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Abstract
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Conformable epidermal printed electronics enabled from gallium-based liquid metals (LMs),
highly conductive and low-melting-point alloys, are proposed as the core to achieving
immediate contact between skin surface and electrodes, which can avoid the skin deformation
often caused by conventional rigid electrodes. When measuring signals, LMs can eliminate
resonance problems with shorter time to reach steady state than Pt and gelled Pt electrodes.
By comparing the contact resistance under different working conditions, it is demonstrated
that both ex vivo and in vivo LM electrode—skin models have the virtues of direct and
immediate contact with skin surface without the deformation encountered with conventional
rigid electrodes. In addition, electrocardio electrodes composed of conformable LM printed
epidermal electronics are adopted as smart devices to monitor electrocardiogram signals of
rabbits. Furthermore, simulation treatment for smart defibrillation offers a feasible way to
demonstrate the effect of liquid metal electrodes (LMEs) on the human body with less energy
loss. The remarkable features of soft epidermal LMEs such as high conformability, good
conductivity, better signal stability, and fine biocompatibility represent a critical step towards

accurate medical monitoring and future smart treatments.
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1. Introduction

Noninvasion and precision for medical monitoring and treat-
ment are the latest trends in the development of advanced
health care devices. So far, conventional medical devices used
in signal measurement or electrical stimulation treatment have
been mainly equipped with rigid metallic electrodes such as
cooper or platinum, which are generally placed directly on the
skin [1-4]. However, due to the roughness of skin and irregular
physiological profile of the human body [5], there often exist
air gaps between rigid metallic electrodes and skin, inducing

1361-6439/18/034003+10$33.00

bad Ohm contact which affects the measurement accuracy and
even treatment effects [6, 7]. It has been shown that the poor
coupling between metallic electrodes and skin may lead to
low signal-to-noise ratio (SNR), which causes the degradation
of signal performance when measuring physiological param-
eters [8]. In addition, low energy transfer efficiency between
metallic electrodes and the target site caused by air gaps lead
to energy accumulation and temperature rise on local skin sur-
face, increasing the risk of skin injury [9]; this is especially
reflected in equipment with high transient voltages such as
defibrillators [10, 11].

© 2018 IOP Publishing Ltd  Printed in the UK
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To overcome the disadvantages of traditional rigid elec-
trodes, researchers have tried to add pressure onto the
electrodes to enhance electrode—skin contact [12]. However,
the pressure applied may alter the electrical characteristics of
the skin, causing measurement deviation. Conductive gels are
also considered to promote the coupling performance. These
gels could be smeared on the skin surface, filling the air gap
between skin and electrode and enhancing the conductivity
[13]. However, the resistance of the conductive gel itself
cannot be ignored. Furthermore, the electrode cannot main-
tain good contact for long, which requires people to reconnect
the electrodes, after monitoring, every 24 h.

Since flexible circuits can perfectly match the body curve
and have excellent performance in electrophysiological and
biochemical detection [14, 15], they are becoming more and
more popular in wearable medical device fabrication for
tasks such as body temperature measurement [16—18], blood
flow measurement [17], and sweat analysis [19]. Due to their
good electric coupling with skin, flexible circuits can achieve
higher SNR, better security, and a more robust anti-motion
effect [20]. Notably, existing flexible devices can fit the mac-
rophysiological curve but cannot closely fit the microstructure
on the skin surface.

With the capability of being printed directly on the skin,
gallium-based liquid metals (LMs) show great potential for
overcoming the technical challenges conventional rigid elec-
trodes have faced [21-23]. Owing to the merits of non-toxicity
and benign biocompatibility, LMs have made remarkable pro-
gress in bone cement [24], drug delivery nanomedicine [25],
implantable devices [26], stretchable wireless sensors [27-29],
electrical skin [30, 31], and wearable bioelectronics [32-35].
The favorable conformability [32, 33, 36] of LMs allow them
to form a direct contact with the skin and even spontaneously
fill the microstructure on the skin surface without external force
[30, 31]. For instance, Yu et al have printed LM ink on a biolog-
ical surface as a drawable electrocardiogram (ECG) electrode
to demonstrate its conformability and attachment [31].

