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To achieve stretchable inorganic electronics, improving elastic stretchability of the electrical interconnects becomes a bottleneck
needed to be addressed. Here, we propose a material of Ni-Ti superelastic alloy for the design and fabrication of deformable
interconnects, whose intrinsic elastic property overcomes the low intrinsic elastic strain limit of conventional metals. The serpentine
interconnect made by Ni-Ti alloy with an intrinsic elastic strain limit of ~7.5% represents a much higher elastic stretchability than
conventional Cu interconnect. The deformation behavior of the interconnect is systematically investigated through finite element
analysis (FEA) simulations and experiments. The results reveal that the interconnect exhibits an elastic stretchability up to 196%,
and its resistance only changes by 0.4% with 100% strain. Moreover, the potentials and challenges of other superelastic alloys as
electrical interconnects are discussed. The proposed superelastic alloys fundamentally boost the stretchable properties of electrical
interconnects, which would open up opportunities for flexible and stretchable electronics.
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INTRODUCTION

Over the past decade, stretchable inorganic electronics based on
structural design has developed rapidly’~”. A key to this strategy is
to make non-stretchable inorganic materials into specific struc-
tures that can absorb the applied strain without fracturing®. The
island-bridge structure design, where the discrete islands (rigid
functional device components) adhered to the flexible substrates
are connected by stretchable bridges (electrical interconnects), is a
popular approach for stretchable electronics. Recently, several
advanced stretchable circuits with this structural design have
been demonstrated and applied to stretchable batteries’,
biomedical wearable devices*®, and stretchable sensors®. Accord-
ing to the way of encapsulation, the electrical interconnects can
be classified into two categories, including free-standing designs
housed in microfluidic enclosures®” and those embedded in the
flexible substrate®®, No matter what kind of encapsulation, the
elastic stretchability, defined by the condition in which the
interconnect can return to its initial configuration after the applied
strain is released, determines the safe stretchable strain of the
entire device'®. Once the applied strain exceeds the elastic
stretchability, plastic deformation will occur in the material, which
would result in interconnects entanglement for the free-standing
designs”'° or rapid fatigue fracture of interconnects for those
embedded designs'''2. Therefore, improving the elastic stretch-
ability of the interconnects is very important in the flexible and
stretchable electronics research field.

The elastic stretchability of the interconnect is mainly deter-
mined by two factors: (1) the geometric structure of the
interconnect, (2) the elastic strain limit of the material*'°. Up
to now, research reports on increasing the elastic stretchability of
interconnects are usually considered from the perspective of
structural design, which could reduce the strain level in the
material for stretching®”’. In the past few years, the geometric

structure has evolved from simple geometry of arc-shaped
structure'® to complex geometric shapes, such as serpentine®'°,
self-similar*>7, 2D spiral'®, and 3D helical forms'>'®, However,
whatever the structure, the low intrinsic elastic strain limit of
conventional metals (e.g., only 0.3% for copper) fundamentally
impedes its stretchable performance. The elastic strain limit, as
large as the yield strain, &gejiq, is less than 0.5% for conventional
metals as shown in the left of Fig. 1c. During stretching of the
interconnects made by conventional metals, once the maximum
principal strain in the material, £, €xceeds its elastic strain limit,
Eelar irreversible plastic deformation will occur and lead to
irreversible configuration”'°. Therefore, in order to improve the
stretchable properties of electrical interconnects, it is crucial to
explore a kind of materials with a higher elastic strain limit.
Different from conventional metals, superelastic alloys, i.e.,
shape memory alloys (SMAs) could exhibit a superelastic effect
with a reversible strain larger than several percent (e.g., above 6%
for Ni-Ti alloy) as illustrated in the right of Fig. 1c. Since the elastic
strain limit of superelastic SMAs is much larger than that of
conventional metals, it can be expected that the interconnect
based on SMAs would have higher elastic stretchability. In the
present study, typical superelastic Ni-Ti alloy is used to make the
serpentine interconnect for stretchable electronics. The results
indicate that compared with conventional metals, the elastic
stretchability of interconnects could be significantly improved by
Ni-Ti alloys with a rate of up to 196%. Detailed deformations,
consisting of strain distribution and phase transformation of the
Ni-Ti serpentine interconnects are systematically investigated
through finite element analyses (FEA) simulations and experi-
ments. Due to the low strain level and the localized characteristics
of strain distribution in the interconnect, the electrical resistance
only changes by 0.4% with 100% strain. The mechanical and
electrical properties of Ni-Ti alloys facilitate its utilization as
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Fig. 1

