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Bioelectronic devices residing within the human body often rely on wireless signals to interact with the
external world. The transmission of wireless signals from the body, however, is generally inefficient and
energy demanding, in large part due to reflection incurred at the interface between biological tissue and
surrounding space. Here, we show that tailored diffractive patterns placed on the surface of the body can
enhance wireless transmission by nearly an order of magnitude via the conversion of evanescent waves
generated by total internal reflection into propagating waves that transmit into the far field. We develop a
theoretical model of this effect at planar interfaces and verify the transmission enhancement numerically
and experimentally for nonplanar body surfaces. We then demonstrate clinical utility by increasing the
strength of Bluetooth signals received from a wireless device implanted in a large animal model. This
enhanced wireless access paves the way for more functional and longer-lasting bioelectronic devices.
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I. INTRODUCTION

Bioelectronic devices residing in the human body
typically rely on radio-frequency signals in order to wire-
lessly interact with the external world and perform their
diagnostic or therapeutic function. Examples include swal-
lowable endoscopes that transmit images to diagnose gas-
trointestinal disorders [1-3], artificial pancreas systems
that wirelessly coordinate glucose sensors with insulin-
delivery pumps [4,5], and spinal-cord stimulators that are
wirelessly programmed to mitigate pain [6,7]. A key tech-
nological obstacle that must be overcome by such devices
is the low efficiency of signal transmission from the human
body into the surrounding space. To compensate for this
low efficiency, existing wireless systems require trans-
mission at high power levels. State-of-the-art wireless
systems operating in the 2.4-2.5-GHz industrial, scien-
tific, and medical band (including Bluetooth and Wi-Fi),
for example, transmit at power levels exceeding 1 mW (a
pacemaker requires, by comparison, less than 10 W [8]),
which occupies a significant portion of the power bud-
get for devices such as wireless endoscopes [9], neural
recording devices [10], and ingestible sensors [11]. Due
to limited available energy resources, these power require-
ments constrain the overall size, function, and lifetime of
wireless devices that operate in the body.
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Wireless signals propagating from the human body are
attenuated by both tissue absorption and reflection at tissue
boundaries. In most clinically relevant configurations, the
reflection losses are far more significant than the absorp-
tion losses, accounting for more than 80% of the total
transmission loss within the radiative 100-MHz to 10-GHz
frequency range, because of the large dielectric permittiv-
ity of biological tissues (for example, €, = 52.7 4 i12.8 for
muscle tissue at 2.45 GHz) [12]. Unlike absorption losses,
however, reflection losses can be mitigated because they
primarily occur at the interface between the body and its
surrounding space. For example, reflection can be circum-
vented by placing the receiver directly on the surface of
the body [13—16] or by submerging the body in an index-
matched medium [17-21]. Although used in some imaging
applications, these approaches have limited clinical utility
because they constrain the range of wireless operation and
the mobility of the patient. In principle, reflection can also
be eliminated by placing an impedance-matching layer
on the surface of the body. The design of such matching
layers, however, requires thicknesses on the order of the
wavelength, which generally exceeds 10 cm in free space
and results in prohibitively bulky and impractical devices.

Here, we demonstrate enhancement of wireless trans-
mission from the body using diffractive patterns placed on
the surface of the body [Fig. 1(a)]. The diffractive patterns
consist of concentric rings resembling Fresnel zone plates
but are patterned at the subwavelength scale and modulate
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FIG. 1. Enhanced wireless transmission with diffractive pat-
terns. (a) An illustration of wireless transmission from a wireless
bioelectronic device inside the body to an external receiver. The
surface of the body is modulated with a wearable diffractive
pattern. (b),(c) The electric field amplitude (instantaneous) in a
planar model of the interface (air €, = 1 and muscle tissue €, =
52.7) (b) without and (c) with the diffractive pattern. The source
is a dipole 2 cm below the interface oriented in the x direction.
(d) The angular spectrum of the electric field on the interface with
and without the pattern. The shaded region shows the evanescent-
wave components |ky| > ky. (¢) Transmission enhancement as a
function of frequency. The operating frequency is 2.45 GHz.

the interface between air and body to convert evanes-
cent waves into propagating waves that transmit into the
far field. We develop a theoretical model of transmission
through a planar interface that explains this effect and
provides design criteria for the diffractive patterns. Using
models of the human torso, we numerically and experi-
mentally show that the designed patterns enhance wireless
transmission up to an order of magnitude on nonplanar

interfaces. We then demonstrate the utility of this approach
in a clinical setting by using diffractive patterns printed on
a textile to enhance transmission of Bluetooth signals from
within a human-scale porcine model of the body.

