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Abstract: Nickel plating electrolytes prepared by using a simple salt solution can achieve nickel
plating on laser-induced graphene (LIG) electrodes, which greatly enhances the electrical conductivity,
electrochemical properties, wear resistance, and corrosion resistance of LIG. This makes the LIG–Ni
electrodes well suited for electrophysiological, strain, and electrochemical sensing applications. The
investigation of the mechanical properties of the LIG–Ni sensor and the monitoring of pulse, respira-
tion, and swallowing confirmed that the sensor can sense insignificant deformations to relatively large
conformal strains of skin. Modulation of the nickel-plating process of LIG–Ni, followed by chemical
modification, may allow for the introduction of glucose redox catalyst Ni2Fe(CN)6 with interestingly
strong catalytic effects, which gives LIG–Ni impressive glucose-sensing properties. Additionally, the
chemical modification of LIG–Ni for pH and Na+ monitoring also confirmed its strong electrochemi-
cal monitoring potential, which demonstrates application prospects in the development of multiple
electrochemical sensors for sweat parameters. A more uniform LIG–Ni multi-physiological sensor
preparation process provides a prerequisite for the construction of an integrated multi-physiological
sensor system. The sensor was validated to have continuous monitoring performance, and its prepara-
tion process is expected to form a system for non-invasive physiological parameter signal monitoring,
thus contributing to motion monitoring, disease prevention, and disease diagnosis.

Keywords: flexible electronics; non-invasive monitoring; multi-biomedical signal sensor; laser-
induced graphene

1. Introduction

Flexible wearable physiological signal monitoring sensors have a wide range of appli-
cations in many medical and health fields, such as daily physiological monitoring, disease
prevention, and disease diagnosis and treatment [1–6]. The design of physiological pa-
rameter monitoring equipment needs to take into account the diversity of physiological
parameters, the high demand for continuous real-time detection of physiological signals
in medical treatment and prevention, as well as the comfort of physiological parameter
detection. Flexible wearable testing devices have great demand and development momen-
tum because of their non-invasive monitoring and multi-parameter continuous real-time
monitoring capability [7–9]. The main physiological parameters monitored by non-invasive
flexible sensing are commonly divided into three components: electrochemistry (e.g.,
sweat pH, sweat ion concentration), electrophysiology (e.g., electromyogram (EMG), elec-
trocardiogram (ECG), electroencephalogram (EEG)), and mechanical strain (e.g., pulse,
respiration, vocalization) [10,11]. Electrochemical sensing mainly monitors sweat, usually
using materials with high surface electrochemical properties and specific chemical modifi-
cations to achieve rapid extraction of effective sweat information [12]. Electrophysiological
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signals are now commercially monitored mainly with wet electrodes, which can achieve a
high signal-to-noise ratio (SNR) and good repeatability [13,14]. Recent studies have shown
that non-invasive, high signal-to-noise ratio, and high temporal resolution bioelectric signal
monitoring can be achieved by optical monitoring [15,16]. Mechanical strain is mainly
monitored with highly sensitive piezoelectric sensing and tensile sensors [17,18].

Considering the effect of the miniaturization of multiple physiological parameters
monitoring sensors [19], a more uniform sensor substrate preparation scheme can minimize
the integration difficulty of physiological sensors and reduce the mutual interference caused
by the difference between various physiological sensor preparation methods [13]. Laser-
induced graphene (LIG) is a conductive material with a fast and controllable preparation
process. As a material with a great specific surface area (SSA), good electrical conductivity,
and certain tensile strain properties, LIG has been applied in three major non-invasive
physiological monitoring directions and is currently an important material for the prepara-
tion of integrated sensors for multi-parameter monitoring [4,14,20]. The LIG electrode, as
a typical dry electrode, has stronger stability compared with conventional the Ag/AgCl
wet electrode because it is not affected by gel volatilization. A small amount of silver ions
will be released during the use of the Ag/AgCl wet electrode, which will easily cause skin
allergy and inflammation reactions. LIG dry electrodes do not contain common allergens,
so they have a better safety profile than traditional wet electrodes [14].

There is a large gap between the conductivity of LIG sensors and conventional metal
conductors. However, the monitoring of physiological signals is carried out through sensors
that convert various physiological parameters into electrical parameters. So, the conductiv-
ity of the sensors will directly affect the quality of the signals. To improve the conductivity
of LIG electrodes while retaining the high specific surface area properties, a more feasible
method is to enhance the conductivity of LIG through conductive modification. Nickel
is a metal material that is widely found in nature that has the high electrical conductivity
common to metals and the ability to passivate. The surface of nickel plating generated
by electroplating produces a very thin passivation film that resists the corrosive effects
of air and acid. Meanwhile, nickel plating is simple and inexpensive. A great crystalline
layer can be obtained by plating with a simple salt electrolyte. The high hardness and wear
resistance of the nickel crystalline layer also allow the electrodes modified by nickel plating
to work stably on the skin. Therefore, the conductive modification of LIG electrodes by
electroplating nickel can achieve enhanced electrode conductivity, corrosion resistance,
and wear resistance [21]. During nickel plating, Ni(OH)2 deposition on LIG electrodes
can be formed by adjusting the concentration of the electrolyte composition. Ni(OH)2
has been shown to catalyze the process of glucose conversion to gluconolactone under
alkaline conditions [22]. The simultaneous modification of Prussian blue by electrochemical
methods may allow for the conversion of Ni(OH)2 to Ni2Fe(CN)6 on the sensor. Shi-Kui
Geng et al. showed that Ni2Fe(CN)6 is a high-performance urea oxidation electrocatalyst.
The composites containing Ni2Fe(CN)6 also have good electrocatalytic properties for glu-
cose [23]. Therefore, using the nickel-plating method can enhance the conductivity, stability,
and electrochemical functions of LIG materials, which offers the possibility of preparing
high-performance multi-physiological parameter monitoring systems at a low cost by using
a more uniform preparation process.

