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conductors, they are often affected by lossy human tissues and exhibit resonant frequency shifts
upon stretching, preventing their applications in wireless communication and powering. This work
reports a 3D stretchable wideband dipole antenna from mechanical assembly to simultaneously
reduce the frequency detuning and enhance on-body performance. The large bandwidth is
achieved by coupling two resonances from two pairs of radiation arms, which is well maintained
even when the antenna is directly placed on human bodies or stretched over 25%. Such an
excellent on-body performance allows the antenna to robustly transmit the wireless data and
energy. The design of the 3D stretchable wideband dipole antenna with significantly-enhanced
on-body wireless communication performance was validated by an experimental demonstration
that features a small difference in the wirelessly received power between the on-body and off-body
use. The combination of the mechanically assembled 3D geometries and the coupled mechanical-
electromagnetic properties can open up new opportunities in the deformable 3D antennas and other

microwave devices with excellent on-body performance and tunable properties.
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Introduction

Wireless technologies have been an indispensable component in the emerging
wearable/stretchable electronics > 2 due to their unique roles in wireless data transmission 3-¢ and
powering 7 8. The wirelessly obtained real-time sensing data 3-¢ can provide on-demand feedback
% to yield multifunctional wearable/stretchable electronics with a small footprint for biomedicine
with translational impacts. Intrinsically stretchable materials (e.g., conductive textiles ' !l
elastomeric composites > 13, and liquid metals '4-16) have been employed for stretchable antennas.
However, it remains challenging for the resulting antennas to achieve excellent performance and
robust electromagnetic properties upon large deformations from human bodies, due to low
electrical conductivity and difficulty in soldering for integration with commercial off-the-shelf
chips. As an alternative solution, the structural design of conventional metals shows great promise
in the design and demonstration of flexible/stretchable antennas '7->! and other RF devices (e.g.,

low or high RF filter and reflection surface) 2! high efficiency and easy integration.

Because the deformed radiation element leads to a shift in the resonant frequency (i.e.,
frequency detuning), the radiation performance of stretchable antennas could not be used for
reliable wireless transmission of data/energy, limiting their use as strain sensors 2. Attempts to
address this issue include the exploration of a wideband design in stretchable dipole antennas '® or
strain-insensitive stretchable microstrip antennas with a hierarchical structure '°. The former
couples two resonances from two pairs of radiation arms for a large operational band even under
deformations, whereas the latter uses the mechanical assembly to generate the 3D hierarchical
structure. The wide bandwidth of the antenna also allows it to combine the radiofrequency (RF)
energy over its wideband into a usable DC power (with the aid of a rectifier) at a much higher
effective conversion efficiency, which is particularly important to harvest the ambient RF energy

at typical radio signal levels.

As human tissues with a large water and ion content lead to a high dielectric loss in RF
applications, the stretchable antennas exhibit degraded performance in their vicinity. While
microstrip patch antennas with a ground layer can effectively reduce the influence from lossy
tissues 22, they are more difficult to fabricate, miniaturize, or exhibit wideband properties (for RF
energy harvesting). On the other hand, the antennas without a plane structure (e.g., monopole or

dipole antennas) can be easily designed and fabricated to exhibit stretchable and wideband
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properties. However, they are easily influenced by human tissues, resulting in drastic changes in
the working frequency range and other radiation properties when directly attached to the human
tissue. In addition, the monopole and dipole antennas in 2D forms have limited stretchability,
which may not be sufficient to accommodate the large deformation at varying locations of the skin
surface for on-body applications. Although antennas with 3D geometries have been explored (e.g.,
3D stretchable monopole antennas 23, 3D dipole antennas with reconfigurable working frequency
24 and controllable electromagnetic shielding ??), it remains unclear if they can address the above

challenges.