In this paper, a model is established to simulate the perfor-
mance of the LM electrodes directly attached on the skin. Ex
vivo and in vivo animal experiments of liquid metal electrodes
(LME's) are also taken to evaluate the electrode—skin coupling
impedance in comparison to rigid electrodes. Additionally,
stable ECG signals are detected to present the performance
of physiological parameter monitoring. More importantly,
a simulation treatment for smart defibrillation using these
soft electrodes is done by analyzing the distribution of elec-
tric field and energy on the human body. The feasibility of
highly conformable LM epidermal printed electronics meets
the demands of medical applications, and provides a possible
approach to future smart, accurate, and noninvasive physi-
ological monitoring and treatment.

2. Materials and methods

2.1. Preparation of LM Galnz4 s

The LM adopted as conformable epidermal bio-electrode
was Galnyy s (EGaln, melting point: 15.7 °C, conductivity:

3.4 x 10° S m~!, polarization voltage dives to —0.73 V)
[33]. Gallium and indium with purity above 99.99% were
weighed according to the radio of 75.5: 24.5. Liquid Galnyg s
was obtained by mixing and stirring the prepared Gallium
and Indium at 80 °C for 30 min. In order to avoid the adverse
effects of the oxide layer on the LM surface, 10ml NaOH
solution (0.5 mol 1’1) was added, and the mixture was stirred
for 1 min.

2.2. Galnyy s electrode—skin coupling model

To compare the differences between rigid Pt electrode, gelled
Ptelectrode, and LME, the contact impedances of Pt electrode—
skin, gelled Pt electrode—skin, and Galnyss electrode—skin
in different frequencies from 1 to 10° Hz were measured on
in vivo skin surface of 8 week BALB/c Nude mice by elec-
trochemical workstation (CHI600E, Chenhua, China). In the
Pt electrode—skin model, the Pt electrode was directly placed
on the skin surface. In the gelled Pt electrode—skin model, the
Pt electrode was placed on skin covered with conductive gel
(ECG gel, Jinnuote). In the Galnyy 5 electrode—skin model, the
Pt electrode was placed on skin covered with Galny4 5. When
measuring contact impedances (figure S2), the working (green
probe) and ground (black probe) electrodes are connected
with the gelled Pt electrode or Galnyy s electrode (point A in
figure 1(b)) via Pt wire; the reference (white probe) and aux-
iliary (red probe) electrodes are connected with skin surface
(point B in figure 1(b)) via Pt wire. The epidermis of the nude
mouse was very thin and the wire probe placed below the epi-
dermis can be seen clearly. Therefore, both wire probes were
visible and easily located. All data were measured at the same
position to avoid individual difference.

To illustrate the effect of LME oxide skin on contact resist-
ance, 0.1 mol 17! HCI solution (Beijing Chemical Works),
0.1mol 1-! NaCl solution (Sigma), and 0.1mol 17! NaOH
solution (Sigma)) were respectively treated on the in vivo skin
surface of 8-week-old BALB/c Nude mice. A LM droplet was
dripped on the mice skin first, and then the HCI, NaCl, or
NaOH solution was dripped on the droplet. Four measuring
electrodes were connected according to figure S2, and 5 min
later, the contact resistances were measured by electrochem-
ical workstation.

For the evaluation of contact situation, a CCD camera
(JC2000D3, Shanghai) was used to capture the contact angles
between the LM and skin surface. The contact angles of the
LM droplet on the ex vivo skin surface of 8-week-old BALB/c
Nude mice with different treatments (dry, wet (0.01 ml water
on ex vivo skin surface), oil (0.01 ml oil on ex vivo skin sur-
face)), was further measured and recorded (figure S1).