Results and discussions will present the mechanical properties of the LIG–nickel-plated
(LIG–Ni) sensor starting with the laboratory preparation method. The preparation process
and monitoring the performance of the sensors for different physiological parameters are
also described. Sensing using the LIG–Ni sensor is demonstrated from three application
perspectives: electrophysiological, strain, and electrochemical in this part. The conclusions
section will systematically summarize the advantages of the preparation and application
of LIG–Ni sensors in the field of physiological signal monitoring, and look forward to
their application.
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2. Results and Discussion
2.1. Preparation of LIG–Ni Flexible Sensor Manufacturing

The preparation part of the LIG–Ni sensor fabrication is divided into two basic steps:
(i) plate making and LIG generation, (ii) electrolyte preparation and Ni plating. After
completing the nickel plating on the LIG surface, the sensor can be modified according
to different physiological parameters to be measured. LIG preparation was accomplished
by using PI films to generate graphene through the laser-induced process. The polyimide
(PI) film is kept in the laser focus plane during the LIG preparation by attaching it to a
flat plate. This makes the LIG preparation process easier to manipulate and results in
a more homogeneous LIG material. Usually, a four-layer structure of PI, water-soluble
tape, double-sided tape, and glass plate are used for overlapping and attaching the board.
Laser-induced formation of a thin layer of graphene fibers on the surface of PI films is
observed. The use of dry preserved water-soluble tape allows the PI layer to be easily
peeled off from the lower substrate by wetting with a small amount of water after the LIG
has been generated (Figure 1a).

Bioengineering 2023, 10, x FOR PEER REVIEW 3 of 14 
 

ological parameters are also described. Sensing using the LIG–Ni sensor is demonstrated 
from three application perspectives: electrophysiological, strain, and electrochemical in 
this part. The conclusions section will systematically summarize the advantages of the 
preparation and application of LIG–Ni sensors in the field of physiological signal moni-
toring, and look forward to their application. 

2. Results and Discussion 
2.1. Preparation of LIG–Ni Flexible Sensor Manufacturing 

The preparation part of the LIG–Ni sensor fabrication is divided into two basic steps: 
(i) plate making and LIG generation, (ii) electrolyte preparation and Ni plating. After 
completing the nickel plating on the LIG surface, the sensor can be modified according to 
different physiological parameters to be measured. LIG preparation was accomplished 
by using PI films to generate graphene through the laser-induced process. The polyimide 
(PI) film is kept in the laser focus plane during the LIG preparation by attaching it to a flat 
plate. This makes the LIG preparation process easier to manipulate and results in a more 
homogeneous LIG material. Usually, a four-layer structure of PI, water-soluble tape, 
double-sided tape, and glass plate are used for overlapping and attaching the board. 
Laser-induced formation of a thin layer of graphene fibers on the surface of PI films is 
observed. The use of dry preserved water-soluble tape allows the PI layer to be easily 
peeled off from the lower substrate by wetting with a small amount of water after the LIG 
has been generated (Figure 1a). 

 

Figure 1. Preparation and application of three LIG–Ni sensors. (a) Schematic diagram of the com-
plete preparation process of the three sensors (including paste plate preparation, laser-induced 
graphene, electrolyte preparation, Ni plating, and subsequent preparation process of different 
functional sensors). (b) Schematic diagram of the application of three sensors for non-invasive 
monitoring (the serial number ①②③ corresponds to electrochemistry sensor, electrophysiology 
sensor and strain sensor). 

Figure 1. Preparation and application of three LIG–Ni sensors. (a) Schematic diagram of the complete
preparation process of the three sensors (including paste plate preparation, laser-induced graphene,
electrolyte preparation, Ni plating, and subsequent preparation process of different functional sen-
sors). (b) Schematic diagram of the application of three sensors for non-invasive monitoring (the serial
number 1© 2© 3© corresponds to electrochemistry sensor, electrophysiology sensor and strain sensor).

The process of electroplating Ni on the prepared LIG substrate requires the preparation
of electrolytes. The electrolyte is made of a mixture of CH3COOH (1 M, 3 g/50 mL) and
NaCl (0.34 M, 1 g/50 mL), and is electrolyzed with a constant voltage source of 5 V
DC under the condition that both the cathode and anode are Ni. During the electrolyte
preparation process, the Ni sheet located at the anode will gradually dissolve to form Ni2+

into the solution, while fine H2 bubbles are generated by the cathode. As the electrolysis
proceeds, the electrolyte gradually changes to light lime green, which is evidence of the
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generation of Ni2+ within the solution during electrolysis. The main ionic equations in the
preparation of the electrolyte are as follows:

Anode: Ni − 2 e− → Ni2+

Cathode: 2 H+ + 2 e− → H2(g)

The Ni modification on the LIG surface can be completed by connecting the Ni
electrode (anode) and the LIG electrode (cathode) in the prepared electrolyte and plating
with a 10 V DC power supply. Sensor substrates that have completed the Ni modification
process are cleaned using deionized water. After drying, it can be chemically modified to
have the ability to monitor electrochemical parameters, such as pH, glucose concentration,
and ion concentration levels of sweat. It is also possible to prepare flexible sensors (e.g.,
electrophysiological sensors, strain sensors) by coating flexible materials (e.g., Dragon Skin)
for LIG–Ni layer immobilization and then removing the PI by laser scanning on the back.
The sensor takes advantage of the high conductivity of the Ni modification to obtain higher
signal quality of physiological signals.

2.2. Electromechanical Characterization

To investigate the effect of nickel plating on the electrical conductivity of LIG, a bone
rod pattern LIG was prepared for nickel plating gradient experiments (Figure 2a). The
experiments were carried out using a controlled time scheme to control nickel plating
amount, and the gradient experiments were increased by 5 s per gradient. The resistance of
the middle part of the bone rod model obtained from several experiments was all saturated
when the nickel-plating time reached 35 s. In the saturated nickel-plated condition, the
resistance of this bone rod model is about 15.2 Ω.

Bioengineering 2023, 10, x FOR PEER REVIEW 5 of 14 
 

 

Figure 2. Mechanical characteristics of the LIG–Ni sensor. (a) LIG–Ni mechanical property test 
samples (including bone rod pattern LIG–Ni test samples with ①different nickel-plating times and ②the same shape tensile strain sensors). (b) The mean standard deviation chart of re-
sistance-plating time for ten LIG–Ni samples. (c) Line chart of the rate of change of resistance with 
tensile strain for saturated nickel-plated LIG–Ni sensors. (d) Uniform cracks on the surface of 
saturated nickel-plated sensors after tensile rates greater than 10%. 