In this work, we report a 3D stretchable wideband dipole antenna that is mechanically
assembled from a 2D precursor pattern to simultaneously reduce the frequency detuning, improve
the stretchability, and enhance on-body performance. Compared to its 2D counterpart that is
influenced by a fingertip within 7 mm, the 3D dipole antenna highlights a significantly reduced
distance of 1 mm. The further optimized 3D stretchable wideband dipole antenna exhibits a wide
operational bandwidth even when it is directly placed on human bodies or stretched over 25%.
Compared with its 2D counterpart, the 3D antenna with significantly reduced performance
degradation can provide much improved on-body energy harvesting efficiency to enable a self-
powered sensing platform. The design that combines the coupled mechanical-electromagnetic
properties and 3D geometries from the mechanical assembly can open up new opportunities in the
deformable 3D antennas and other RF devices with excellent on-body performance and tunable

properties.

Results and discussion

The fabrication of the 3D dipole antenna relies on the mechanically guided assembly from
2D planar precursor structures (Figure 1a). Briefly, the 2D structure is selectively bonded to a
pre-stretched elastomeric substrate at programmable designed locations. The release of the pre-
strain generates compressive force to lift the unbonded region to pop out, creating unique 3D
structures. In the proof-of-concept demonstration, two pairs of serpentine radiation arms (Figure
S1) consisting of the same repeating unit fabricated by laser cutting (Video S1) have been selected
for increased bandwidth due to the coupling effect between the two pairs. The thickness of copper
(Cu) of 9 um in the commercial polyimide (PI)/Cu foil is much larger than its skin depth at the

target frequency (1-2 um), allowing for simple fabrication of radiation arms and high radiation
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efficiency. The width of radiation arms also has a negligibly small influence on the radiation
performance of the stretchable dipole antenna (Figure S2). The feeding at the short arms provides
low reflection in the targeting frequency range (Figure S3). Besides the level of pre-strain and
the geometry of the 2D precursor pattern, the strategic bonding sites between the 2D pattern and
the pre-stretched elastomeric substrate also result in different 3D structures. For example, two
different 3D coil-like structures are obtained when the bonding sites are selected at full (“3D_full”)
or half wavelength (“3D_half”) (Figure 1b). Finite element analysis (FEA) indicates a small strain
(0.7%) in the 3D dipole antenna induced by a 15% pre-strain (Figure S4). The bonding site at the
feeding location in the middle is also encapsulated by the same elastomer (i.e., Dragon Skin) as in
the substrate to avoid delamination and electrical disconnection upon stretching. When the 2D
pattern is fully bonded to a pre-stretched elastomer with lower stiffness (Ecoflex), the strategy of
pre-strain can generate in-plane bending and limit out-of-plane buckling in the serpentine arm,
creating a “rippled” dipole antenna. It should be noted that the 3D antenna from mechanical
assembly with selective bonding sites degenerates to its 2D counterpart with the same selective

bonding when the pre-strain is vanishing.
Coupled mechanical-electromagnetic properties of stretchable 3D dipole antennas

The coupled mechanical-electromagnetic properties of the stretchable 3D dipole antennas
are obtained by investigating the radiation performance of the antenna at different strain levels.
Though the serpentine arms in the 2D dipole antenna bonded at the full-wavelength locations can
unfold in the plane upon stretching, the stretchability of the antenna is only ~ 10%. In contrast,
the applied pre-strain in the 3D dipole antenna allows it to first flatten the 3D structure and then
unfold the serpentine arms (Figure 2a), which provides improved stretchability. Because of the
ordered unraveling, the stretchability of the 3D dipole antenna is approximately the sum of the
pre-strain and the stretchability of its 2D counterpart. Therefore, the “3D_full” dipole antenna
induced by a 15% pre-strain exhibits an improved stretchability of 25%. However, it is important
to note that the stretchability of the 3D antenna also depends on the location and number of bonding
sites, because the serpentine elements bonded at these locations would have limited stretchability.
As aresult, the “3D _half” dipole antenna with more bonding sites than that of the “3D_full” dipole