2.3. In vivo LME experiment

Galnyys was prepared as described in section 2.1.
Polydimethysiloxane (PDMS) [39] was fabricated as a mix-
ture of main and hardening agents (Dow Corning Sylgard 184,
USA) with a mass ratio of 10:1. A plastic mold was first put in
a plastic container, and then an electrode button was put on the
mold. Then the PDMS mixture was poured into the container,
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Figure 1. Schematic for skin electronics. (a) Structural diagram and electronic model of LM soft electrode—skin. (b) Simplified resistance
capacitance parallel model of Galnys 5 electrode—skin model. (c) 3D schematic diagram and its sectional drawing of LME.

surrounding the mold and the button. Then the container was
put in a vacuum heater and heated to 70 °C until complete
solidification. After this, the mold was removed; the device we
finally acquired is shown in figure 1(c). The inside diameter of
the LME model was 15 mm.

In vivo contact resistance under different working condi-
tions (figure 3) was measured on adult male rabbits. Galnyy s
was directly painted on shaved skin without other interface
material, and a platinum electrode was implanted into the sub-
cutaneous position relevant to LMEs. The backside, bosom,
leg, and ear were chosen to measure the contact resistance
by electrochemical workstation. Different concentrations
of NaCl solution (0.5mol 17!, 1.0mol 17!, 1.5mol 1) were
applied to simulate the skin sweating process by smearing it
on the skin. A thin layer of olive oil was painted on the skin
to simulate skin oil secretion. Meanwhile, by changing the
condition of the skin surface, external temperatures at 14 °C,
20 °C, and 27 °C were controlled to observe the influence on
contact resistance.

When monitoring ECG signal via LMEs, a thin layer of
Galnyg s was printed on the bosom of the rabbit by a spray
printing method to make the electrode closely contact the skin
as the first coating. In the printing process, the Galnyg 5 layer
was printed by an airbrush (Meiji Piece Gun, Japan) under
a specific mask as large as the LME surface [23]. The con-
formable LMEs, connected with the ECG monitor through
three lead connections, were pasted on the printed Galny4 s
layer to detect physiological signals (figures 3(e) and (f)).
The animal study was approved by the Ethics Committee
of Tsinghua University, Beijing, China under contract
[SYXK(Jing)2009-0022].

2.4. Cytotoxicity and biocompatibility of Galnsy. s

The complete medium of human melanoma C8161 cells was
made of 88% DMEM/F-12 (Gibco), 10% Certified Foetal
Bovine Serum (Biological Industries), and 2% Penicillin—
Streptomycin Solution (Corning). The complete medium of
human epidermal HaCaT cells was made of §89% DMEM/
High Glucose (HyClone), 10% Certified Foetal Bovine Serum

(Biological Industries), and 1% Penicillin-Streptomycin
Solution (Corning). Galnyss (0.2ml) was immersed into the
cell complete medium (10ml) at different soak times (12, 24,
36, 48h). Ton concentration of Gallium and Indium in cell
culture medium at different soak times was detected by induc-
tively coupled plasma mass spectrometry (Thermo X Series 11,
Thermo Fisher Scientific, Germany). The C8161 and HaCaT
cells were cultured in the complete medium immersed by LM
for 24h and strained by Calcein AM/PI (LIVE/DEADTM
Viability/Cytotoxicity Kit, Invitrogen) to detect the activity of
the enzyme and the integrity of the plasma membrane. The
living cells were green under fluorescence microscope excita-
tion of 495 nm and the dead cells were red under fluorescence
microscope excitation of 530nm (Nikon ECLIPSE TS100).
The C8161 and HaCaT cells were seeded on 96 well plates
(cell concentration: 5 x 10%ml) with 100 z1/well LM soaking
medium. After culturing cells for 24h, the original culture
medium was removed, and 10 pl/well CCK-8 (Cell Counting
Kit-8, Dojindo) and 100 pl/well fresh complete media were
added. For 2h culturing, the optical density was measured by
the multifunctional enzyme marker (Varioskan Flash, Thermo
Scientific) under excitation of 450 nm.

