LI - b

600-A=11°C

Experiment 65 °C |
FEA 65 °C
Experiment 50 °C
FEA 50 °C ]
Experiment 37 °C
FEA 37 °C

04 : :

00 05 10 15 20 25 30
Strain (%)

Fig. 3 Temperature-dependent tensile test performed on traditional
TiNiCuCo dogbone. Experimental tensile testing results were empir-
ically fit to extract several of the FEA parameters (e.g., Clasius-
Claperyon Coefficient). Dotted curves show FEA results while solid
curves show the experiment

neglecting possible out-of-plane movement. Therefore, the
simulations are more accurate for thicker serpentines (e.g.,
t = 60 pm and 80 pum) that were shown to deform in-plane
through scissoring deformation. The stretching perfor-
mance of single-period Cu and TiNiCuCo serpentines are
numerically compared by FEA for 80 pm thick serpentines
with varying widths (t/w = 80/10-80/80). The maximum
quasi-elastic serpentine elongation for a superelastic
material is determined by the recoverable strain of the
superelastic phase transformation. Simulations are per-
formed by holding one end of the serpentine fixed and
applying a uniaxial displacement until the maximum
principal strain (or von Mises stress) in the serpentine
exceeds the elastic stress or strain limit of materials. Fig-
ure 4a shows the FEA prediction of the maximum elastic
serpentine deformation as a function of serpentine width
for 80 pm thick TiNiCuCo and Cu. These simulation
results predict that the maximum quasi-elastic serpentine
elongation for TiNiCuCo is at least ~5X-7X larger than
Cu, depending on the t/w ratio of the geometry. Through
FEA, it was determined that the fracture stress for Cu thin-
films was between 607 and 715 MPa at intrinsic strains of
& =0.54-0.64 %. As shown in Fig. 4b FEA predicts that a
Cu serpentine with a t/w = 80/25 would be fractured at
serpentine elongations of 13% whereas a TiNiCuCo of the
same dimensions could elastically elongate to 32%. TiNi-
CuCo serpentines with t/w = 80/25 were found to experi-
mentally fracture at serpentine elongations of 153%.
Simulation results predict that the serpentine structure will
accumulate strain in localized regions (e.g., inner arcs)
when deforming in-plane through scissoring deformation.
The greater ductility offered by superelastic materials also
allows superelastic interconnects to reach much larger
levels of applied external strain before fracture compared
to Cu interconnects.

The model was also able to closely predict the supere-
lastic hysteresis loop shape and maximum critical forces
for serpentines of all t/w aspect ratios. For example, Fig. 4c
shows the superelastic hysteresis loop between the exper-
iment and FEA model for a TiNiCuCo serpentine (t/w =
60/75) when elongated between 0 and 50%. FEA results of
Cu in the same constitute geometry are also plotted in
Fig. 4c to demonstrate that a Cu serpentine undergoes
much larger forces at lower applied serpentine strains
compared to TiNiCuCo. Additionally, the 60 um TiNi-
CuCo sample experimentally did not superelastically
complete the phase transformation, reflected by the 4.8%
plastic serpentine elongation caused by remnant martensite
after one cycle. The formation of plastic strain implies that
the maximum principal strain in the TiNiCuCo likely
exceeded ¢ = 1.8%. Figure 4d shows that when a serpentine
with t/w = 20/75 is elongated to 50%, its phase transfor-
mation was entirely recovered through the superelastic
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Table 2 Material parameters of copper and TiNiCuCo thin-films used in FEA simulations.