antenna shows a smaller stretchability of 20%.
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The large bandwidth of the capacitively coupled 2D dipole antenna comes from the
coupling of two distinctive resonances contributed by the parasitic (long) and driven (short) arms
(Figure 2b). While the tensile strain applied to the antenna leads to the unfolding of serpentine
arms and shifts of the two resonances to lower frequency values, the shift is much smaller than the
bandwidth (frequency range with S; values lower than -10 dB). As a result, the 2D dipole antenna
exhibits a large operational band of 0.44 GHz in the tensile strain range from 0 to 10 % (the
highlighted region in Figure 2b). Despite the change in the relative position between the two pairs
of serpentine arms, the 3D dipole antenna (“3D full” or “3D_half”) also showcases the dual-
resonance characteristic (Figure 2¢ and d). In theory, the resonant frequency of a straight dipole
antenna can be approximately expressed as ¢/ (ZL\/;r), where c is the speed of light in vacuum,
L is the half-length of the dipole antenna, and &, is the effective dielectric constant. The air gap
between the serpentine arms and dielectric substrate in the 3D dipole antenna leads to a decreased
effective dielectric constant and, thus, a higher resonant frequency than its 2D counterpart.
Compared with the two resonances (2.14 and 2.34 GHz) of the undeformed 2D dipole antenna, the
“3D_half” (or “3D_full”) dipole antenna shows slightly increased resonances to 2.31 and 2.68
GHz (or 2.27 and 2.70 GHz). Similar to the 2D dipole antenna, the 3D dipole antenna upon
stretching also shows a shift of the S;; curve to a lower frequency. In particular, the higher resonant
frequency of the 3D dipole antenna from the short (driven) arm (indicated by the arrow in Figure

2b-d) decreases with the tensile strain in an approximately linear manner (Figure 2e).

Despite the existence of the “dual-resonance” characteristic, the 3D dipole antenna directly
transformed from its 2D counterpart induced by a 15% pre-strain does not show a large bandwidth
due to the high reflection -at the lower resonant frequency (i.e., > -10 dB). The change of arm
structures and effective dielectric constant in the “3D_full” dipole antenna leads to the impedance
change from (43-121) to (54-531) Q, resulting in a large deviation from (50+01) € degrades. As a
result, the Sy, value of the “3D_full” dipole antenna at the lower resonant is only around -7.0 dB.
The issue of poor impedance matching to the 50 Q port is more evident in the “3D_half” dipole
antenna. The S;; value of the “3D_half” dipole antenna at the high resonance is merely -13.0 dB,
which is much larger than -31.0 dB for the 2D dipole antenna. The entire Sy; curve of the “3D_half”
dipole antenna upon 20% stretching even shifts above the -10 dB line (Figure 2d), which results

in a vanishing operation band upon stretching. In comparison, the “3D _full” dipole antenna shows
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a larger stretchability and better impedance matching. Realizing the full potential of the 3D dipole
antenna relies on further optimization of its radiation performance, which can be simply achieved
by modulating its geometry of the 2D pattern such as the length of radiation arms for reduced
reflection coefficient (Figure S5). For example, increasing the actual length of the short (driven)
arm by 1 mm significantly improves the overall impedance matching for the “3D_full” dipole
antenna (Figure 2f). The resulting optimized “3D_full” dipole antenna exhibits the increased
operational bandwidth upon stretching from 0.12 GHz to 0.21 GHz by 75%. The operational
bandwidth upon stretching also covers the common target frequency of ~ 2.45 GHz for wireless
communication and ambient RF energy harvesting. Despite the reduced operational bandwidth
upon stretching, the stretchable 3D dipole antenna provides much larger overall stretchability and
improved on-body radiation efficiency (see the following discussion), which is more critical for
wearable applications. The optimized “3D full” dipole antenna is chosen in the following
discussion unless specified otherwise. On the other hand, reducing the actual length of the short
arm by 1 mm leads to further separation between two resonances and increased reflection at the
lower resonance, which does not increase the operational band. It is realized that the separation
between the two resonances has a profound influence on the overall impedance matching and
resulting bandwidth. It should be noted that other geometric parameters (e.g., the serpentine arc
unit and the gap between two pairs) !® can also be optimized to tune the stretchability and radiation
properties (e.g., the target frequency and bandwidth) of the 3D dipole antennas. The 3D dipole
antenna bent over varying radii of curvature also shows a small shift in S;; curves (Figure S6). In
addition, the negligibly small variations in the S;; curve of the optimized 3D dipole antenna over
cyclic stretching of 5000 times confirm the reliable cyclic performance (Figure S7). Since 3D
structures can be vulnerable to external forces/pressures, it is also important to investigate the
influence of the pressure on the mechanical and electromagnetic properties of the 3D dipole
antenna for practical applications. The arch of the 3D dipole antenna can be locally deformed by
an external force, but it quickly recovers as the force is removed (Figure S8a). The S;; curve also
exhibits negligibly small changes for the external force from 0 to 20 N (Figure S8b). These results
are attributed to the local deformation and the relatively small maximum strain of ~ 0.65% in the
PI/Cu film that is below the yield strain of Cu (~ 0.7%) (Figure S8c). To further protect the 3D
structure from the larger global deformation, the 3D stretchable dipole antenna can be placed inside