Data from 10 collected samples are illustrated in the mean standard deviation chart, 
where the maximum and minimum data points at each time have been removed. Re-
sistance detection sites are located at both ends of the bone rod midline. It can be seen 
that as the amount of nickel plating increases, the conductivity of LIG also goes up, which 
positively promotes the nickel-plating process to proceed. The peak rate was reached at 
about 20 s of nickel plating. Additionally, the LIG–Ni electrode resistance gradually sta-
bilized as the amount of nickel plating became saturated. The unplated samples’ surface 
resistance was 3304 (Ω/cm2) on average, and the surface resistance of the samples in the 
saturated nickel-plated state was 151.5 (Ω/cm2) on average, which is about 20 times lower 
relative to the unplated ones. This proves that the nickel-plating process greatly improves 
the electrical conductivity of LIG. 

LIG can withstand 20% strain and maintain electrical conductivity, and its conduc-
tivity curve with tensile strain usually has a J-shaped distribution. When stretched to a 
certain length, LIG conductivity decreases sharply with further stretching changes, 
which is mainly caused by the generation of cracks during the stretching process [24]. 
Tensile tests were performed after saturated nickel plating of LIG (Figure 2c). The Ni 
coating leads to a more stable tensile strain around 10% strain for LIG–Ni (Figure 2c), 
which narrows the corresponding range of LIG. Therefore, Ni plating can cause LIG–Ni 
embrittlement. Fine cracks appear in the flexible bone rod structure at a 10% stretching 
state, and uniform stretching cracks appear when increasing the stretching to 20%, 
making the sensor close to being non-conductive (Figure 2d). So, the conductivity and 
tensile strain performance of LIG–Ni can be regulated by controlling the amount of nickel 
plating. The LIG–Ni material with a larger amount of nickel plating is more suitable for 
the design of flexible conductive structures for the region with less strain, while the 
LIG–Ni material with a smaller amount of nickel plating is more suitable to be used in the 

Figure 2. Mechanical characteristics of the LIG–Ni sensor. (a) LIG–Ni mechanical property test
samples (including bone rod pattern LIG–Ni test samples with 1©different nickel-plating times and
2©the same shape tensile strain sensors). (b) The mean standard deviation chart of resistance-plating

time for ten LIG–Ni samples. (c) Line chart of the rate of change of resistance with tensile strain for
saturated nickel-plated LIG–Ni sensors. (d) Uniform cracks on the surface of saturated nickel-plated
sensors after tensile rates greater than 10%.
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Data from 10 collected samples are illustrated in the mean standard deviation chart,
where the maximum and minimum data points at each time have been removed. Resistance
detection sites are located at both ends of the bone rod midline. It can be seen that as the
amount of nickel plating increases, the conductivity of LIG also goes up, which positively
promotes the nickel-plating process to proceed. The peak rate was reached at about 20 s
of nickel plating. Additionally, the LIG–Ni electrode resistance gradually stabilized as
the amount of nickel plating became saturated. The unplated samples’ surface resistance
was 3304 (Ω/cm2) on average, and the surface resistance of the samples in the saturated
nickel-plated state was 151.5 (Ω/cm2) on average, which is about 20 times lower relative
to the unplated ones. This proves that the nickel-plating process greatly improves the
electrical conductivity of LIG.

LIG can withstand 20% strain and maintain electrical conductivity, and its conductivity
curve with tensile strain usually has a J-shaped distribution. When stretched to a certain
length, LIG conductivity decreases sharply with further stretching changes, which is mainly
caused by the generation of cracks during the stretching process [24]. Tensile tests were
performed after saturated nickel plating of LIG (Figure 2c). The Ni coating leads to a
more stable tensile strain around 10% strain for LIG–Ni (Figure 2c), which narrows the
corresponding range of LIG. Therefore, Ni plating can cause LIG–Ni embrittlement. Fine
cracks appear in the flexible bone rod structure at a 10% stretching state, and uniform
stretching cracks appear when increasing the stretching to 20%, making the sensor close to
being non-conductive (Figure 2d). So, the conductivity and tensile strain performance of
LIG–Ni can be regulated by controlling the amount of nickel plating. The LIG–Ni material
with a larger amount of nickel plating is more suitable for the design of flexible conductive
structures for the region with less strain, while the LIG–Ni material with a smaller amount
of nickel plating is more suitable to be used in the region with a larger strain range. The
LIG–Ni obtained with saturated Ni plating retains a certain strain-insensitive range, and
the design of stretchable structures such as serpentine can enhance the resistance stability
of saturated Ni-plated LIG–Ni during stretching and increase the stretch rate threshold.
LIG–Ni can be used selectively in flexible conductors or strain sensors by controlling the
amount of nickel plating in consideration of strain range and conductivity requirements.

2.3. LIG–Ni Application for Electrophysiological Monitoring

Transferring LIG–Ni using flexible and highly biocompatible materials can prepare
electrophysiological sensors to validate their application in electrophysiology and strain
parameter monitoring. The design of the LIG–Ni sensor for electrophysiology is shown
in the right part of Figure 3a. The sensor consists of a serpentine conductive part with a
circular sensor body. The LIG–Ni electrophysiological sensor can be attached to the inside
of the wrist or the back of the hand for ECG monitoring. If the electrolyte for nickel plating
is kept for a long time, the acetic acid and water in the solution will evaporate, causing
the solution acidity to drop and the Ni2+ concentration to increase, which will lead to the
formation of Ni(OH)2 crystals on the surface of LIG during the plating process. Since this
sensor needs to be in contact with skin, and nickel salts are commonly carcinogenic, the
amount of nickel released from the LIG–Ni sensor needs to be controlled [25]. So, it is
necessary to strictly ensure that the electrolyte is freshly made. The PI layer can be removed
together with the sensor part by dissolving the water-soluble tape under the PI layer. After
LIG–Ni is covered by the highly biocompatible flexible material, the LIG can be detached
from the PI film by laser scanning on the back to complete the basic preparation of the
electrophysiological sensor.