II. TRANSMISSION ENHANCEMENT WITH
DIFFRACTIVE PATTERNS

Reflection losses encountered at the surface of the body
have been estimated in early work using the reflectance
of a plane wave at normal incidence to a planar interface
R =" = 1)/(”* + 1)]?, which yields an estimated
58% loss between air and muscle tissue at 2.45 GHz
[22]. Recent computational studies, however, show that R
significantly underestimates the reflection losses encoun-
tered by a wireless signal emitted by a device in the body
because it neglects the curvature of the wave front [12].
Due to the localized nature of the source, the wave front is
predominantly comprised of wave components incident on
the interface at angles larger than the critical angle (6, ~ 8°
at the air-muscle interface), which exhibit zero transmis-
sion due to total internal reflection, resulting in losses that
exceed 80% in most relevant configurations. The conver-
sion of evanescent waves on the surface of the body asso-
ciated with total internal reflection into propagating waves
capable of reaching the far field can therefore enhance
wireless transmission without reducing the reflectance R
encountered at the normal incidence.

This transmission-enhancement effect is illustrated in
Figs. 1(b)-1(e) for a 2.45-GHz dipole source embedded
2 c¢m deep in the tissue half-space (¢, = 52.7). Finite-
difference time-domain simulations of the radiated field
show that the field incident on the interface is predomi-
nantly evanescent [Fig. 1(b)] and exhibits a transmission
of less than 5%. When a diffractive pattern is placed on
the surface, however, the transmission across the interface
is significantly increased [Fig. 1(c)]. Analysis of the field
at the interface shows that the presence of the diffractive
pattern results in an angular spectrum that is compressed
within the light cone |k| < ko relative to the incident
field [Fig. 1(d)], resulting in a total transmission that is
increased by about an order of magnitude at the operating
frequency [Fig. 1(e)].

A. Theory

We develop a theoretical model that explains this effect
for a wireless signal emitted in the tissue half-space. At a
large distance r from the interface, the wireless signal in
air has a power density S (F), where F is an unit vector
pointing into the air half-space taken to be z > 0. The effi-
ciency of wireless transmission from the body is given by
the following:

P,

| .
1= =% / AP, (1)
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where P, is the power emitted by the source, P; is
the power transmitted through the interface into air, and
.., d2 is the angular integral over the upper hemisphere.
The far-field power density S..(F) can be expressed in
terms of the electric field E(ry) at the interface between air
and tissue using the angular-spectrum method. We assume
that E(ry) is linearly polarized with phase profile ¢ (r,) and
define the scalar field F(r,) = |Z x E(r,)|e*™). Decom-
posing the field as F(r,) = [ d*k F(k,)e™™, we have
the following:

R 2w kor, T
Soo(r>=( CM(’},) Floo kil @)
0

where ky = 2 /A is the wave number in air. Equation (2)
shows that the far-field power density depends only on
the angular components kg within the light cone |kg| <
ko, which correspond to the radiative components in free
space. The angular components of the incident field Fy out-
side the cone |Kk,| > ky do not contribute to far-field trans-
mission because they undergo total internal reflection at
the interface. For a dipole source placed in the tissue half-
space, the spectrum of the radiated wave lies within the
range |Kkg| < erl / 2ko. As a result, Fo(ks) is mostly evanes-
cent |Ky| > ko in the air region [Fig. 1(d)] and incurs much
greater reflection losses than predicted by the reflectance at
normal incidence.