Density Poisson’s Young’s modulus Elastic strain Transformation Clasius-Claperyon
[kg/m3] ratio [GPa] limit (g): temperature [°C] coefficient [MPa/K]
Copper 8940 0.34 119 0.26% NA NA
TiNiCuCo (martensite) 6450 0.33 20 1.8% M;=—-10°C Cam = 8.0
M; = — 53.09 °C
TiNiCuCo (austenite) 6450 0.33 55 1.8% Ag=0°C Cva =10.0
As=5°C
a b Copper TiNiCuCo
80 T T T T . 0, H 0,
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Fig. 4 a FEA comparison of maximum elastic serpentine elongation
achieved for 80 pum thick Cu and superelastic TiNiCuCo serpentines
with varying widths. b Non-uniform strain distribution of a Cu and
TiNiCuCo serpentine (t/w = 80/25) after serpentine elongations of 13

phase transformation, implying the maximum principal
strain in the material was below ¢ = 1.8%.

FEA simulations were implemented to study the change
in superelastic behavior for serpentines of different widths
and thicknesses. Figure 5a shows simulation results of all
t/w ratios for the maximum force from which the supere-
lastic TiNiCuCo serpentines can superelastically recover
elongation with no plastic deformation. As the cross-
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Serpentine Elongation (%)

and 32%, respectively. Experiment and FEA comparison of force vs
serpentine elongation for a TiNiCuCo serpentine with ¢ t/'w = 60/75
and d t/w = 20/75

sectional area of the serpentine interconnects increases,
there is more SMA material available to actively transform
from austenite to stress-induced martensite, thus larger
forces can be superelastically recovered. Figure 5b shows
the overlay of FEA results and tensile testing experiments
until sample fracture for 20 pm thick TiNiCuCo serpen-
tines. Even though the model neglects out-of-plane
movement, these experiments verify that the FEA model
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Fig. 5 a FEA prediction of maximum critical force that results in superelastic deformation for all t/w aspect ratios. b FEA and experiment
comparison of maximum serpentine elongation before fracture for serpentines with t/w = 20/25, 20/50, and 20/75

was able to accurately predict the critical force value for
serpentines that were experimentally shown to undergo
out-of-plane buckling deformation, as shown in Fig. 2c.
Figure 6a shows FEA results for the von Mises stress
distribution, first principal strain, and martensitic volume
fraction distributions along a TiNiCuCo serpentine (t/w =
80/50) after applying a serpentine elongation of 50%. The
non-uniform strain distribution along the serpentine causes
the maximum stress/ strain to concentrate along the ser-
pentine’s inner arc which is the location of the maximum
radius of curvature. After a serpentine elongation of 50%,

a Von Mises First Principal  Martensitic Volume
Stress (MPa) Strain )  Fraction (%)
900 6 100
) 800 5 gg
Loading 700 . 70
o % ; .
L I /400 40
S 300 ( 2 30
( 200 20
L a0 100 |1 10
w50 [ 0 0 0
b Equilibrium Loading  Loading Unloading
0% 23% 33% 0% Temperature
x ‘ 7 C)
- ¥ 29.3
c
(]
£
[
ol A 23.9
X \ , : 1 mm
w —t 60
Sp1= Sp1= Sp1= Sp1 = L.
256°C 26.6°C 262°C 241°C w50

Fig. 6 a FEA simulations of the von Mises stress, first principal
strain, and martensitic volume fraction distribution of a TiNiCuCo
serpentine (t/w = 80/50) after a serpentine elongation of 50%. b IR
imaging demonstrating the elastocaloric effect in a superelastic
TiNiCuCo serpentine (t/w = 60/50) during loading and unloading
between 0 and 33% serpentine elongation

FEA results predict a maximum principal strain of ¢ = 6%
in the inner arc of the serpentine which are the corre-
sponding regions where the superelastic material is trans-
forming from austenite to stress-induced martensite. The
inner arcs are the location of built-up remnant martensite
that led to minor plastic deformation in the superelastic
serpentine.