Schematic diagram of deformation mechanism. Illustration of the micro-mechanism of deformation for irreversible dislocation slip for

conventional metals (a) and reversible phase transformation for superelastic alloys (b), respectively. c lllustration of the elastic strain range for

conventional metals (left) and superelastic shape memory alloys (right).

interconnects for stretchable electronics, as illustrated by light-
emitting diodes (LEDs) assembled by Ni-Ti serpentine intercon-
nects. This study introduces a material, which paves the way for
highly stretchable interconnects design for future stretchable
electronics.

RESULTS AND DISCUSSION

A comparison of elastic stretchability between Cu and Ni-Ti
serpentine interconnects

The reversibility of serpentine interconnects based on Cu and Ni-Ti
with the same diameter of 100 um is compared. The dimensions
of the serpentine interconnects are illustrated in Supplementary
Fig. 1a, which consists of two arcs on each end and four half circles
connected by five vertical straight lines. The formation process is
shown in Fig. 2a, b (details in experiment section). During the
mechanical test, one end of the interconnect is fixed and the other
end is stretched to selected values of strain before it returns to its
initial position. Supplementary Movie 1 (also see Fig. 2c) and
Movie 2 show the deformation behavior of the interconnects with
an applied strain of 100 and 182%, respectively. The Ni-Ti
interconnect recovers fully, while the configuration of the Cu
serpentine interconnect changes seriously after the applied strain
is released. This means the applied strain is within the elastic
range of the Ni-Ti serpentine interconnect, while irreversible
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plastic deformation occurs in the Cu serpentine interconnect. The
plastic deformation in conventional metals originates from the
irreversible dislocation slip mechanism, which is depicted in
Fig. 1a. Dislocations are line defects of the crystal lattice which
may move when subjected to critical stress, indicated as 1, thereby
introducing a permanent shear of the lattice'”. Different from
conventional metals, the crystal structure of SMAs could reversibly
transform between austenite and martensite upon loading and
unloading as illustrated in Fig. 1b'®°. This deformation mechan-
ism results in higher superelastic strain. The comparison results
confirm the speculation that by increasing the intrinsic elastic
strain limit of the material through the utilization of superelastic
alloys, elastic stretchability of the interconnect could be improved
significantly.

Mechanical properties of the Ni-Ti serpentine interconnects

In this section, we carried out experimental observations as well as
FEA simulations to demonstrate the stretchability of the Ni-Ti
serpentine interconnects. Before FEA simulations, mechanical and
thermal properties of the Ni-Ti alloy are characterized. Firstly, in
order to obtain the elastic strain limit of the Ni-Ti alloy, loading-
unloading tests of a straight Ni-Ti wire with different applied
tensile strains are performed at room temperature in a dynamic
mechanical analyzer (DMA). As shown in Fig. 3a, the applied strain
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is almost completely recovered after unloading when the applied
strain is less than 7.5%, while about 1% residual strain is left when
the applied strain is 10%. The residual strain after unloading is
plotted as a function of applied strain as shown in Fig. 3b, from
which it can be seen that the elastic strain limit of the Ni-Ti alloy is
about 7.5%.

Furthermore, mechanical properties at different temperatures of
Ni-Ti alloy are characterized by DMA as shown in Supplementary
Fig. 3, from which the critical stresses to induce phase
transformations are obtained and related mechanical parameters
are calculated by linear fitting as shown in Fig. 3c (for more details
see experiment section and Supplementary Fig. 4). Thermal
differential scanning calorimetry (DSC) is carried out to character-
ize transformation temperatures as shown in Fig. 3d. All
mechanical and thermal parameters for Ni-Ti alloy are instructed
in Supplementary Table 1, and the experiment results are
summarized in Supplementary Table 2.