To test its biocompatibility, Galny4 s (0.1 ml/mouse) was
injected underneath 8-week-old BALB/c Nude mice skin for
different durations (0, 5, 10, 15 d) (figure S5), and then the
skin was peeled off and stained with hematoxylin—eosin (HE)
for histological analysis.

3. Results and discussion

3.1. The coupling impedance of Galnyy s electrode—skin
model

Various models with different methods have been established
to describe equivalent impedance of coupling between elec-
trode and skin [7, 10, 37, 38]. In the rigid electrode—skin model,
contact impedance between electrode and skin was affected
by body motion because of the deformation of the skin [6].
In the rigid electrode—gel—skin model, the force caused by the
contact between the electrode and skin was reduced by the gel
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compared to the rigid electrode—skin model. Similarly, LMEs
did not cause skin deformation, which could help reduce the
impact of motion and mechanical force as well as maintain
a stable electric potential E.yo (figure 1(a)). The electrical
resistivity of Galnyys (44.1 p£2-cm) was actually higher than
common rigid electrodes such as copper (1.7 uf2-cm), silver
(1.6 pf2-cm), and gold (2.2 p2-cm) [31]. However, the resist-
ance could be ignored due to the close link between LME and
skin. Besides, LMEs reduced the contact resistance between
electrode and skin and therefore improved SNR of the mea-
sured signal. Furthermore, it diminished the impact of skin
deformation on the transmission of electrical signals and thus
improved the robustness. In figure 1(a), Ep. was half-cell
potential; Ce) and R, were the total capacitance and resistance
of the interface of electrode and electrolyte; Cep and R, were
the capacitance and resistance of the epidermis.

Due to the limitation of measurement, the whole electrode—
skin model was simplified as a parallel model consisting of
resistance R, and capacitance Cy (figure 1(b)). Consequently,
the overall impedance could be characterized as

1 R, R, (1 — jwCqRy)

e A T 2 M
+Jw dli\p 1+(WCdRp)

R, . wCaR;

Z= —J : )
14 (WCR,)* "1+ (WC4R,)

Here, Z is the impedance (Z’ being the real part; Z” being
the imaginary part), Y is the admittance (the reciprocal of Z),
w is the angular frequency (unit: rad s~!), and j is the imagi-
nary number. The real part Z' and imaginary part Z” of the
overall impedance measured from frequency response anal-
ysis could be further described as follows:

Ry

7z =1
1+ (WC4R))

3)

deRI%
1+ (WC4R,)*

1

“

As aresult, the resistance R, and capacitance C; could be

calculated by
Z! 2
!/
R,=Z |1+ (Z’) 5)

Z//

€= 2R, ©
In figures 2(a) and (b), the impedance variation tendency
under different frequencies had obvious distinction among Pt
electrode—skin, gelled Pt electrode—skin, and Galnyys elec-
trode—skin models. Among these three types of electrodes,
the gelled Pt electrode—skin model had the least resistance,
while the Pt electrode—skin model had the most resistance. At
the frequency of 10 Hz, the EGaln resistance was 3.04 x 10*
(), the Pt resistance was 6.32 x 10* € (2.08 times to EGaln),
and the gelled-Pt resistance was 1.60 x 10* Q (0.53 times

to EGaln). The Pt electrode-skin model had the least

capacitance, and the capacitance of the Galnyss electrode—
skin model was lower than that of the gelled Pt electrode—skin
model within the whole measured frequency range. At fre-
quency of 10 Hz, the EGaln capacitance was 5.75 x 10~ F,
the Pt capacitance was 2.85 x 1077 F (0.49 times to EGaln),
and the gelled-Pt capacitance was 2.20 x 10~° F (3.83 times
to EGaln). The product of R, and Cy is the time constant of
the resistance—capacitance circuit. Taking the frequency of 10
Hz for instance, the R, - C; of EGaln was 1.748 x 1072 s, the
R, - C;of Ptwas 1.8012 x 10~%s, and the R, - C, of gelled Pt
was 3.52 x 1072 s. From this analysis, the time constant of the
gelled-Pt electrode was the largest and the charging time that
gelled-Pt electrode required to reach the steady state was the
longest, which hindered the stability of signal measurement.
Due to its maximal capacitance, the gelled Pt electrode—skin
model caused more oscillation in the circuit than Galnyy s or
Pt electrode—skin model, even though its resistance had the
lowest value.