Another advantage of using the alloy TiNiCuCo for
stretchable electronics is that previously it was identified to
be an excellent elastocaloric material [44, 48, 52-55]. The
elastocaloric effect results in the heating/ cooling of SMA
materials during superelastic strain loading/ unloading.
When the SMA undergoes the phase transformation from
austenite to stress-induced martensite, the release of latent
heat results in an increase in temperature locally on the
sample [48]. An infrared (IR) camera can be used to verify
regions of maximum strain concentration by determining
the localized regions along the serpentine that undergo
maximum temperature change. This principle was used to
confirm the FEA results, by experimentally strain testing a
serpentine with t/w = 60/50 under an IR camera. These
results can be compared to the FEA stress/ strain distri-
bution results for the serpentines with t/w = 80/50, since
both samples were shown to undergo in-plane scissoring
stretching behavior. As shown in Figure 6b, during strain
loading between serpentine elongations of 0 and 23%, the
temperature of the arc of the serpentine increased from a
starting temperature of 25.6 to 26.6 °C. Upon further strain
loading to elongations of 33%, the latent heat was dis-
tributed throughout the entire serpentine structure. Thus,
the temperature in the serpentine arc slightly decreased
from 26.6 °C to 26.2 °C. During unloading, the tempera-
ture of the arc of the serpentine decreased from 26.2 °C to
below 24.1 °C, confirming the reverse transformation from
stress-induced martensite to austenite. Figure 7 shows
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Fig. 7 IR imaging results visualizing regions of maximum strain
concentration via the regions of maximum temperature change during
strain loading and unloading

similar IR imaging results on a five-period serpentine (t/w
= 60/50) after a 33% serpentine elongation, confirming
localized temperature change at the arcs of adjacent ser-
pentines. These results validate the FEA results of localized
strain concentration in the inner arc of the serpentine which
is in alignment with previous serpentine mechanics studies
[15, 18, 56, 57].

Stretchable Electrical Resistance Testing

The stress-induced phase transformation was detected by
monitoring the electrical resistance of TiNiCuCo serpen-
tines with a four-point probe measurement setup while
loading and unloading serpentine elongations between 0
and 50% for one cycle. The average change in resistance as
a function of serpentine elongation for cycles 1 and 1000
are plotted for serpentines with t/w = 20/50, 20/50, and
20/75 in Fig. 8a. Where provided, the error bars represent
the standard deviation from the average value for three
tested serpentines for each t/w aspect ratio. In the first
stretching cycle between 0 and 50%, there was a small
change in the average electrical resistance of 0.53-0.8% for
all tested samples. In comparison, 45 pm thick Cu ser-
pentines were reported to have a resistance of 0.4 Q, which
changed by a few percent during stretching [40]. The
influence of functional fatigue on the electrical properties
of the serpentines was tested by loading and unloading the
samples to serpentine elongations between 0 and 30% for
1000 cycles at a strain rate of 0.5 mm/s. After 1000 cycles,
there was an overall increase in electrical resistance of only
1% for a sample with t/w = 20/25, implying that this
serpentine was stretched within its elastic limit (¢ = 1.8%),
experiencing very little functional fatigue. However, after
stretching 1000 cycles, serpentines with t/w = 20/50 and
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20/75 displayed an average increase in electrical resistance
of 5 and 19%, respectively. The change in resistance is
likely due to the formation of remnant martensite during
cycling due to exceeding the reversible transformation
strain of the superelastic material.

Here we consider metallic thin-film superelastic ser-
pentines as freestanding wires for circuits and as substrates
for other thin-films for stretchable electronics. Five-period
TiNiCuCo serpentine mechanical test structures of two
different thicknesses (t/w = 20/75, and 80/75) were coated
with a 500 nm Cu on one side of the sample and 5 pm Cu
on the other side. We show in a proof-of-concept demon-
stration that these freestanding Cu/TiNiCuCo/Cu serpen-
tine composites can serve as stretchable electrical
interconnects using them in a circuit powering two light-
emitting diodes (LEDs). The electrical resistance was
monitored for a circuit consisting of a power supply, wires,
and a Cu/TiNiCuCo/Cu specimen soldered between the
two LEDs, as described in detail in the experimental
methods. The circuit diagram of the experiment is shown in
Fig. 8b.