an Ecoflex cavity to avoid mechanical damages without changing its S;; curve (Figure S9).
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Reduced effect of lossy human tissues on the 3D dipole antennas

The large content of water and ions in human tissues would significantly degrade the
antenna performance if the antenna is brought close to the human skin 2°. The effect of the lossy
human finger on the 3D dipole antenna is first investigated (see the inset in Figure 3a) before it
can be applied for various on-body applications. After placing a fingertip on top of the 2D dipole
antenna at a distance of 1 mm, the “dual-resonance” characteristic disappears and the target
frequency of 2.4 GHz also shifts out of the operational band even before the tensile strain is applied
(Figure 3a). The “dual-resonance” characteristic only begins to recover when the gap distance is
increased to ~ 7 mm. In contrast, the influence of the human fingertip is significantly smaller on
the “3D_full” and “3D_half” dipole antennas before optimization (Figure 3b and ¢). Besides the
smaller change in the bandwidth, the “dual-resonance” characteristic almost recovers at a gap
distance of 3 mm for both the “3D_full” and “3D_half” dipole antennas induced by a 15% pre-
strain, which is much smaller than that for their 2D counterpart. The much smaller influence of
human tissues on the 3D dipole antenna mainly originates from the smaller shift of S;; curves in

the higher frequency range (marked by arrows). The effective dielectric constant of a composite

ef +e(l—f)
can be expressed as € = |f Jer + a-5 Je) where ¢; (i = 1 or 2) is the dielectric constant of each
N 7E 2

component and f is the volume fraction of the 1% component 2°. It can be concluded that the
effective dielectric constant of composites is largely determined by the component with a lower
dielectric constant since the dielectric constant is weighed by its inverse 2°. The introduction of a
low-dielectric air gap in the 3D dipole antenna helps stabilize the effective dielectric constant and

S11 curve even in the vicinity of human tissues.

As the optimized “3D_full” dipole antenna already shows a much larger operational band
than the one before optimization in the air even upon stretching, it is of high interest to investigate
its performance in the presence of human fingers or bodies. In the close proximity of 1 mm to
human fingers, the optimized “3D_full” dipole antenna shows well-maintained ‘“dual-resonance”
characteristic and a slight change in the S;; dip magnitude (~ 0.5/8 dB at the lower/higher
resonance) (Figure 3d). Since the S;; value is kept below -10 dB in the target frequency range, a
wide operational band of 0.51 GHz, and thus excellent on-body performance, is maintained in the

optimized “3D full” dipole antenna. Since the S;; value is kept below -10 dB in the target
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frequency range, a wide operational band of 0.51 GHz, and thus excellent on-body performance,
is maintained in the optimized “3D_full” dipole antenna. The optimized “3D_full” dipole antenna
recovers to its 2D form upon stretching of 15% and approximately follows the deformation of its
2D counterpart upon further stretching to 25%. As a result, the influence of the finger (or human
tissues) becomes stronger with the increasing tensile strain (Figure S10), indicating the important

role of 3D structures in improved on-body radiation performance.