Normally, the electrophysiological signal monitoring sites are not subject to large defor-
mations. LIG–Ni sensors prepared using a saturated nickel-plating method can maximize
the performance of dry electrode electrophysiological parameter monitoring by improving
conductivity. Compared with the Ag/AgCl wet electrode, this LIG–Ni dry electrode is less
irritating to the skin. Additionally, the use of flexible and thin substrate transfer allows it to
retain a better conformability with skin, which also ensures its great monitoring capability.
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The left part of Figure 3a shows the continuous ECG signal obtained by using the LIG–Ni
electrophysiological sensor processed with low-frequency band-pass filtering and power
frequency filtering. The PQRST wave of the ECG can be easily recognized from the chart,
proving that the sensor can be effectively used for ECG monitoring [26].
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Figure 3. LIG–Ni sensor for real-time electrophysiological and tensile strain parameter monitoring.
(a) Sampling data for real-time monitoring of ECG signals on the inner wrist (left). Schematic of the
location of the electrophysiological sensor attachment (right). The left part of (b–d) shows samples of
real-time strain monitoring signals for a pulse, abdominal breathing, and swallowing. The right part
shows the corresponding monitoring sites for three-strain detection.

2.4. LIG–Ni Application for Strain Monitoring

The bone rod-shaped LIG–Ni flexible strain sensor, prepared using a preparation
process similar to that of the electrophysiological sensor, can be used to monitor strain
physiological parameters such as pulse, abdominal breathing, and swallowing [27,28].
Since the LIG–Ni strain sensor requires a constant current source, a layer of RT GEL 4317
flexible material can be applied to the LIG–Ni side of the sensor to improve the conformal
adhesion of the sensor to the skin while avoiding direct stimulation by electric current.
The LIG–Ni strain sensor can obtain stable and high-quality pulse wave signals through
continuous monitoring by inner wrist attachment, which confirms the capability of the
LIG–Ni sensor for minimal deformation monitoring (Figure 3b). The attachment position
of this LIG–Ni strain sensor applied to abdominal respiratory monitoring is shown in
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the right part of Figure 3c. Meanwhile, obvious signal frequency and threshold changes
have been found in the conversion between three phases, so three respiratory patterns
could be effectively distinguished by monitoring information. This indicates that it has the
potential to monitor the breathing status and even to warn against apnea (Figure 3c). In
addition, the signal acquisition process of this LIG–Ni strain sensor applied to swallowing
is shown in the right part of Figure 3d. The sensor is applied laterally to the neck to monitor
sudden changes in the sensor signal during swallowing, which validates that swallowing
monitoring can be achieved by setting a threshold value adapted to the individual. This
holds the promise of real-time, effective swallowing monitoring for many patients with
chronic diseases that can cause swallowing disorders, such as stroke and Parkinson’s [28].

2.5. LIG–Ni Application for Electrochemical Monitoring

In the electrolyte solution generated by the electrolysis of nickel using an acetic acid
and sodium chloride solution, the H+ concentration in the solution decreases due to the
electron gain of H+ at the cathode to H2(g). If the electrolyte is kept for a longer time, the
volatility of acetic acid will further cause the solution to be less acidic. The evaporation of
water from the electrolyte also leads to an increase in Ni2+ concentration. During nickel
plating using an electrolyte prepared for two days, the use of a higher plating voltage
causes additional electrolytic water processes, which result in the enrichment of hydroxyl
radicals at the cathode. Under the effect of this series of alkaline enhancing influences,
a longer time of nickel plating will lead to Ni(OH)2 deposition on the cathode LIG due
to the low solubility product of nickel hydroxide (Ksp(Ni(OH)2): 2.0 × 10−15). Plating
Prussian blue using LIG–Ni electrode with Ni(OH)2 deposition aids to resolve this issue.
Since the OH− concentration of the Prussian blue plating solution is not low enough and
the solubility product of Fe(OH)3 is much smaller than that of Ni(OH)2 (Ksp(Fe(OH)3):
3.2 × 10−38), the Ni(OH)2 is converted into Fe(OH)3 in the process of plating Prussian blue.
The chemical equation of the reaction is presumed to be:

Fe(CN)6
4− + 2 Ni(OH)2 + 4 H+ → Ni2Fe(CN)6 + 4 H2O

Ni2Fe(CN)6 is a refractory compound and can be used for the electrocatalysis of
glucose redox in sweat. In addition, loading on a porous LIG–Ni surface can maximize
its catalytic performance and speed up the electrochemical response [22,29,30]. It has
been shown that Prussian blue has good electrochemical reversibility with high stability
and good applications in electrocatalysis. The introduction of Prussian blue can further
stimulate the glucose redox catalytic performance on the electrode surface.

The charge transfer resistance (Rct) of the LIG electrode without nickel plating is nearly
ten times higher than that of the electrode after nickel plating, which proves that LIG–Ni has
much stronger electrochemical properties than LIG (Figure 4a). The LIG–Ni glucose sensor
is prepared by rinsing the prepared nickel-plated electrode with deionized water, and then
plating with Prussian blue by using constant voltage. Usually, the catalytic decomposition
process of enzyme-free glucose takes place under alkaline conditions [31–33]. Cyclic
voltammetry (CV) scans using 0.1 M NaOH as a solvent were obtained in Figure 4b. The
electrode reduction potential was about 0.23 V. A constant pressure of 0.2 V was applied
and glucose concentration monitoring was performed in the same NaOH concentration
solution with a glucose gradient of 0.05 mM (Figure 4c). Glucose was added in single
drops at an interval of 75 s, and then 10 s of steady current before each drop was taken
to be the statistic obtained after the previous drop. The average value within 10 s was
taken to make a dot plot, and the fit to the point plot was performed using ExpDec1 and a
linear fit was performed in two intervals to obtain Figure 4d. Observe that the data trend is
monotonically increasing, and the increasing rate is decreasing, so ExpDec1 is taken for
fitting. In the high sensitivity region (glucose concentration range: 0 mM~0.37 mM) the
linear fit glucose detection sensitivity was 3.60 µA/mM with an R2 of 0.9801; in the lower
sensitivity region (glucose concentration range: 0.37 mM~1 mM) the glucose detection
sensitivity was 1.07 µA/mM with an R2 of 0.9672. The exponential fitting curve is obtained
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as shown in Figure 4d, where R2 is 0.9998. When testing with this electrochemical sensor,
segmented linear fitting or exponential fitting results can be selected according to specific
accuracy requirements. The glucose concentration in sweat (usually below 1 mM) has been
shown to correlate with that of blood. Therefore, the LIG–Ni electrochemical sensor can
be well suited for sweat glucose detection studies and has good application prospects for
non-invasive glucose monitoring [12,34].
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The pH sensor can be prepared by constant pressure plating using a LIG–Ni electrode
in an aniline–hydrochloric acid mixture solution. The detection results are shown in
Figure 4e, and the linear fitting results are shown in Figure 4f. The pH value has a strong
linear relationship with the open circuit potential. Therefore, the pH sensor prepared by
using the LIG–Ni electrode can perform pH monitoring of sweat. The pH value of sweat
is in the range of 4.5~5.5, which is within the linear monitoring range of the electrode.
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Monitoring of sweat pH can be used to assist in monitoring human health conditions, such
as for characterizing dehydration and skin conditions [35].