The electrical resistance of the circuit was monitored
while stretching a Cu/TiNiCuCo/Cu freestanding electrical
interconnect at serpentine elongations between 0 and 45%
=+ 5% for 40 cycles. There was no noticeable change in the
electrical resistance and performance of the circuit with
stretching. This independence of the conductivity under
stretching was demonstrated by all tested Cu/TiNiCuCo/Cu
serpentine composites, regardless of the SMA substrate
thickness. The electrical resistivity of the austenite phase of
TiNiCuCo was determined to be 5.43x 10”7 Q m, which is
higher than that reported for Cu thin-films (1.87x10® Q m
[38]). Because NiTi-based SMA thin-films have a rela-
tively high resistivity and form a natural, insulative TiO,
layer, it is likely that the lower resistance in the Cu thin-
film coating provides substantially all the electrical con-
ductivity across the specimen.

There was no appreciable change in the circuit when the
experiment was repeated for 40 cycles for both the t/w =
20/75 and t/w = 80/75 samples. After the 40th cycle, the
Cu/TiNiCuCo/Cu composite’s maximum applied serpen-
tine strain was determined. Figure 8b shows the Cu/TiNi-
CuCo/Cu serpentine composite with a t/w = 20/75 under a
strain resulting in a 122% elongation and the serpentine
composite with t/w = 80/75 under a strain resulting in a
61% elongation. There was no appreciable change in the
circuit resistance when stretching the serpentine to the
maximum elongation up to fracture. Overall, the maximum
serpentine elongation of the Cu/TiNiCuCo/Cu composite is
lower than that of pure TiNiCuCo serpentines shown in
Fig. 2a. Freestanding interconnects based on Cu/TiNi-
CuCo/Cu serpentine composites combine the mechanical
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Fig. 8 a Strain-dependent electrical resistance measurements at cycle
1 and cycle 1000 for TiNiCuCo serpentines with t/w = 20/25, 20/50,
and 20/75. b Demonstration of Cu/TiNiCuCo/Cu serpentine

advantages of superelastic films with the electrical advan-
tages of Cu thin-films.

Functional Fatigue Characterization

Slight functional fatigue was observed when cycling all
single serpentine mechanical test structures for 200 cycles.
Functional fatigue arises due to the accumulation of
transformation-induced defects into the microstructure and
is reflected by a decrease in the critical stress (and thus
critical force) with an increase in cycle number [58]. A
representative ‘force vs serpentine elongation’ curve dis-
playing functional fatigue in a fabricated TiNiCuCo ser-
pentine sample with t/w = 60/50 is shown in Fig. 9a. A

serpentine elongation to 50% was superelastically
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Fig. 9 a Degradation in hysteresis loop with superelastic cycling for
an unpolished serpentine (t/w = 60/50) after serpentine elongations
between 0 and 50% for 200 cycles. b Fatigue tensile testing results of
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composites (TiNiCuCo t/w = 20/75 and 80/75) serving as a
stretchable freestanding electrical interconnection between two LEDs

recovered for the first cycle and correlates well with the
FEA result. However, after 200 cycles, there was an
accumulation of 5.4% unrecovered serpentine elongation.

Ti-rich TiNiCuCo alloys have been reported to have
high functional stability but poor structural fatigue life
because of the brittleness of the film [55]. Structural fatigue
in SMA thin-films can be improved by electropolishing the
film’s surface because it creates a more homogeneous
stress distribution at the edges, and allows for longer
cycling lifetimes of up to 107 cycles with only negligible
functional fatigue [58]. Electropolishing is used to improve
the structural fatigue of SMA films by removing small
surface defects like scratches, pores, and notches that can
cause microcracks in the SMA films [58]. A serpentine

with t/'w = 60/50 was electropolished, resulting in a
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an electropolished serpentine (t*/w* = 60/50 before electropolishing)
after cycling serpentine elongations of 20-50% at 20 Hz for 100,000
cycles
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reduction of the serpentine’s width and thickness by a few
microns. The reduction in material width and thickness is
reflected in the corresponding FEA model. The reduction
of the material allows the serpentine to become more
flexible, and able to reach larger serpentine elongations at
lower critical forces.