Figures 2(c) and (d) demonstrate that the Galnyys elec-
trode—skin model had the maximum resistance and the
minimum capacitance under HCI treatment. NaCl treatment
produced the largest capacitance and NaOH treatment pro-
duced the smallest resistance. 0.1 mol 1! HCI and 0.1 mol 1~!
NaOH solutions could totally dissolve the thin oxide skin of
the LM [40, 41]. By comparing the resistance and capacitance
resulting from NaCl and NaOH treating, we determined there
was a distinguishing relationship between contact imped-
ances and the oxide skin of the LM. Oxide skin increased
the contact impedance between EGaln and skin. EGaln/HC1
resistance had the maximum value because of the volatility
of HCI. Its volatility led to fewer ions between LM and skin
than those treated by NaOH solution, which made EGaln/HC1
resistance greater than that of EGaln/NaOH. According to the
formula C = ¢ - gy - §/d, the € of EGaln was smaller than that
of NaOH or NaCl solution (some of HCI volatilized, which
reduced the concentration of the HCI solution). Therefore,
EGaln/HClI had the least capacitance. On the whole, the oxide
layer of LM droplet on ex vivo BALB/c Nude mouse skin
increased the contact impedances.

3.2. In vivo physiological monitoring with Galnyss LME

Figure 3 presents in vivo Galnys electrode—skin contact
resistance under different working conditions for the purpose
of evaluating the conformability of the Galnyys electrode.
Figure 3(a) demonstrates that the contact resistance of dry
skin was higher than that with NaCl solution (0.5, 1.0, 1.5 mol
17!) under low frequency. However, the treatment on skin by
different concentrations of NaCl solution brought about the
same contact resistance. The contact resistance of oily skin—
Galny4 5 was higher than that of dry skin—Galn,4 s and normal
saline skin—-Galn,s s, and normal saline skin—Galnyss had
the lowest contact resistance (figure 3(b)). Figure 3(c) dem-
onstrates that the contact resistance of skin—Galnyy s varied
under different room temperatures (14, 20, 27 °C). The con-
tact resistance was the largest at 14 °C, was slightly lower at
20 °C, and was the lowest at 27 °C. Figure 3(d) illustrates the
contact resistance measurement under different positions. The
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Figure 2. Experimental data. (a) and (b) Curves of resistance and capacitance of Galny4 s electrode—skin, Pt electrode—skin, and gelled Pt
electrode—skin varying with frequency from 1 to 10° Hz. ‘Pt Resistance’ refers to the resistance of Pt electrode—skin; ‘Gelled-Pt Resistance’
refers to the resistance of gelled Pt electrode—skin; ‘EGaln Resistance’ refers to the resistance of Galnyy 5 electrode—skin; ‘Pt Capacitance’
refers to the capacitance of Pt electrode—skin; ‘Gelled-Pt Capacitance’ refers to the capacitance of gelled Pt electrode—skin; ‘EGaln
Capacitance’ refers to the capacitance of Galnyy s electrode—skin. (c) and (d) Curves of resistance and capacitance of Galny, 5 electrode—
skin under different skin surface treatments (0.1 mol 1-' HCI, 0.1 mol I-! NaCl, 0.1 mol 1-! NaOH).

ear was the largest, followed by backside and bosom, and the
leg was the least.