The Na+ concentration sensor was prepared by using a LIG–Ni electrode in a PEDOT:
PSS conductive polymer for constant pressure plating and then covering the electrode
surface with a Na+ selective permeation film. The data of Na+ concentration monitoring
experiments are recorded in Figure 4g, and the linear fitting results of the monitoring
results are shown in Figure 4h [36]. The linear relationship between log concentration and
open-circuit voltage was excellent in the range of 0~160 mM, which completely covered
the floating range of Na+ concentration in sweat (10 mM~70 mM) [37].

This shows that LIG–Ni electrodes prepared using the nickel-plating method are
extremely promising for non-invasive sweat monitoring of sweat glucose, pH, and com-
mon electrolytes. It has been investigated that sweat can be collected cyclically by sweat
collection devices [8,38–41]. It is foreseen that equipping the collection device with electro-
chemical sensors prepared using LIG–Ni with appropriate electrochemical modifications
can enable multi-parameter monitoring of sweat, thus promoting the development of
non-invasive physiological monitoring in the electrochemical direction.

3. Conclusions

The electrical properties of sensors prepared using LIG–Ni sensors increase rapidly
with the amount of nickel plating. A higher amount of nickel plating is suitable for the
preparation of components with better conductivity while a lower amount can be used for
the preparation of sensors with a larger strain range. The LIG–Ni electrode is advanced in
the following five aspects: (i) through the nickel plating process, the thin oxide layer formed
on the nickel surface can improve the corrosion and wear resistance of the LIG–Ni sensor,
thus increasing the sensor life of servicing; (ii) the nickel plating improves the electrical
conductivity of the LIG–Ni sensor, which makes it more adaptable to the monitoring of
various physiological parameters; (iii) through chemical modification, Ni2Fe(CN)6 may
be introduced on the surface of the LIG–Ni sensor as a strong catalyst, thus improving
monitoring response of LIG–Ni sensors as an enzyme-free glucose sensor; (iv) the relatively
uniform preparation process of electrophysiological, strain, and electrochemical LIG–Ni
sensors also makes it easier to integrate multi-physiological parameter sensing systems;
(v) the low-cost and simple fabrication process also make it easier to mass-produce LIG–Ni
sensors. The LIG–Ni sensor has multiple excellent sensing properties, and its low-cost
and easy preparation process can greatly improve the convenience of manufacturing non-
invasive physiological parameters monitoring sensors. It is expected that it will have an
impressive application in the field of non-invasive monitoring in the future.

4. Methods
4.1. Board and LIG Preparation

First, attach a glass plate (10 cm × 10 cm) with double-sided adhesive, then attach
water-soluble adhesive, and finally attach PI film (thickness: 50 µm) to complete the
production of the board.

The prepared board PI layer was processed upwards by laser processing equipment
(universal Laser VLS3.50 Laser System) for LIG patterning, with the processing parameters:
grating mode; power: 8%; rate: 15%; PPI: 1000.

4.2. Electrolyte Preparation

Take deionized water: 50 mL, pure acetic acid: 2.857 mL (1 M), and NaCl: 1 g (0.5 M)
and mix well to obtain the mixed solution. Take two Ni sheets (about 0.2 g) and insert them
into both ends of the solution. Use a constant voltage of 5 V connected to both ends of the
nickel sheet and react for about 20 min (negative bubble generation can be observed). The
positive nickel sheet consumes 0.08 g.
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4.3. LIG Plated Ni Layer

Pour the prepared electrolyte into the plating cell, with the Ni sheet as the positive
electrode and the LIG to be plated as the negative electrode, and immerse both electrodes
in the solution. Apply a voltage of 10 V to both electrodes and sweep the Ni sheet across
the LIG surface repeatedly at a uniform speed at a distance of about 1 mm near the LIG.
After finishing Ni plating, rinse the LIG–Ni surface well with deionized water.

4.4. Fabrication of LIG–Ni Electrophysiological Sensor

Take 3.5 g of Dragon Skin 30 A and 3.5 g of Dragon Skin 30 B, mix thoroughly, and
lay the mixture flat on the surface of the LIG–Ni sensor board. Use the screed machine to
shake the board at 150 r/s for 30 s, and then leave it to cure for 2–3 h.

After curing, use a pipette gun to wet the water-soluble tape using deionized water,
and remove the PI layer. Scan the PI layer on the back using the laser (universal Laser
VLS3.50). Processing parameters: grating mode; power: 22%; rate: 100%; PPI: 1000.

After scanning, remove the PI layer and transfer the silver nanowire homogenate
to the conductor portion by applying a capillary glass tube. Cut 2 cm of silver wire and
paste it onto the end of the sensor using conductive silver paste. Use a heating table
to heat the conductive silver paste at 90 ◦C until it dries. Take 0.1 g of hardener and
1 g of polydimethylsiloxane (PDMS) and mix thoroughly to obtain mixed glue. Use
tweezers to take an appropriate amount of mixed glue to cover the conductive silver paste
modification area and the front of the wire, and let it stand for 1 h to cure. The LIG–Ni
electrophysiological sensor was fabricated by cutting the sensor into squares.

4.5. Fabrication of LIG–Ni Strain Sensors

The Dragon Skin transfer process and the laser scanning on the back process are the
same as the corresponding fabrication process for the LIG–Ni electrophysiological sensor.
Cut about 2 cm of silver wire and paste it on the end of the sensor using conductive silver
paste, and then heat it at 90 ◦C using a heating table until the conductive silver paste is dry.
Then, take 1 g of RT GEL 4317 A and 1 g of RT GEL 4317 B and mix well. Use tweezers to
take an appropriate amount and apply it thinly and evenly on the side surface of LIG–Ni,
and let it stand for 1 h to cure. Then, the LIG–Ni strain sensor is cut to a square to complete
the fabrication.