Figure 4 shows the evolution of deformations for strains
between 0 and 200% through experimental images and FEA
results (see also Supplementary Movie 3). The dimension of the
interconnect is illustrated in Supplementary Fig. 1b. The inter-
connect configurations predicted by FEA agree remarkably well
with optical images for selected values of strain. Upon stretching
of the structure, the arc and half-circle segments gradually extend
and the straight parts mainly incline from vertical to horizontal
direction with a little bending. Note also that during the whole
deformation process, the stretching deformation of the Ni-Ti
serpentine interconnects only occurs in the plane. The color in FEA
results in Fig. 4 and Supplementary Movie 3 represents the
distribution of the maximum principal strain in the material. It
shows that initially the strain mainly concentrates in the arc and
half-circle segments. When the interconnect was stretched to a
strain of 120%, the localized strain in the arc and half-circle
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segments is very small and mainly concentrated in the surface of
the interconnect. Until the serpentine structure approaches a
straight line (with applied strain exceeding 185%), the strain in the
material increases rapidly, which defines the elastic strain limit in
stretchability.

Figure 5a plots €.y in the material as a function of the applied
strain, &,pp. For reversible behavior (that is, the interconnects
return to its initial state after the release of strain), €m.x Must be
less than or equal to &, of the material, which is 7.5% for the Ni-Ti
alloy as demonstrated in Fig. 3b. Therefore, the elastic stretch-
ability of the serpentine interconnect could be predicted to be
196%, which is in good agreement with the experimental
observations, as the structure could fully recover after being
released from 185% applied strain, while the structure configura-
tion will have a slight change after released from the 200%
applied strain (see Fig. 4 and Supplementary Movies 4, 5). This
high elastic stretchability for the Ni-Ti interconnect could be
explained by two factors, one of which rely on the design of
serpentine structure which could reduce the strain level in the
materials under stretching, while the other depends on the
ultrahigh elastic strain limit of Ni-Ti alloy, which is much higher
than conventional metals. The combined effect of these two
factors makes the strain in the material lower than the elastic
strain limit even under extreme stretching, thus greatly enhancing
the elastic stretchability.

As mentioned previously, the large reversible strain in the
superelastic SMAs comes from the reversible phase transformation
between austenite and martensite. Supplementary Fig. 6 depicts
the evolution of martensite volume fraction distribution with
strains ranging from 0 to 200% through FEA simulations, which
represents the degree of phase transformation from austenite to
martensite. According to the spatial distribution and extent of
phase transformation, the stretching deformation could be
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Fig. 3 Mechanical and thermal properties of Ni-Ti wires. a Loading-unloading stress-strain curves of the straight Ni-Ti wire with a diameter
of 30 pm under various levels of applied tensile strain at room temperature. b The dependence of the residual strain on the applied tensile
strain. ¢ Linear fitting of the critical stresses versus temperature, the parameters Cy; and C, is defined by the slopes of the fitting line. d DSC
measurement of the straight Ni-Ti wires at a heating/cooling rate of 5°C/min, showing the transformation peaks.

divided into four stages. In the first stage, the entire structure only
undergoes elastic deformation of austenite. When &5, continues
to increase and reaches the critical point, &, the austenite to
martensite transformation happens in the interconnect and the
second stage comes. The value of g, could be obtained by the
strain at the beginning of the platform in the tensile stress-strain
curves of the Ni-Ti wire and estimated to be around 0.77% as
shown in Fig. 3a. By putting this value back in Fig. 5a, we could
extract the critical value of applied strain that initiates the
martensite transformation as 54%. Similar to the evolution of €y,
most of the transformation happens in the arc and half-circle
segment areas. The second stage continues until the serpentine
interconnect is stretched to 185% and approaching a straight line.
The martensite volume fraction distributions in the surface at this
stage is shown in Fig. 5b, ¢, where almost no phase transformation
happens in the center. This manifests that even near the
maximum strain area, only some elements undergo martensitic
transformation. This phenomenon starts to change after the
interconnect is stretched to a straight line. At this stage,
martensitic transformation happens over the entire structure
and martensite volume fraction starts to increase rapidly. The last
stage happens when g,,.x exceeds &, of Ni-Ti alloy, where the
applied strain reaches 196%, and plastic deformation begins to
occur. From the above discussion, we can conclude that as long as
the applied strain is less than 196%, the deformation is within the
elastic range, and could completely recover by reverse phase
transformation after releasing applied strain.