We now show that modulating the interface with a non-
periodic diffractive pattern D(r;) can enable the evanescent
components to radiate into the far field. To simplify the
analysis, we model the diffraction of the incident field
Fo(ry) by the pattern using the Kirchhoff approximation

F(ry) = Fo(ry)D(ry), A3)

where D(r;) = 0 at positions where the pattern is opaque
and D(r;) = 1 otherwise. Taking the Fourier decomposi-
tion of Eq. (3) and substituting into Eq. (2), the far-field
transmission Sy, (F) is expressed as a convolution integral
between the Fy(k;) and D(k,). In particular, the transmis-
sion in the direction zZ normal to the interface is given by
the following:

Soo@)=<2”k°) ‘ / rhtobk| . @

Cclor

which has the form of an inner product between the
angular spectrum (including evanescent components) of
the incident field F, and the diffractive pattern D. This
far-field transmission now includes contribution from the
evanescent components |kg|/ky > 1 but does not directly
imply enhanced transmission, since these contributions
may destructively interfere. To enhance transmission in the

z direction, D(r,) should be selected such that
00 ~ ~ ~
‘/ d*k Fy(k)D(—Kky)| > |F(0,0)]. (%)
—00

Applying the same considerations to each direction F, it
can be seen that transmission enhancement occurs when
the diffraction modifies the spatial spectrum of the inci-
dent field such that the total energy contained with the light
cone |Kg| < ky is increased [Fig. 1(d)].

B. Design of the diffractive pattern

To gain insight on the optimal design of the diffractive
pattern, we observe that the far-field transmission in Eq. (4)
is maximized when D(k;) 13"5‘ (—ky) or, in spatial coor-
dinates, D(r,) o< Fj(ry). This solution corresponds to the
matched spatial filter for the incident wave but is complex
valued and cannot be implemented using a binary diffrac-
tive pattern [23]. In general, the design of a binary pattern
maximizing Eq. (4) does not admit an analytical solution
and needs to be solved using numerical optimization. We
use a heuristic approach that discretizes the matched-filter
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FIG. 2. The modulation of the interface field by the diffrac-
tive pattern. (a) The electric field F| at the interface generated
by a dipole emitter 2 cm deep in tissue. (b) The diffractive pat-
tern D obtained from the phase distribution of the incident field.
The black regions indicate areas where D(ry) = 0 and the white
regions where D(rs) = 1. (c) A comparison of the magnitude of
the electric field obtained from the Kirchhoff approximation (the-
ory) and from a numerical solver (simulation) along y = 0. (d)
The angular spectrum of the corresponding electric field aty = 0.
The shaded regions show wave components 1 < |k, /ko| < 7.3
that undergo total internal reflection at the interface.
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solution using the following rule:

0,
1,

¢0(rs) >,
¢o(rs) < m,

D(ry) = { (6)

where ¢o(ry) is the phase profile of the incident field
Fy(ry), with the phase reference point taken to be
¢0(0) = 0. Equation (6) can be applied to obtain a diffrac-
tive pattern for arbitrarily complex tissue geometries pro-
vided that the interfacial field generated by the source can
be obtained computationally.

Figures 2(a) and 2(b) show the numerically calculated
incident field Fy and diffractive pattern D obtained using
Eq. (6) for the tissue half-space. The diffracted field F
predicted by the approximate theory is in close agreement
with full-wave simulations of transmission in the presence
of the diffractive pattern [Fig. 2(c)]. Consistent with the
simulations, the theory shows that the angular spectrum
of F lies primarily within the light cone |k,| < ky [Fig.
2(d)]. This compression of the evanescent spectrum of F
into the radiation region results in transmission enhance-
ment across the interface. Reminiscent of Fresnel zone
plates, the diffractive patterns are ringlike gratings that
exploit wave-interference effects. However, unlike Fres-
nel zone plates and other diffractive devices, the pattern

No pattern Pattern

involves subwavelength spacing between adjacent rings
and modulates an incident evanescent field. The function
of the diffractive pattern can be understood as a generalized
grating coupler that performs surface-to-propagating-wave
conversion using a nonperiodic structure that compresses
the spectrum of the incident field rather than a periodic
structure that provides a fixed-momentum offset.