Because the level of pre-strain changes the shape of the 3D dipole antenna, it is worthwhile
to investigate its influence on the air gap, impedance matching, and radiation performance. As the
pre-strain is increased from 5 to 10 and then to 15% (Figure 4a), the maximum height of the 3D
structure in the “3D_full” dipole antenna is measured to increase from 1.9 to 2.3 and then to 2.6
mm (Figure 4b). The increase of the pre-strain from 5 to 10 and then to 15% also results in the
increased two resonant frequencies from 2.25/2.56 GHz to 2.27/2.67 GHz and then to 2.31/2.68
GHz. Similar to the case of the 15% pre-strain, the “dual-resonance” characteristic of the “3D_full”
dipole antenna with a pre-strain of 5% (Figure 4c¢) or 10% (Figure 4d) also recovers when the gap
distance between the fingertip and antenna is larger than 3 mm. The “on-body” operational band
of the “3D_full” dipole antenna induced by 10% pre-strain is larger than that induced by a 5% pre-
strain due to the high reflection coefficient at the lower resonant frequency. However, the shift of
Si; curves of the “3D full” dipole antenna induced by a 5% or 10% pre-strain to the smaller
frequency upon stretching and a high reflection at the lower resonance result in a diminishing
operational band due to poor impedance matching (Figure S11a and b). Increasing the pre-strain
level to 30% leads to a higher stretchability (~ 40%) without compromising the operational
bandwidth (Figure S11¢). However, the antenna induced by a 50% pre-strain shows degraded
bandwidth due to poor impedance matching (Figure S11d). The above observations for the
operational band of the “3D full” dipole antenna also hold for the “3D half” dipole antenna
induced by a 5% or 10% pre-strain (Figure S12 and S13). The “3D_half” dipole antenna induced
by a 10% pre-strain exhibits a larger on-body operational band of 0.49 GHz (Figure S12b) than
that of 0.36 GHz induced by a 15% pre-strain before stretching. However, its operational band
almost vanishes upon 20% stretching (Figure S13b), which is significantly smaller than that of

0.12 GHz induced by a 15% pre-strain.
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Compared with the “3D_full” dipole antenna induced by the pre-strain of 15%, the rippled
dipole antenna from the same selective bonding and pre-strain level shows a similar stretchability
of 25% and two resonant frequencies (2.33 and 2.66 GHz) (Figure S14). However, the operational
band of the rippled dipole antenna diminishes upon stretching. The “dual-resonance”
characteristic in the ripple dipole antenna only recovers when the gap distance between the
fingertip and antenna becomes larger than 7 mm. The results imply that the 3D structure is the
major factor that contributes to the improved on-body radiation performance of the stretchable 3D

dipole antennas.

On-body wireless communication and RF energy harvesting of 3D dipole antennas

Compared with the 2D or rippled dipole antennas, the optimized 3D dipole antenna with
the drastically reduced influence from the lossy human tissues is promising for on-body wireless
communication and RF energy harvesting. As an example, the on-body wireless communication
of the optimized “3D_full” dipole antenna induced by a 15% pre-strain has an operational band to
cover the commonly used Bluetooth and Wi-Fi (2.40 - 2.48 GHz), which is suitable for wireless
transmission of data and energy. After attaching the “3D_full” dipole antenna to the human arm
by a Silbione adhesive layer (Figure Sa), the “dual-resonance” characteristic still exists (see the
mark in Figure S15a), whereas the one in the 2D dipole antenna disappears (Figure S15b).
Notably, the optimized “3D_full” dipole antenna on the human arm still exhibits a large

operational bandwidth of 0.22 GHz in the large stretching range from 0 to 25%.

The wireless communication of the 3D dipole antenna is evaluated with a commercial RF
kit that includes a transmitter and receiver pair (SmartRF06) (Figure Sb). Consisting of the
stretchable dipole antenna and a CC2538 RF chip, the transmitter can be programmed to transmit
RF power of -3 dBm (0.50 mW) at ~ 2.45 GHz. An omnidirectional monopolar antenna is
integrated with the receiver that has a sensitivity of -100 dBm. In the open space at a university
campus, the communication performance of the stretchable 2D (Figure S16) and 3D dipole
antenna (Figure 5¢) on the human skin before and after stretching is compared with that in the air.
The received power decreases with the communication distance between the transmitter and
receiver up to ~ 70 m (Figure 5d), which can be further increased with a higher transmitting power.