npj Flexible Electronics (2022) 8

Electrical properties of the Ni-Ti serpentine interconnects and
assembling of LED arrays

Besides mechanical properties, electrical properties, including
conductivity and resistance stability, are also very important for
the electrical interconnect. The electrical resistivity of Ni-Ti alloys
depends on its composition and phase state?>?', and that of the
austenite is usually in the range of 70 - 140 pQ-cm, corresponding
to the electrical conductivity of 7.1 x 10° - 1.4x 10°Sm~". By our
measurements and calculations, the conductivity of Ni-Ti inter-
connects with a diameter of 30 um reported in this work is ~8.6 X
10°Sm™~", which is consistent with the conductivity range
reported by literatures.

The relative resistance change for Ni-Ti serpentine intercon-
nect with respect to the applied strain is shown in Fig. 6a. The
relative resistance change is defined as (R — Ry)/Ro, where R and
R, indicate the electrical resistances with and without the tensile
strain, respectively. We observe that upon applying 175% tensile
strain, the relative resistance change for the interconnect is only
2.8% and there is a negligible electrical hysteresis during
applying and releasing strain. From the classical law of
resistance, the resistance of the Ni-Ti interconnect can be
expressed as

L
R=p— 1
P U
Where p is the resistivity of the Ni-Ti alloy, L and A are the length

and cross-sectional area of the p interconnect, respectively.
Therefore, the relative change of resistance can be rewritten by
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taking the total derivative of Eq. (1) and simplified as

dR dp AL
— = 142u)—.
2 (1 +2u)

where y and AL are Poisson'’s ratio of the material and the length
change of the interconnect, respectively. Since unfolding is the
main deformation mode before the serpentine interconnect is
stretched into a straight line, the length change, AL, can be ignored
before applying 185% tensile strain, and the resistance change
mainly comes from the resistivity change resulting from the phase
transformation. As discussed before, there is almost no martensitic

)
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transition before applying 54% strain, which can explain why
negligible resistance change is observed at this stage. When the
applied strain increases, the martensitic transformation happens
and the interconnect resistance starts to increase since the
resistivity of martensite, py, is higher than that of austenite, pa 2.
Due to the low strain level and the localized characteristics of strain
distribution in the interconnect, the electrical resistance changes by
only 0.4% with 100% strain.

In order to verify the electrical resistance stability of the
interconnect against repetitive deformation, cyclical stretching
from € =0 to 100% with a frequency of 0.025 Hz is applied to the

npj Flexible Electronics (2022) 8
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interconnect for 1000 cycles and its relative electrical resistance
variation is measured. As shown in Fig. 6b, the relative change of
resistance follows the same trend during each cycle and it only
varies by 1% after the interconnect is subjected to 100% strain
deformation over 1000 cycles. In addition, the interconnect would
recover to its initial configuration without any noticeable
degradation after the stretching cycles are complete, which
demonstrates the high durability and reliability of the serpentine
interconnect based on Ni-Ti alloy.

From the above results and analysis, we conclude that
serpentine interconnects based on superelastic Ni-Ti alloy exhibit
high elastic stretchability and stable electrical resistance, which
facilitate its usage as electrical interconnects for stretchable
electronics. To better illustrate this, we integrate LEDs on a
stretchable substrate and connect them with Ni-Ti serpentine
interconnects. The substrate consists of rigid silicone elastomer
islands embedded in a soft Ecoflex 00-30 elastomer, and the
manufacturing process is shown in Fig. 6¢. Since the modulus of

npj Flexible Electronics (2022) 8

silicone elastomer is much higher than that of Ecoflex 00-30, the
hard-on-soft structure could provide strain protection for the
mechanically rigid islands by isolating them from the applied
macroscopic strain. The as-fabricated LED array are shown in
Fig. 6d, which could be reversibly stretched as shown in Fig. 6d
and Supplementary Movie 6.