III. RESULTS

A. Nonplanar surfaces

The diffractive patterns can be unobtrusively placed on
the surface of the body by integrating them into clothing or
other formats conformal to the body. To demonstrate appli-
cability to nonplanar interfaces, we model the human torso
using a cylindrical container (10 cm radius) filled with
water to mimic the biological tissue [24]. A dipole transmit
antenna is placed in the container 4 cm from the air-water
interface and a receive antenna 30 cm (about 2.51) away
from the interface in the normal direction. The diffrac-
tive patterns are fabricated by screen printing stretchable
conductive ink (Ag) on textiles (cotton-polyester blend)
(see the Appendix). Transmission of power is measured
using a vector-network analyzer (VNA), using the scat-
tering parameter |S;|>. Numerical simulations of this
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FIG. 3.

Transmission enhancement on a curved interface. (a) The simulated electric field amplitude (instantaneous) radiated by a

dipole placed 4 cm from the interface in a cylindrical container without and with the diffractive pattern. The dipole is oriented in the x
direction. The cylinder is filled with water (¢, = 78 at 2.45 GHz) to model the human torso. (b) The angular spectrum along tangential
lines p at angle 6 from the normal direction without and with the diffractive pattern. The dashed lines and arrows show the region
in which |k,| > ko. (c) Simulated and measured transmission enhancement. The measurement graph shows the mean & s.d. (n =3
technical trials). (d),(e) Simulated transmission enhancement with varying displacement of the source position in (d) the z direction

and (e) the x direction.
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configuration show that the mismatch between the curva-
ture of the wave front and the interface results in a strongly
reflected incident field (less than 10% transmission) that
is a predominantly evanescent field on the interface [Fig.
3(a)]. Placement of the diffractive pattern on the sur-
face based on this incident field results in about 10 dB
enhancement of transmission at 2.45 GHz in both simula-
tion and experiment [Fig. 3(c)]. By analyzing the angular
spectrum of the simulated field along lines tangential to
points on the interface at angle 6 from the normal direc-
tion, the diffracted field on the interface is found to also
exhibit spectral compression [Fig. 3(b)], in which energy
in the evanescent region of the spectrum is moved into the
propagating region.

As transmission enhancement relies on wave interfer-
ence, displacing the source by distances compared to a
half-wavelength relative to the diffractive pattern can sig-
nificantly alter transmission behavior. We quantify this
effect using simulations for the cylindrical geometry.
Figure 3(d) shows that increasing or decreasing the source
depth z results in a corresponding rightward or leftward
shift in the spectral position of the transmission peak. Lat-
eral displacement in the x direction can result in more
pronounced behavior in which 1 cm displacement results
in transmission suppression at a specific frequency [Fig.
3(e)]. In both cases, the transmission enhancement is main-
tained within approximately +0.5 cm of the prescribed
position at the 2.45-GHz operating frequency.

We next study wireless transmission in an anatomically
detailed computational model of the human body. A dipole
source is placed 5.5 cm below the abdomen to model
transmission from a wireless gastrointestinal device. The
radiated field on the surface of the body is shown in Fig.
4(a), with the transverse cutting plane x = 0 in plane with
the source. The diffractive pattern is designed using the
phase profile ¢(r;) of the incident field, conforming with
the nonplanar surface of the body [Fig. 4(b)]. Figures 4(c)
and 4(d) show the electric field intensity on the x = 0 plane
without and with the diffractive pattern. The diffractive pat-
tern enhances wireless transmission by a factor of about
4.5 in this configuration. The far-field radiation pattern
shows that the enhancement is strongest in the direction
(a factor of 6.3) normal to the interface, although the over-
all radiation pattern is not significantly changed [Figs. 4(e)
and 4(f)].

B. In situ demonstration

To demonstrate the clinical feasibility of transmission
enhancement, we measure the transmission of wireless
Bluetooth signals [25,26] transmitted in sifu in an adult
pig (weight 70 kg) in a radiology room. The experiments
are completed within 3 h of euthanasia, such that the tis-
sue properties are expected to be similar to that in vivo.
We first evaluate wide-band transmission by inserting a
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FIG. 4. Transmission enhancement in a computational human
body model. (a),(b) The electric field amplitude (instantaneous)
radiated by a dipole 5.5 cm deep below the abdomen (a) with-
out and (b) with the diffractive pattern. The transverse cutting
plane x = 0 is in plane with the source. (¢),(d) The electric field
intensity (time-averaged) at x = 0 (c) without and (d) with the
diffractive pattern. (e),(f) The angular distribution of the far-field
power density S, without and with the diffractive pattern in the
(e) sagittal and (f) transverse planes, normalized to the normal
direction Z without the pattern.