4.6. Fabrication of LIG–Ni Electrochemical Sensor

The conductor part of the sensor is coated with silver nanowire homogenization, and
the end is soldered with silver wire.

4.6.1. Fabrication of LIG–Ni Glucose Sensor

The Ni plating step requires the electrolyte to be left for 48 h to allow the acetic acid to
evaporate properly before plating.

Preparation of Prussian blue plating solution: DI water: 50 mL; 36% HCl: 0.45 mL
(0.1 M); FeCl3: 0.02 g (2.5 mM); K3[Fe(CN)6]: 0.04 g (2.5 mM); KCl: 0.37 g (0.1 M) [42]. After
configuring the Prussian blue plating solution, connect the Ag/AgCl reference electrode,
counter electrode, and sensor (working electrode) to the electrochemical workstation, and
submerge the three electrodes in the Prussian blue plating solution. Open the electro-
chemical workstation together with the chi660e software (Shenzhen, China) and set to the
constant voltage deposition mode (0.6 V, 40 s).

4.6.2. Fabrication of LIG–Ni pH Sensor

Configure a mixture of 0.1 M aniline and 0.1 M HCl. Similarly connect the three
electrodes and submerge all three electrodes into the mixed solution. Set the chi660e
software to the constant pressure deposition mode (0.6 V, 150 s).
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4.6.3. Fabrication of LIG–Ni Na+ Sensor

Configure the PEDOT: PSS (0.1 M EDOT with 0.1 M NaPSS). Similarly connect the
three electrodes and then set the chi660e software to the constant current deposition mode
(0.2 mA, 2800 s). Then add 2 µL of the Na+ selective transmission reagent dropwise to the
sensor surface and dry naturally.

Author Contributions: Conceptualization: Y.T., Y.Z. and S.Z.; experimentation: Y.T., Y.Z., J.L., S.Z.,
K.Y. and B.B.; writing—original draft: Y.T. and K.G.; writing—review and editing: H.W., X.H., K.G.
and H.Y.; funding and resources: K.G. and H.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors would like to thank the Key Research and Development Program of Jiangsu
Province (Grant No.BE2021012), the International Partnership Program of the Chinese Academy of
Science (Grant No.154232KYSB20200016), and the Natural Science Foundation of Shandong Province
(Grant No.ZR2022QH214) for support received.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lin, S.; Hu, S.; Song, W.; Gu, M.; Liu, J.; Song, J.; Liu, Z.; Li, Z.; Huang, K.; Wu, Y.; et al. An ultralight, flexible, and biocompatible

all-fiber motion sensor for artificial intelligence wearable electronics. NPJ Flex. Electron. 2022, 6, 27. [CrossRef]
2. Oh, S.Y.; Hong, S.Y.; Jeong, Y.R.; Yun, J.; Park, H.; Jin, S.W.; Lee, G.; Oh, J.H.; Lee, H.; Lee, S.-S.; et al. Skin-Attachable, Stretchable

Electrochemical Sweat Sensor for Glucose and pH Detection. ACS Appl. Mater. Interfaces 2018, 10, 13729–13740. [CrossRef]
[PubMed]

3. Tang, D.; Wang, Q.; Wang, Z.; Liu, Q.; Zhang, B.; He, D.; Wu, Z.; Mu, S. Highly sensitive wearable sensor based on a flexible
multi-layer graphene film antenna. Sci. Bull. 2018, 63, 574–579. [CrossRef] [PubMed]

4. Huang, L.; Wang, H.; Wu, P.; Huang, W.; Gao, W.; Fang, F.; Cai, N.; Chen, R.; Zhu, Z. Wearable Flexible Strain Sensor Based on
Three-Dimensional Wavy Laser-Induced Graphene and Silicone Rubber. Sensors 2020, 20, 4266. [CrossRef]

5. Guo, K.; Zhang, S.; Zhao, S.; Yang, H. Design and Manufacture of Data Gloves for Rehabilitation Training and Gesture Recognition
Based on Flexible Sensors. J. Healthc. Eng. 2021, 2021, 6359403. [CrossRef]

6. Tung, T.T.; Nine, M.J.; Krebsz, M.; Pasinszki, T.; Coghlan, C.J.; Tran, D.N.H.; Losic, D. Recent Advances in Sensing Applications of
Graphene Assemblies and Their Composites. Adv. Funct. Mater. 2017, 27, 1702891. [CrossRef]

7. Lee, H.; Choi, T.K.; Lee, Y.B.; Cho, H.R.; Ghaffari, R.; Wang, L.; Choi, H.J.; Chung, T.D.; Lu, N.; Hyeon, T.; et al. A graphene-based
electrochemical device with thermoresponsive microneedles for diabetes monitoring and therapy. Nat. Nanotechnol. 2016, 11,
566–572. [CrossRef]

8. Yuan, Z.; Hou, L.; Bariya, M.; Nyein, H.Y.Y.; Tai, L.-C.; Ji, W.; Li, L.; Javey, A. A multi-modal sweat sensing patch for cross-
verification of sweat rate, total ionic charge, and Na+ concentration. Lab Chip 2019, 19, 3179–3189. [CrossRef]

9. Bai, W.; Irie, M.; Liu, Z.; Luan, H.; Franklin, D.; Nandoliya, K.; Guo, H.; Zang, H.; Weng, Y.; Lu, D.; et al. Bioresorbable Multilayer
Photonic Cavities as Temporary Implants for Tether-Free Measurements of Regional Tissue Temperatures. BME Front. 2021,
2021, 8653218. [CrossRef]

10. Dubatovka, A.; Buhmann, J.M. Automatic Detection of Atrial Fibrillation from Single-Lead ECG Using Deep Learning of the
Cardiac Cycle. BME Front. 2022, 2022, 9813062. [CrossRef]

11. Bounik, R.; Cardes, F.; Ulusan, H.; Modena, M.M.; Hierlemann, A. Impedance Imaging of Cells and Tissues: Design and
Applications. BME Front. 2022, 2022, 9857485. [CrossRef] [PubMed]