Figure 9b shows fatigue testing results for an elec-
tropolished serpentine (t*/w* = 60/50 before electropol-
ishing). Force vs serpentine elongation curves were
assembled for the sample at elongations between O and
100% using the tensile testing methods described in the
experimental methods section. After 200 cycles, there was
only 1.89% of unrecoverable elongation in the serpentine.
Fatigue testing then took place in room temperature air at a
strain rate of 20 Hz using a custom-built fatigue setup, as
described in ref [51]. Serpentines were cycled at serpentine
elongations between 20 and 50% at a rate of 20 Hz for
100,000 cycles. Force vs serpentine elongation was again
measured displaying a stable hysteresis between cycle
numbers ~ 8000 and ~ 100,000. The superelastic recovery
of extremely large deformations and the stability in the
mechanical hysteresis between cycles 8000 and 100,000
show the promise of integrating SMAs into high-life-cycle
stretchable electronic applications.

Discussion

The advantageous material properties of sputtered thin-film
TiNiCuCo superelastic alloys for stretchable electronics
were highlighted in this manuscript. The superelastic effect
paired with the serpentine geometries resulted in highly
stretchable interconnects. During stretching experiments,
all TiNiCuCo samples with a small cross-sectional width
(t/'w = 20/25, 60/25, and 80/25) reached elongations of
153% + 4%, approaching the shape of a straight wire.
After the sample reached its maximum serpentine elonga-
tion and fractured, the serpentines returned to their original
shape with minimal plastic deformation, showing the
superelastic effect is reversible. In-plane and out-of-plane
serpentine deformation was found to be determined by the
serpentine’s thickness/width aspect ratio, following a
similar dependency as reported in prior studies on ser-
pentine mechanics [40].

Experiments and FEA numerical studies on a Tisz 3.
Niz0.9Cui29Co, 9 alloy demonstrate the superelastic effect
allows recovery of intrinsic elastic strains of ¢ = 1.8%,
which is much larger than Cu thin-films ¢ = 0.26%. FEA
analysis demonstrates the maximum quasi-elastic elonga-
tion of thin-film TiNiCuCo serpentines is ~5X-7X larger
than that of thin-film Cu serpentines. This significant result
suggests it would be advantageous to replace Cu serpentine
interconnects with superelastic serpentine interconnects in
applications where the stretchable circuit is subjected to
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large applied deformations because smaller serpentine
wavelengths and amplitudes are required to achieve a
desired elastic serpentine elongation. FEA analysis also
revealed that only a small volume fraction of the TiNiCuCo
material transforms from austenite to stress-induced
martensite because localized regions (e.g., at the arcs) of
the structure undergo significant strain during stretching.
The regions predicted by FEA to experience maximum
strain concentration were experimentally verified by
detecting the elastocaloric effect through IR imaging
experiments. The arcs of the serpentine were shown to
increase in temperature by 1 °C during strain loading and
decrease by 2.1 °C during unloading.