Compared with the previously reported stretchable monopole antenna to receive - 75 dBm at a
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distance of 20 m from a 1 dBm power source in the free space ?’, the optimized “3D_full” dipole
antenna only needs a power source of -3 dBm, which saves the energy of more than 60%. The
optimized “3D_full” antenna also exhibits a significantly enhanced on-body performance over the
2D dipole antenna, manifested by the smaller difference in the received power between the on-
body and off-body use (termed as on-body degradation) (Figure Se). At a distance of 1 m, the on-
body degradation in the optimized “3D_full” antenna is only 3 dB, which is much smaller than
that of 16 dB in the 2D counterpart (Figure S16). This degradation is even comparable to that of
3 dB from the stretchable microstrip patch antenna that is known for good on-body performance
19 showcasing the excellent on-body performance of the “3D_full” dipole antenna. The measured
radiation pattern of the “3D_full” dipole antenna also shows a higher front-to-back ratio of 3.2 dB
(more radiation along +z direction) than that of 1.1 dB from its 2D counterpart likely contributed
by the air gap from the 3D structure (Figure S17). The preferred radiation along the +z direction
helps reduce the influence of lossy tissues underneath the radiation part. When used as a receiver,
the 3D dipole antenna also exhibits excellent on-body wireless communication performance due
to the reciprocity principle (Figure S18). Consisting of an antenna and a rectifier, the rectifying
antenna (or rectenna) can harvest the RF energy into usable DC power. By leveraging our recent
work on stretchable rectennas '8, the optimized ‘“3D full” antenna with large operational
bandwidth and excellent on-body performance can drastically boost the energy harvesting
efficiency in the resulting stretchable rectenna on the skin. In a proof-of-concept demonstration,
the stretchable 3D dipole antenna can efficiently harvest RF energy to power a red light-emitting
diode (LED) (Figure 5f). The integration of the RF energy harvesting module with a stretchable
strain sensor based on laser-induced graphene (LIG) further yields a self-powered sensing platform
for continuous pulse measurements (Figure 5g). It should be noted that the same strategy also
applies to a smaller stretchable dipole antenna (20.1 mm by 1.8 mm) working at a higher frequency

(~ 5 GHz) (Figure S19), which facilitates the integration in practical applications.

Conclusion

In summary, this work reports the design and demonstration of a new class of stretchable 3D dipole
antennas by the versatile approach of mechanical assembly. Compared to its 2D counterpart, the

mechanically assembled 3D dipole antenna allows ordered unraveling to provide improved
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stretchability. More importantly, 3D dipole antennas with the “dual-resonance” characteristic
provide a large operational band even upon stretching, which is highly desirable for stable wireless
communication and RF energy harvesting. Real-time on-body wireless communication further
confirms the excellent performance of the 3D dipole antenna. The design guidelines for the 3D

dipole antenna can also be applied for the other wearable wireless communication modules.
Experimental sections
Fabrication of 2D/3D dipole antennas

After laminating the PI/Cu foil (9/12 um) on the silicon wafer coated with a thin 10:1 PDMS layer,
the foil was patterned into serpentine traces by a 1065 nm fiber laser (20W EP-S, SPI lasers Inc.)
according to the design prepared by the Auto CAD software. Next, a soft substrate (Ecoflex or
Dragon Skin) with a thickness of 1 mm was prepared by mixing part A with B (1:1 ratio), followed
by curing at room temperature for 2 hours. The cured elastomeric substrate was stretched to a
prescribed level (5%, 10%, or 15%) by a custom-built stretcher. Created by a 10.6 um CO, laser
(VL S2.30, Universal Laser Systems Inc.), the PI masks (50 um) to define the bonding sites allow
the silicone gel to be sprayed at the openings of the mask. With a thermal release tape, the
patterned Cu/PI serpentine traces were transferred onto the pre-stretched substrate. After curing
the silicone gel (Dragon Skin) to create the strong bonding between the foil and the substrate at
desired locations, heating the thermal release tape to 100 °C led to its removal. The release of the
pre-strain generated compressive force and lifted the unbonded serpentine Cu/PI traces to deform
out-of-plane for mechanical assembly of 3D dipole antennas. The 2D dipole antenna as a
comparison was directly fabricated by using the elastomeric substrate without the pre-strain. After
soldering the coaxial cable to the feeding port of dipole antennas, a thin encapsulation layer