12. Lin, P.-H.; Sheu, S.-C.; Chen, C.-W.; Huang, S.-C.; Li, B.-R. Wearable hydrogel patch with noninvasive, electrochemical glucose
sensor for natural sweat detection. Talanta 2022, 241, 123187. [CrossRef] [PubMed]

13. Tjon, K.C.E.; Yuan, J. Impedance characterization of silver/silver chloride micro-electrodes for bio-sensing applications. Elec-
trochim. Acta 2019, 320, 134638. [CrossRef]

14. Yang, J.; Zhang, K.; Yu, J.; Zhang, S.; He, L.; Wu, S.; Liu, C.; Deng, Y. Facile Fabrication of Robust and Reusable PDMS Supported
Graphene Dry Electrodes for Wearable Electrocardiogram Monitoring. Adv. Mater. Technol. 2021, 6, 2100262. [CrossRef]

15. Alfonso, F.S.; Zhou, Y.; Liu, E.; McGuire, A.F.; Yang, Y.; Kantarci, H.; Li, D.; Copenhaver, E.; Zuchero, J.B.; Müller, H.; et al.
Label-free optical detection of bioelectric potentials using electrochromic thin films. Proc. Natl. Acad. Sci. USA 2020, 117,
17260–17268. [CrossRef]

https://doi.org/10.1038/s41528-022-00158-8
https://doi.org/10.1021/acsami.8b03342
https://www.ncbi.nlm.nih.gov/pubmed/29624049
https://doi.org/10.1016/j.scib.2018.03.014
https://www.ncbi.nlm.nih.gov/pubmed/36658844
https://doi.org/10.3390/s20154266
https://doi.org/10.1155/2021/6359403
https://doi.org/10.1002/adfm.201702891
https://doi.org/10.1038/nnano.2016.38
https://doi.org/10.1039/C9LC00598F
https://doi.org/10.34133/2021/8653218
https://doi.org/10.34133/2022/9813062
https://doi.org/10.34133/2022/9857485
https://www.ncbi.nlm.nih.gov/pubmed/35761901
https://doi.org/10.1016/j.talanta.2021.123187
https://www.ncbi.nlm.nih.gov/pubmed/35030501
https://doi.org/10.1016/j.electacta.2019.134638
https://doi.org/10.1002/admt.202100262
https://doi.org/10.1073/pnas.2002352117


Bioengineering 2023, 10, 620 12 of 12

16. Zhou, Y.; Liu, E.; Yang, Y.; Alfonso, F.S.; Ahmed, B.; Nakasone, K.; Forró, C.; Müller, H.; Cui, B. Dual-Color Optical Recording of
Bioelectric Potentials by Polymer Electrochromism. J. Am. Chem. Soc. 2022, 144, 23505–23515. [CrossRef]

17. Zhang, Y.; Zhu, X.; Liu, Y.; Liu, L.; Xu, Q.; Liu, H.; Wang, W.; Chen, L. Ultra-Stretchable Monofilament Flexible Sensor with Low
Hysteresis and Linearity based on MWCNTs/Ecoflex Composite Materials. Macromol. Mater. Eng. 2021, 306, 2100113. [CrossRef]

18. Tian, Y.; He, P.; Yang, B.; Yi, Z.; Lu, L.; Liu, J. A Flexible Piezoelectric Strain Sensor Array with Laser-Patterned Serpentine
Interconnects. IEEE Sens. J. 2020, 20, 8463–8468. [CrossRef]

19. Tognazzi, A.; Rocco, D.; Gandolfi, M.; Locatelli, A.; Carletti, L.; De Angelis, C. High Quality Factor Silicon Membrane Metasurface
for Intensity-Based Refractive Index Sensing. Optics 2021, 2, 193–199. [CrossRef]

20. Chen, H.; Mei, Z.; Qi, K.; Wang, Y.; Chen, R. A wearable enzyme-free glucose sensor based on nickel nanoparticles decorated
laser-induced graphene. J. Electroanal. Chem. 2022, 920, 116585. [CrossRef]

21. Antikhovich, I.V.; Chernik, A.A.; Zharskii, I.M.; Bolvako, A.K. Electrodeposition of a nickel coating from a low-temperature
acetate-chloride nickel-plating electrolyte. Russ. J. Electrochem. 2015, 51, 281–285. [CrossRef]

22. Zhu, J.; Liu, S.; Hu, Z.; Zhang, X.; Yi, N.; Tang, K.; Dexheimer, M.G.; Lian, X.; Wang, Q.; Yang, J.; et al. Laser-induced graphene
non-enzymatic glucose sensors for on-body measurements. Biosens. Bioelectron. 2021, 193, 113606. [CrossRef]

23. Geng, S.-K.; Zheng, Y.; Li, S.-Q.; Su, H.; Zhao, X.; Hu, J.; Shu, H.-B.; Jaroniec, M.; Chen, P.; Liu, Q.-H.; et al. Nickel ferrocyanide as
a high-performance urea oxidation electrocatalyst. Nat. Energy 2021, 6, 904–912. [CrossRef]

24. Zhang, S.; Chhetry, A.; Zahed, A.; Sharma, S.; Park, C.; Yoon, S.; Park, J.Y. On-skin ultrathin and stretchable multifunctional
sensor for smart healthcare wearables. NPJ Flex. Electron. 2022, 6, 11. [CrossRef]

25. Yang, J.; Ma, Z. Research progress on the effects of nickel on hormone secretion in the endocrine axis and on target organs.
Ecotoxicol. Environ. Saf. 2021, 213, 112034. [CrossRef]

26. Affanni, A. Wireless Sensors System for Stress Detection by Means of ECG and EDA Acquisition. Sensors 2020, 20, 2026. [CrossRef]
[PubMed]

27. Huang, C.; Yao, Y.; Montes-García, V.; Stoeckel, M.; Von Holst, M.; Ciesielski, A.; Samorì, P. Highly Sensitive Strain Sensors Based
on Molecules–Gold Nanoparticles Networks for High-Resolution Human Pulse Analysis. Small 2021, 17, e2007593. [CrossRef]
[PubMed]