Discussion of the potentials and challenges of other
superelastic alloys as electrical interconnects

The above results verify that it is feasible to enhance the elastic
stretchability of electrical interconnect by superelastic SMAs. Here,
it should be noted that Cu serpentine interconnects in literature
are usually in the form of flat strips”2. Based on the above results
and principle, it can be predicted that flat serpentine inter-
connects made by superelastic Ni-Ti alloys will also possess higher
elastic stretchability than that made by conventional metals. In
order to be more conveniently integrated into a well-established
electronic manufacturing process, other methods are needed to

Published in partnership with Nanjing Tech University



make superelastic alloy-based electrical interconnects. So far,
there are two potential methods, one is sputtering®’, the other is
laser cutting or etching of thin foils®®. The former method requires
precisely controlling the composition and microstructure of the
film to ensure its superelastic state. The latter method normally
requires the fabrication of superelastic alloy foil with thickness less
than 100 um, which remains a challenge due to its low plastic
workability?®>. Therefore, more efforts are needed to fabricate
superelastic alloy-based electrical interconnects for stretchable
electronics. On the other hand, except for the typical Ni-Ti alloy,
other superelastic alloys including Cu-based, e.g., Cu-Al-Mn?+-25,
Cu-Al-Ni?’?8, and Fe-based SMAs, e.g, Fe-Mn-Si%°, Fe-Mn-Al-
Ni2%31, can be exploited to make electrical interconnects. In
particular, Cu-based SMAs with high conductivity would be an
ideal material for highly elastic electrical interconnects. For Fe-
based SMAs, great progress in superelastic properties has been
made in the past 10 years?*~3!, which makes it a potential material
for stretchable interconnect design.

In summary, from the perspective of the relationship between
the elastic stretchability of structured interconnect and the
intrinsic elastic strain limit of the material, we propose to exploit
material of superelastic alloys to enhance the elastic stretchability
of interconnects. Serpentine interconnect made by superelastic
Ni-Ti alloy with elastic strain limit of 7.5% represents a much
higher elastic stretchability than Cu interconnect. Detailed
deformation information, including strain distribution and phase
transition of Ni-Ti serpentine structures, are systematically studied
through experiments and FEA simulations. The elastic stretch-
ability of the serpentine interconnect is predicted to be 196%, and
the stretching process could be divided into four stages according
to the spatial distribution and extent of phase transformation. Due
to the low strain level and the localized characteristics of the strain
distribution in the interconnect, the electrical resistance only
changes by 0.4% with 100% strain. The mechanical and electrical
properties of the Ni-Ti interconnect facilitate its utilization as
interconnects for stretchable electronics. The proposed super-
elastic alloys fundamentally boost the stretchable properties of
electrical interconnects, which would open up opportunities for
flexible and stretchable electronics.

METHODS
Fabrication of serpentine interconnects based on Ni-Ti alloys

The fabrication process is shown in Fig. 2a. Firstly, a superelastic straight Ni-Ti
wire with a nominal composition of NisggTisg; (Jiangyin Hao Lu Ni-Ti New
Material Co. LTD) is put in the serpentine groove of the mold, and covered by
a stainless plate. The mold is then put into a tube furnace and annealed at
500 °C for 20 min under argon atmosphere before water quenching to room
temperature. The images of the original straight Ni-Ti wire and the serpentine
interconnect after heat setting are shown in Supplementary Fig. 2. A length of
straight Ni-Ti wire is put into the furnace for heat treatment at the same time,
which is used for mechanical and thermal characterization.