By measuring the contact resistance between a Galnyy s
bioelectrode and skin surface under different working con-
ditions, we evaluated the conformability of LMEs. The
inset of figure 3(a) revealed that positive and negative ions
in NaCl solution enhanced the ion transfer and reduced the
resistance. Actually, because the ions in 0.5 mol 1-! NaCl
solution are enough for current transfer, increasing the solu-
tion concentration could not reduce the contact resistance
obviously. Contact resistance was increased with oily skin
and the curve fluctuation was quite large in the low-fre-
quency region, which indicated that the contact resistance
was changed largely and signal anti-interference ability was
weakened (figure 3(b)).

Rabbits are warm-blooded animals. When external
temperature was far lower than the rabbit body temperature,
gooseflesh would occur on the rabbit skin surface to adjust
the skin temperature. Gooseflesh reduces the smoothness of
the skin so that the contact resistance increased when external
temperature was decreased (figure 3(c)). Meanwhile, the
reduced temperature also transformed LM from liquid to
solid, which reduced the conformability of LMEs. Therefore,
LME:s had a relatively narrow temperature range for applica-
tion and should be further tested by LMs with a lower melting
point than Galn alloy, such as Ga-In—-Sn (GagpsIny; 5Snie,

melting point: 11 °C) or Ga-In—-Sn—Zn (GagInysSn;3Zn;,
melting point: 7 °C) [25].

Atdifferent parts of the rabbit, the body profile had different
shapes and contact resistance varied greatly (figure 3(d)).
When measuring the contact resistance of the ear, it had not
been shaved and its resistance was the greatest. With regard
to the spine’s presence on the backside, its surface was not
flat and its contact resistance was the second greatest. Smooth
surfaces at the bosom and leg had been chosen, but more sub-
cutaneous fat in the chest leads to larger contact resistance
than in the leg. Hence, the contact resistances were similar in
different working conditions at high frequency (up to 10 Hz)
that were in the frequency range for ECG, electroencephalo-
gram, pulse wave, and electromyographic detection.

The LMEs were applied to ECG monitoring. By comparing
ECG signals measured by LMEs and Ag/AgCl electrodes,
we found similar stable ECG signals between LMEs and
traditional Ag/AgCl electrodes. The ECG signal measured
by LMEs had uniform variation comparing to Ag/AgCl
electrodes with undulating signal (figures 3(e) and (f)). The
variation of peak-to-peak voltage detected by Ag/AgCl elec-
trodes (32.45 ©V) was 3.15 times larger than that monitored
by LMEs (10.31 xV). As a result, the maximal ECG signal
value measured by Ag/AgCl electrodes changed more dramat-
ically than that of LMEs, which meant LMEs presented better
signal stability and certain reduction of noise.
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Figure 3. Contact resistance of Galny4 5 under different working conditions and the ECG signal measurement of the rabbit. (a) Contact
resistance under different NaCl concentrations. (b) Contact resistance under dry, oily, and normal saline skin. (c) Contact resistance under
different temperatures. (d) Contact resistance under different measuring positions. (¢) Connection of LMEs and ECG monitor: (I) sketch
of three ECG leads on rabbit chest, (II) ECG monitor measuring ECG signal, (III) LMEs on rabbit chest. (f) ECG signals respectively
measured by LMEs and Ag/AgCl electrodes: (I) ECG signal measured by LMEs, (II) ECG signal measured by Ag/AgCl electrodes,

(II) ECG signal comparison between LMEs and Ag/AgCl electrodes from 4 to 65s.

3.3. Simulation smart defibrillation treatment using conform-
able LMEs

To evaluate the treatment of smart defibrillation using
LMEs, physical field simulation was carried out to examine
the conductivity of LM electrode—skin (see supplementary
information (stacks.iop.org/JMM/28/034003/mmedia) for
finite element simulation details) [42, 43]. The LME was
closely attached to the skin, and hence the electric potential

distribution along the normal direction of skin varied evenly
(figure 4(b)). In comparison, rigid electrodes only contacted
convex skin surface and the electric potential distribution in
the concave was small (figure 4(a)). The electric field distribu-
tion of flexible electrodes was more uniform compared to that
of rigid electrodes (figures 4(a) and (b)). Since the directions
of current and electric field were always consistent, flexible
electrodes were able to generate effects uniformly regardless
of the direction of current. In contrast, the air gap between
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Figure 4. Physical field simulation of rigid and conformable LM bioelectrodes on skin surface and human body models, respectively.