transmit antenna excited by a coaxial cable above the stom-
ach in the euthanized adult pig and measuring S, with
a receive antenna positioned 20 cm directly above the
abdomen. Computed-tomography imaging shows that the
transmitter position is about 5.5 cm below the body sur-
face [Figs. 5(a) and 5(b)]. A wearable diffractive pattern
is designed, based on the incident field obtained in the
computational human body model, by screen printing the
pattern on a textile sheet [Fig. 5(c), see the Appendix].
Placement of the textile on the surface of the body with
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In situ transmission enhancement in a large animal model. (a) The computed-tomography reconstruction of the transmit-

device location in the euthanized-adult-pig model. The device is placed above the stomach, about 5.5 cm below the surface of the
abdomen. The arrows show the anterior-posterior (A-P) and dorsal-ventral (D-V) directions. (b) A top view of the position of the
transmit device aligned with the diffractive pattern. (¢c) An image of the diffractive pattern printed on a textile. (d) The transmission
enhancement measured from a receive antenna placed 20 cm above the abdomen. The graphs show the mean =+ s.d. (» = 3 technical
trials). (e) The latency of wireless Bluetooth communication as a function of the transmit power with and without a diffractive pattern.
The error bars show the mean £ s.d. (n = 3 technical trials). (f) The battery voltage of the wireless module for transmit powers of
0.4 mW (pattern) and 2.5 mW (no pattern). The black dashed line shows the minimum voltage required for stable data transmission.

Scale bars: 3 cm.

its center aligned with the transmitter location results in 8
dB enhancement of transmission within the 2.3-2.65-GHz
operating-frequency range [Fig. 5(d)].

We next demonstrate enhanced transmission from
a completely implanted wireless device comprising a
battery-powered Bluetooth module placed in the position
of the transmit antenna. The device transmits a wireless
signal measured outside of the body using a Bluetooth hub.
Figure 5(e) shows the measured Bluetooth transmission
latency as a function of the transmit power of the implanted
wireless device with and without the diffractive pattern.
This latency is related to the signal-to-noise ratio of the
received Bluetooth signal in which a lower signal-to-noise
ratio results in reduced overall data-transmission rates. At
the lowest transmit-power level (0.01 mW), the diffractive
pattern reduces the latency by about 70% (equivalent to
increasing the transmit power by about 8 dB), which can
translate into higher data transfer rates without imposing
additional energy requirements on the implanted device.

Alternatively, enhanced transmission enables the transmit
power to be lowered without compromising the quality of
the wireless communication to achieve longer battery life-
times. For the Bluetooth module used in this experiment,
lowering the transmit power from 2.5 mW to 0.4 mW
extends the battery life by 30%, measured by the time
required to reach the minimum battery voltage (about
2.2 V) for the wireless function [Fig. 5(f)]. This lifetime
can be significantly increased with an optimized design
of the wireless device for low-power operation. Notably,
the diffractive pattern exhibits a relatively flat disper-
sion over the wireless-communication bandwidth (2.4-2.5
GHz) and therefore introduces minimal distortion to the
communication protocol.

IV. DISCUSSION

We demonstrate that modulating the surface of the
body with wearable diffractive patterns can dramatically
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enhance the transmission of wireless signals from the
body. The key insight underlying this enhancement is that
wireless transmission from a localized source is primarily
suppressed by total internal reflection—not the impedance
mismatch encountered by the normal plane-wave com-
ponent—and can therefore be enhanced using gratinglike
patterns to convert evanescent waves into propagating
waves. When enhancing wireless transmission to an exter-
nal receiver, reciprocity implies that transmission from the
external device to the internal device is also enhanced [24].
This enhancement can be understood as a consequence
of focusing: the subwavelength features of the diffractive
pattern generate the high-wave-vector components neces-
sary to produce a focal spot in the body smaller than the
wavelength in air.