(Dragon Skin) was applied at the soldering location to avoid delamination upon stretching.
Optimization of the electromagnetic properties of the 2D/3D dipole antennas by simulations

The antenna performance (e.g., reflection curve and radiation pattern) was simulated by the
ANSYS high-frequency electromagnetic field simulation (HFSS) package. Tetrahedron elements
with automatic and adaptive meshing were adopted to achieve convergence (maximal delta S less
than 0.02) within up to 15 passes. The feeding location was chosen at the short arm of the 2D

dipole antenna for good overall impedance matching and low reflection in the S;; curves.
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Following our previous work '3, the length of the short (driven) arms (indicated by the scissor
location in Figure S1) was optimized to tune the difference between the two resonances and
impedance matching for large bandwidth. The 3D dipole antenna was fabricated based on the
optimized 2D dipole antenna. Further optimization on the actual length of short arms (i.e.,
increased or decreased by 1 mm) in the 3D dipole antenna yields the optimized 3D dipole antenna

covering the target frequency of 2.45 GHz.
Measurement of the electromagnetic-mechanical properties of 2D/3D dipole antennas

The tensile strain on the stretchable dipole antenna was applied by a custom-built stretcher. The
reflection (S;;) curves of the antenna before and after stretching were measured by a network
analyzer (Keysight ES071C). The radiation pattern of the 2D or 3D dipole antenna was measured

in an anechoic chamber.
On-body performance measurement of 2D/3D dipole antennas

Stretchable dipole antennas were fixed on a custom-built stretcher without strain. S;; curves were
measured with a fingertip placed on the top of dipole antennas at different distances. The on-body
performance of the antenna was measured by attaching it to the arm of a healthy human subject

with a Silbione adhesive layer.
Wireless communication and energy harvesting performance of 3D dipole antennas

The commercial RF evaluation kit (SmartRF06, Texas Instruments) was employed to measure the
wireless communication performance of the stretchable 2D or 3D dipole antenna. Two boards
integrated with the CC2538 RF chip acted as the transmitter and receiver, respectively. The chip
in the transmitter could be programmed to transmit the RF energy at a power of -3 dBm (0.501
mW). The stretchable dipole antenna was connected with the transmitter as an RF source. The
receiver was integrated with a PCB-based omnidirectional monopolar antenna to wirelessly
communicate with the transmitter. The receiver was programmed to have a sensitivity of -100
dBm. The received power at different distances for the stretchable dipole antenna placed in the
free space or on the human skin was then measured. The LIG-based stretchable strain sensor was
prepared by scribing on PI films with a CO, laser (power: 10%, speed: 11%, PPI1:1000), followed
by smearing Dragon Skin precursors on it with a ratio of 1:1. After cured, LIG patterns were peeled

off with Dragon Skin substrates. Connecting it with copper wires by silver pastes completes the
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fabrication of the stretchable strain sensor. A RF transmitter (10dBm, WB-SG1, WuTong
Electronics) combined with a amplifier (20W, EST20, ZhongShi Tech.) was used in RF energy