(a) Electric potential distribution and electric field distribution of skin when applying voltage in rigid electrode—skin model (purple area
is copper electrode). (b) Electric potential distribution and electric field distribution of skin when applying voltage in LM electrode—skin
model (purple area is LME). (c) Defibrillation model of flexible LME covering human chest, and electric potential and electric field
distribution of physical field simulation in flexible LME model. (d) Defibrillation model of conventional rigid electrode covering human
chest, and electric potential and electric field distribution of physical field simulation in rigid electrode model. (e) Model of ring LME
covering female breast, and electric potential and electric field distribution of physical field simulation in ring LME model (purple area is

LME).

rigid electrode and skin resulted in high impedance, which
might generate heat that could damage the skin (bright spot
in figure S4).

Further, based on the electrode—skin models shown for-
merly, figures 4(c) and (d) exhibit the models of flexible LME
and conventional rigid electrode covered on the chest of the
human body to simulate the treatment for defibrillation via
electrical effect. The simplified chest geometric model was
divided into five parts, including electrode, skin, bone, soft

tissue, and heart. As shown in figure 4(c), LME closely fitted
the skin surface, but with the rigid electrode, air remained in
the gap (figure 4(d)). The electrical parameters of the mat-
erial were shown in table SI. In order to control the variables
and compare the difference between flexible and rigid elec-
trodes, we chose LM Galnyy 5 for the flexible electrodes and
copper for the rigid one. The upper surface of the LME was
applied with a voltage input to simulate the process of defi-
brillation more realistically. Through the analysis of electrical
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Figure 5. Cytotoxicity and biocompatibility of Galny4 s. (a) Observations of live and dead cells of human melanoma C8161 cells and
human epidermal HaCaT cells under fluorescence microscope with cell culture medium immersed in Galnyg 5 (soak times: 12, 24, 36, 48 h);
scale bars: 100 ym. (b) Survival rate of human melanoma C8161 cells by CCK-8 assay with cell culture medium immersed in Galnyg s
(soak times: 12, 24, 36, 48h). (c) Survival rate of human epidermal HaCaT cells by CCK-8 assay with cell culture medium immersed in
Galnyy 5 (soak times: 12, 24, 36, 48 h). (d) Ion concentration in cell culture medium at different soak times (12, 24, 36, 48 h) immersed in
Galnyy s. (e) Skin biopsies with 0.1 ml Galn,4 5 injected underneath BALB/c Nude mice skin for different durations (0, 5, 10, 15 d); scale

bars: 200 pm.

potential distribution and electric field distribution, the flex-
ible LME needed less energy input to realize the same current
distribution.

Defibrillation treatment models (figures 4(c) and (d))
revealed that bone barrier led to uneven body profile, making
it hard for the rigid electrode to pass enough current to the
heart, especially when the patient was thin. However, the
highly conformable bioelectrode had good contact with skin,
decreasing the surface resistance and avoiding heat accumula-
tion and skin ambustion. When smeared with the conductive
paste, the gap between the electrode and skin would be filled.
The conductivity of the conductive paste was 1-20 S m~! and
the Galny, s electrode was 3.76 x 10° S m~!. Therefore, LME
could reduce the energy attenuation and more energy could
be transmitted to the heart compared to that transmitted with
conventional conductive paste.

Additionally, to verify the conformability of LMEs, a
ring LME model was built on a female breast (figure 4(e)).
Owing to the fine structure on the contact of breast and elec-
trodes, there was a high mesh division density as shown
in figure S3(c). Mesh division density at electrode—breast

junction region was the highest, with a minimal grid density
of 0.1 mm. In the ring electrode model, the human body was
assumed as being homogeneous soft tissue. Uniform electric
potential and electric field distribution were obtained by the
ring electrode tightly fitting the skin curve, highlighting the
merits of suitable flexible electrodes. To sum up, all LMEs
employed in measurement or treatment achieved good contact
with the human body.