Comparison of stretchability between Cu and Ni-Ti serpentine
interconnect

Cu serpentine interconnects of the same size as Ni-Ti interconnects are
made by setting wires with a mask. The Cu and Ni-Ti serpentine
interconnects are stretched in a stepper machine (Beijing Optical Century
Instrument Co., Ltd, China) with one end fixed and the other end
elongated and recovered, while a digital camera (Canon EOS 70D) is used
to take the optical photographs and videos.

Mechanical and thermal properties of Ni-Ti alloy

Mechanical and thermal properties of Ni-Ti wires are characterized by the
dynamic mechanical analyzer (DMA) and differential scanning calorimetry
(DSC). Uniaxial tensile tests for the heat-treated Ni-Ti straight wires with a
diameter of 30 um, with a strain rate of 0.5 mm/min and a gauge length of
~15 mm, are carried out in DMA (TA Instruments Q850). Loading-unloading

Published in partnership with Nanjing Tech University

Y. Zhao et al.

npj

tests are performed with various levels of tensile strain at room
temperature. In addition, temperature-dependent loading-unloading tests
are performed (Supplementary Fig. 3). As shown in Supplementary Fig. 4,
the characteristic parameters of Cy and C, could be obtained by linear
fitting the critical stresses versus temperatures curve. DSC is conducted at
a heating/cooling rate of 5°C/min to obtain phase transformation
temperatures as shown in Fig. 3d. All mechanical and thermal properties
for Ni-Ti are summarized in Supplementary Table 2.

FEA simulations of the deformation for Ni-Ti serpentine
interconnect

The dimensions of the model are shown in Supplementary Fig. 1b, with a
length of 8.25 mm in the X direction and a diameter of 30 pm. The model is
built by connecting several isolated parts to form a consortium, and in
order to avoid the inability to calculate some unusable units after meshing,
virtual geometry was used to make all parts form a complex area, where
some surfaces and closed edge lines which are too small to be calculated
were ignored. Then the model is set as a shape memory alloy in the
physical field of solid mechanics with the parameters presented in
Supplementary Table 2. After that, by using the free triangular mesh as
shown in Supplementary Fig. 5, the cross-section and the length of the
model is divided into 8 pieces and 200 pieces, respectively. Then the left
end of the model is set to be fixed as the constraint condition and the
deformation length step of the right end at the X-axis is set as 0.05%. In
FEA, the original strain tensor, E, when ignoring the quadratic terms, can
just be used to describe the situation of small strain and rigid body
rotation. For conditions of high stretchability and rotation deformation in
this work, we changed the related parameters in the equation by adding
the quadratic terms. So, the strain tensor, E, can be described as

1 (9ui, 9u; | Qu dui
2\3X ' ox  ox ax;)’

E-—%Q— B 2+ 9 2+ Qui)* (4)
"Tax 2] \ax aX; X ’

where X and u represents the location and displacement in the coordinate
system. By solving the equations, the evolution of deformed configurations
and martensite volume fraction contour with applied strains are obtained,
as shown in Fig. 4 and Supplementary Fig. 6, respectively.

Ej = (3)

Resistance measurements of Ni-Ti serpentine interconnect
during deformation

Ni-Ti serpentine interconnects are stretched in the same stepper machine,
while the displacement and the resistance are recorded at the same time
by a laser displacement sensor (Keyence, LK-H052) and a digital source
meter (Keithley 2602 A) under a constant voltage (V,) of 0.5V, respectively.

Assembly of LEDs connected by Ni-Ti serpentine interconnects
Figure 6c illustrates the manufacturing process of stretchable LED array
devices. Firstly, the silicone elastomer is cut into several pieces of cuboids
with a size of 5 mm x 3 mm x 1.5 mm, and placed in a dish in an array. Then
Ecoflex™ 00-30 silicone (Smooth-On, Inc.), with a base to curing agent
weight ratio of 1:1, is poured into the dish. After curing at room temperature
for 6 h, a soft elastomer embedded with rigid silicone elastomer islands is
formed. Finally, LEDs are fixed on the islands by epoxy resin and the Ni-Ti
serpentine interconnects are used to connect both ends of the LEDs.
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