harvesting to ensure the energy output.
Supporting Information

Geometric parameters of the 2D stretchable wideband dipole antenna (Figure S1); Simulated S;;
curves of the stretchable 2D dipole antennas with different widths of radiation arms (Figure S2);
Simulated S, curves and impedance of the stretchable 2D dipole antenna with feeding at the short
or long arm (Figure S3); Strain distribution of the “3D_full” dipole antenna induced by a 15% pre-
strain (Figure S4); Simulated S;; curves of the “3D_full” dipole antenna with different short arm
lengths (Figure S5); Measured S;; curves of the stretchable 3D dipole antenna bent over varying
radii of curvature (Figure S6); Measured S;; curves of the stretchable 3D dipole antenna under
cyclic stretching of 25% over 5000 times (Figure S7); Mechanical-electromagnetic properties of
the stretchable 3D dipole antenna subjected to the external force/pressure (Figure S8);
Encapsulation of the stretchable 3D dipole antenna (Figure S9); Measured S11 curves of the
stretchable 3D dipole antenna upon the tensile strain of 0%, 15%, and 25% with (dashed lines) or
without (solid lines) the fingertip placed at a distance of 1 mm (Figure S10); Mechanical-
electromagnetic properties of the stretchable 3D dipole antenna induced by a pre-strain of 5%,
10%, 30%, or 50% (Figure S11); On-body radiation performance of the “3D half” dipole antenna
induced by a pre-strain of 5% or 10% (Figure S12); Mechanical-electromagnetic properties of the
“3D_half” dipole antenna induced by a pre-strain of 5% or 10% (Figure S13); Mechanical-
electromagnetic properties and on-body radiation performance of the “ripple” dipole antenna
induced by a 15% pre-strain (Figure S14); Radiation performance of the stretchable 3D and 2D
dipole antennas attached to human arms and upon maximum stretching for each (i.e., 25% for 3D
or 10% for 2D antennas (Figure S15); Measured received power by the stretchable 2D dipole
antenna in free space, on human arms, or being stretched by a tensile strain of 10% (Figure S16);
Measured radiation patterns of the stretchable 3D and 2D dipole antenna in the E_plane or H plane
(Figure S17); Measured received power with the stretchable 3D dipole antenna as the receiver in
air or on skin (Figure S18); Simulated S;; curves of a stretchable dipole antenna working at ~5
GHz with a reduced dimension (Figure S19); A stretchable wideband dipole antenna cut by a fiber
laser on PI/Cu foils (Video S1).
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Figure 1. Mechanical assembly of 3D dipole antennas. a. Fabrication process of the 3D dipole
antenna from the mechanical assembly. (i) After the soft Dragon Skin substrate is pre-stretched,
(ii) the 2D dipole antenna fabricated by laser cutting is attached to the pre-stretched substrate with
selective bonding sites. (iii) Release of the pre-strain lifts the non-bonded region to form a 3D
structure. b. Optical images of two representative 3D dipole antennas (i.e., the “3D _full” and
“3D_half” dipole antenna) with different configurations by changing bonding sites.
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Figure 2. Mechanical-electromagnetic properties of the 2D and 3D stretchable dipole
51 antenna. a. Optical image of the 3D dipole antennas (“3D_full” and “3D_half”) upon stretching.
53 b-d. S;; curves of the dipole antenna upon different stretching. The higher resonant frequency

from the short arm was marked by arrows. The marked region highlights the operational band of
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the dipole antenna upon stretching. e. The higher resonant frequency as a function of stretching.
f. Si; curves of the optimized “3D full” dipole antenna with the target frequency (2.45 GHz)

covered upon stretching.
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Figure 3. On-body radiation performance of the 2D and 3D dipole antenna. a. Experimental

setups for measurements of the on-body radiation performance. S;; curves of the 2D (b), “3D_full”

(¢), and “3D_half” (d) dipole antenna with a fingertip place on the top with different distances.
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Figure 4. Influence of pre-strain in the mechanical assembly on the on-body radiation
performance of the “3D_full” dipole antenna. a. Optical images of the “3D_full” dipole antenna
induced by different pre-strain. b. The measured arch height as a function of pre-strain. Measured
Si; curves of the “3D_full” dipole antenna induced by a 5% (¢) or 10 % (d) pre-strain with different

distances to a fingertip.
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Figure 5. On-body wireless communication and energy harvesting performance of the
“3D_full (Optimized)” dipole antenna. a. Optical images of the “3D full” dipole antenna
conformally attached to human arms. b. Optical images of the transmitter and receiver used for
the evaluation of wireless communication performance. ¢. The experimental setup to evaluate the
on-body wireless communication performance. d. Measured received power of the “3D full
(optimized)” dipole antenna in free-space or on the human arm with/without a tensile strain of
25%. e. The degradation of wireless communication of the dipole antenna when being attached to
human arms. f. Demonstration of the RF energy harvesting with the stretchable dipole antenna to
power a red light-emitting diode (LED). g. Continuous pulse measurement from a healthy human
subject with the laser-induced graphene (LIG) strain sensor powered by the harvested RF energy

for self-powered strain sensing.
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