3.4. Cytotoxicity and biocompatibility of Galnz4 s

Human melanoma C8161 cells and human epidermal HaCaT
cells were applied to detect the cytotoxicity of LM Galnyy s.
Figure 5(d) shows the ion concentration of gallium and
indium in cell culture medium immersed in Galnyy s for dif-
ferent soak times (12, 24, 36, 48 h). Indium was stable and not
detected even after 48 h immersion [44]. The C8161 cells and
the HaCaT cells cultured in the complete medium immersed
by LM were mostly alive (figure 5(a); green, live; red, dead).
The cell survival rate of the C8161 and HaCaT cells (figures
5(b) and (c)) was higher than 100% with different soak times,
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which demonstrated the nontoxicity of complete medium
immersed in Galnyy s.

In addition, Galny4 5 was painted on the skin of BALB/c
Nude mouse for 30min and totally cleaned up with 75%
alcohol. No inflammation was observed, indicating that LM
did not cause skin irritation and did not influence the breath-
able function of the skin (movie S1, figure S6). Furthermore,
the HE slices of skin biopsies (figure 5(e), green circle; circular
follicles show inflammatory reaction) indicate an inflamma-
tory reaction at 5 d that was weakened at 10 d and disappeared
at 15 d, showing its good biocompatibility.

4. Conclusion

In summary, conformable LMEs showed low contact resist-
ance, low noise signal acquisition, little energy diminution,
and fine biocompatibility. Its good contact with skin was
proven by favorable electrical conduction. Due to its con-
formability, Galnys s can not only adapt well to the human
body profile, but can also fit the microstructure of the skin
surface without causing evident force, avoiding both defor-
mation and electrical property change of the electrode—skin
interface. Particularly when comparing the LM electrode—skin
model with rigid electrode—skin and rigid electrode—gel—skin
models, LME offered optimal coupling impedance. In addi-
tion, the contact resistance of the LM Galn,y 5 electrode—skin
model measured under different working conditions such as
sweat or oil secretion, different temperature, and different
body profiles, illustrated its adaptability in different environ-
ments. ECG signal monitored by LMEs had less noise and
better signal stability than that monitored by Ag/AgCl elec-
trodes. More importantly, simulation treatment for smart
defibrillation of thoracic model electric field distribution
achieved precise therapy by establishing the theory of cardiac
defibrillation via FEM (finite element method) simulation.
Conformable LMEs showed the capability of displaying more
uniform electric potential and electric field distribution with
less energy loss compared to conventional rigid electrodes.
Besides, fluorescence imaging of live/dead cells and the sur-
vival rate of C8161 and HaCaT cells indicated its nontoxicity,
and the weakening of inflammation showed its excellent bio-
compatibility. Therefore, flexible LM electronics offer an
excellent way to realize direct and immediate electrode—skin
contact, with high conformability and good conductivity, to
improve stability and precision in physiological monitoring
and disease treatment.

Except for the contact impedance of the electrode—skin
model, more validations are needed to examine the capa-
bility of LME to transmit electrical physiological signals
under different working conditions. Apart from the simpli-
fied simulation models with uniform structure, some more
realistic simulations with real human body size, structure,
and organization type may also need to be considered to
improve the treatment effects for defibrillation. For example,
it is envisioned that the human body model established by
CT (computer tomography) and MRI (magnetic resonance
imaging) images can be adopted in the simulation, which

would be very helpful to plan formulation for personalized
accurate treatment according to each specific patient. Overall,
the presently established, highly conformable LM printed
epidermal electronics offer an extraordinary solution for
physiological signal monitoring, human disease treatment,
and overcoming medical challenges in the near future.
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