Stretchable bioelectronics ideally requires direct and
conformal contact interface with the skin and, should
maintain a constant electrical resistance while stretching.
All tested freestanding TiNiCuCo samples were shown to
have low electrical resistances (9 Q-22 Q) which increased
by less than 1% when elongating the serpentines between 0
and 50%. Fatigue in the superelastic interconnect was also
observed by monitoring the change in electrical resistance
with applied cycles. Fatigue in the serpentine can be
improved by electropolishing the SMA [58], or by select-
ing a composition of an SMA that is known to be ultra-low
fatigue [36] (i.e., T154,7Ni30,7Cu12,3C02,3, Ti54Ni34CU.]2) and
optimizing the microstructure [45] to ensure compatibility
between the crystal lattices of the austenite and martensite
phases [47]. While the functional fatigue properties of
TiNiCuCo are better than that of binary NiTi, TiNiCuCo
was found to have intrinsic elastic strains of ¢ = 1.8%,
which is considerably lower than the elastic strains of ¢ =
7.5% achieved by NiTi [37].

Typical metallic serpentine conductors like Au and Cu
cannot be supported in freestanding form, and therefore
must be integrated onto a polymeric substrate. SMAs,
however, are strong and self-supporting, thus no elastomer
is required to provide support or restore force to SMA
serpentine structures. Freestanding TiNiCuCo serpentines
were demonstrated to serve as substrates for sputter-de-
posited Cu thin-films. Cu/TiNiCuCo/Cu serpentine com-
posites were demonstrated as freestanding stretchable
electrical interconnects between two LEDs. These results
support the use of structured freestanding SMAs as sub-
strates to integrate other sputtered materials systems into
stretchable electronics. If used as a substrate for stretchable
devices in an “island plus serpentine” design, the greater
ductility offered by SMA substrates would allow the
islands, on which the sensitive components are housed, to
remain largely strain-free for longer. Additionally, since
SMAs need to be crystallized at temperatures above
400 °C, they could serve as the substrate to enable
stretchability within MEMS materials that require high-
temperature processing (e.g., semiconductors, piezoelectric
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devices) [59]. The excellent mechanical and electric
properties of thin-film NiTi-based SMAs make them
promising materials to use as interconnects and functional
substrates for future wearable and implantable electronics.

Summary and Conclusions

Wearable electronics and implantable medical devices
require stretchable circuits which could be based on con-
ductive serpentine structures. The results reported here
demonstrate the mechanical advantages of replacing thin-
film serpentine interconnects made from traditional metals
like Cu with shape memory alloys such as TiNiCuCo.
Since the martensitic transformation temperatures are
below room temperature, all fabricated TiNiCuCo films
demonstrate superelasticity at room temperature. Supere-
lasticity is advantageous for stretchable interconnects
because the interconnect will recover from the deformation
after the removal of the applied force. FEA simulations
reveal elastic serpentine elongations are significantly larger
for TiNiCuCo thin-films as compared to Cu thin-films,
which is attributed to the increase in intrinsic elastic strain
characterized by the superelastic phase transformation in
the SMAs. FEA simulations were experimentally verified
by tensile testing as well as by detecting temperature
changes within the regions of maximum strain concentra-
tion for a TiNiCuCo serpentine using infrared imaging.

Cu/TiNiCuCo/Cu serpentine composites were demon-
strated to have a stable electrical resistance when stretching
between serpentine elongations 0-45% which allowed
them to serve as freestanding electrical interconnects
between two LEDs. All 20 pm thick TiNiCuCo serpentine
interconnects were shown to have low electrical resistances
(9 Q-22 Q) which increased by less than 1% when elon-
gated between 0 and 50%. The change in resistance was
also used to monitor functional fatigue in the serpentine
interconnects. Our results show electropolishing as a
technique that can be used to improve the mechanical
performance of thin-film SMA serpentines, as demon-
strated by a stable hysteresis loop between cycle numbers
~8000 and ~ 100,000 for an electropolished TiNiCuCo
serpentine. Since TiNiCuCo is an ultralow-fatigue mate-
rial, the SMA can theoretically undergo this transformation
reversibly for up to 20 million cycles with proper control
over the composition and microstructure. These results
show the advantage of using sputtered thin-film SMAs as
both freestanding substrates and serpentine interconnects in
the design of future stretchable electronics.
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