Future work should address the robustness of the
enhancement effect as well as the role of impedance mis-
match. The enhancement effect is currently sensitive to
relative displacements exceeding 5 mm. Stretchable or
skin-adhesive fabrics can maintain surface placement
within this range and the positions of implanted devices
within the body are also typically secure at this scale. How-
ever, for ingestible, cardiac, and other devices where the
position varies significantly, pattern designs that are more
robust to displacement may be required. Although the
enhancement achieved is significant, diffractive patterns
cannot provide reflectionless transmission because they do
not resolve the impedance mismatch between biological
tissue and air. Recent work on bianisotropic and cascaded
metasurfaces [27,28] can enable the realization of arbi-
trary surface impedances, which may enable impedance-
matching layers with deeply subwavelength thicknesses to
be realized.
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APPENDIX

1. Numerical methods and design

Simulations are performed using a commercial finite-
difference time-domain solver (CST Microwave Suite).
For all the simulations, a miniaturized electric dipole with
alength of 1 cm and a cross-section radius of 0.5 cm is used
to model the source. Analysis of the electric field at the
interface is performed using MATLAB. The diffractive pat-
terns are obtained by obtaining the spatial distribution of
the phase ¢ (r) and thresholding the function ¢y (r;) > 7,
using the center point (aligned with the source point) as

the zero phase reference. The dimensions are given in
Ref. [24].

2. Experimental methods

The experiments are conducted using a female pig (age
6 months, weight 70 kg) in a radiology room. A trans-
mit antenna (RN-SMA-S-RP, Microchip Technology) is
placed inside the abdomen at about 5.5 cm depth. A receive
antenna (TG.30.8111, Taoglas) is placed 20 cm above the
surface, also aligned with the center of the pattern. Both of
these antennas are connected to a portable VNA (Keysight
Technologies, FieldFox Handheld Analyzers N9915A).
S, is first measured without the diffractive pattern, as
a baseline for comparison. Then, a cloth comprising the
silver-conductive-ink screen-printed diffractive pattern is
placed on the skin of the pig. For each technical trial, the
position of the diffractive is adjusted to align the antenna in
the center of the pattern through radiological imaging and
signal measurements.

Wireless communication is performed using the Blue-
tooth Low Energy (BLE) protocol. In the pig’s abdomen,
a single-mode Bluetooth v4.0 module (Laird Technolo-
gies, BL600) is implanted 5.5 cm deep under the skin and
configured with an integrated antenna, a coin-cell battery
adapter (Laird Technologies, BA600), and a 3-V lithium
battery (Renata, CR1632). The latency measurements and
data transmission are performed using connectivity-testing
software (Laird Technologies, UwTerminalX) run from
a laptop connected to a hub device (Laird Technolo-
gies, BL620). The device is placed 20 cm above the
pig’s abdomen and wirelessly connected to the implanted
Bluetooth module.

3. Diffractive pattern fabrication

The diffractive patterns are fabricated using a con-
ventional screen-printing process using stretchable sil-
ver conductive ink (PE873, DuPont). A photo emulsion
(Speedball Diazo) is uniformly mixed with a sensitizer in a
dark environment and the mixture is spread evenly on the
bottom side of a nylon silk screen frame, using a squeegee.
The silk screen frame is dried overnight in a dark cabinet.
The diffractive pattern is then printed on an OHP trans-
parency film, using an inkjet printer, to form the mask. The
mask is then adhered onto the top side of the dried silk-
screen frame and photoexposed for 8 min (500-W halogen
floodlight (GEWISS GW84215 W.T.) placed 50 cm above
the silk screen frame). The silk screen is washed with
water, yielding the negative mask. To print the pattern, a
cotton shirt is adhered uniformly on the negative-masked
silk-screen frame. Conductive silver ink (Dupont PE873)
is spread evenly on the patterned area and the shirt is
baked on a hot plate (IKA 3581400) at 100 °C for 10 min
to ensure that the ink is completely dried and to achieve
high conductivity. The conductive area is then coated with
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encapsulant (Dupont PE773) and baked on a hot plate at
100 °C for 10 min to provide water and abrasion resistance.
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