28. Polat, B.; Becerra, L.L.; Hsu, P.-Y.; Kaipu, V.; Mercier, P.P.; Cheng, C.-K.; Lipomi, D.J. Epidermal Graphene Sensors and Machine
Learning for Estimating Swallowed Volume. ACS Appl. Nano Mater. 2021, 4, 8126–8134. [CrossRef]

29. Sindhu, B.; Kothuru, A.; Sahatiya, P.; Goel, S.; Nandi, S. Laser-Induced Graphene Printed Wearable Flexible Antenna-Based Strain
Sensor for Wireless Human Motion Monitoring. IEEE Trans. Electron Devices 2021, 68, 3189–3194. [CrossRef]

30. Liu, J.; Ji, H.; Lv, X.; Zeng, C.; Li, H.; Li, F.; Qu, B.; Cui, F.; Zhou, Q. Laser-induced graphene (LIG)-driven medical sensors for
health monitoring and diseases diagnosis. Microchim. Acta 2022, 189, 54. [CrossRef]

31. Strakosas, X.; Selberg, J.; Pansodtee, P.; Yonas, N.; Manapongpun, P.; Teodorescu, M.; Rolandi, M. A non-enzymatic glucose sensor
enabled by bioelectronic pH control. Sci. Rep. 2019, 9, 10844. [CrossRef]

32. He, W.; Huang, Y.; Wu, J. Enzyme-Free Glucose Biosensors Based on MoS2 Nanocomposites. Nanoscale Res. Lett. 2020, 15, 60.
[CrossRef] [PubMed]

33. Jiang, S.; Chen, Y.; Peng, Y. Ginkgo Leaf Inspired Fabrication of Micro/Nanostructures and Demonstration of Flexible Enzyme-Free
Glucose Sensors. Sensors 2022, 22, 7507. [CrossRef]

34. Moyer, J.; Wilson, D.; Finkelshtein, I.; Wong, B.; Potts, R. Correlation between Sweat Glucose and Blood Glucose in Subjects with
Diabetes. Diabetes Technol. Ther. 2012, 14, 398–402. [CrossRef] [PubMed]

35. Yang, M.; Sun, N.; Lai, X.; Wu, J.; Wu, L.; Zhao, X.; Feng, L. Paper-Based Sandwich-Structured Wearable Sensor with Sebum
Filtering for Continuous Detection of Sweat pH. ACS Sens. 2023, 8, 176–186. [CrossRef]

36. Berggren, M.; Malliaras, G.G. How conducting polymer electrodes operate. Science 2019, 364, 233–234. [CrossRef]
37. Yeung, K.K.; Li, J.; Huang, T.; Hosseini, I.I.; Al Mahdi, R.; Alam, M.; Sun, H.; Mahshid, S.; Yang, J.; Ye, T.T.; et al. Utilizing Gradient

Porous Graphene Substrate as the Solid-Contact Layer To Enhance Wearable Electrochemical Sweat Sensor Sensitivity. Nano Lett.
2022, 22, 6647–6654. [CrossRef]

38. Nyein, H.Y.Y.; Tai, L.-C.; Ngo, Q.P.; Chao, M.; Zhang, G.B.; Gao, W.; Bariya, M.; Bullock, J.; Kim, H.; Fahad, H.M.; et al. A Wearable
Microfluidic Sensing Patch for Dynamic Sweat Secretion Analysis. ACS Sens. 2018, 3, 944–952. [CrossRef] [PubMed]

39. Rudolph, M.; Harris, J.K.; Ratcliff, E. Predicting limits of detection in real-time sweat-based human performance monitoring. In
Smart Biomedical and Physiological Sensor Technology XVI; SPIE: Bellingham, WA, USA, 2019; Volume 11020. [CrossRef]

40. Sempionatto, J.R.; Martin, A.; García-Carmona, L.; Barfidokht, A.; Kurniawan, J.F.; Moreto, J.R.; Tang, G.; Shin, A.; Liu, X.;
Escarpa, A.; et al. Skin-worn Soft Microfluidic Potentiometric Detection System. Electroanalysis 2018, 31, 239–245. [CrossRef]

41. Alizadeh, A.; Burns, A.; Lenigk, R.; Gettings, R.; Ashe, J.; Porter, A.; McCaul, M.; Barrett, R.; Diamond, D.; White, P.; et al. A
wearable patch for continuous monitoring of sweat electrolytes during exertion. Lab Chip 2018, 18, 2632–2641. [CrossRef]

42. Garjonyte, R.; Malinauskas, A. Amperometric glucose biosensors based on Prussian Blue– and polyaniline–glucose oxidase
modified electrodes. Biosens. Bioelectron. 2000, 15, 445–451. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/jacs.2c10198
https://doi.org/10.1002/mame.202100113
https://doi.org/10.1109/JSEN.2020.2985063
https://doi.org/10.3390/opt2030018
https://doi.org/10.1016/j.jelechem.2022.116585
https://doi.org/10.1134/S1023193515030027
https://doi.org/10.1016/j.bios.2021.113606
https://doi.org/10.1038/s41560-021-00899-2
https://doi.org/10.1038/s41528-022-00140-4
https://doi.org/10.1016/j.ecoenv.2021.112034
https://doi.org/10.3390/s20072026
https://www.ncbi.nlm.nih.gov/pubmed/32260321
https://doi.org/10.1002/smll.202007593
https://www.ncbi.nlm.nih.gov/pubmed/33464719
https://doi.org/10.1021/acsanm.1c01378
https://doi.org/10.1109/TED.2021.3067304
https://doi.org/10.1007/s00604-021-05157-6
https://doi.org/10.1038/s41598-019-46302-9
https://doi.org/10.1186/s11671-020-3285-3
https://www.ncbi.nlm.nih.gov/pubmed/32166428
https://doi.org/10.3390/s22197507
https://doi.org/10.1089/dia.2011.0262
https://www.ncbi.nlm.nih.gov/pubmed/22376082
https://doi.org/10.1021/acssensors.2c02016
https://doi.org/10.1126/science.aaw9295
https://doi.org/10.1021/acs.nanolett.2c01969
https://doi.org/10.1021/acssensors.7b00961
https://www.ncbi.nlm.nih.gov/pubmed/29741360
https://doi.org/10.1117/12.2518885
https://doi.org/10.1002/elan.201800414
https://doi.org/10.1039/C8LC00510A
https://doi.org/10.1016/S0956-5663(00)00101-9
https://www.ncbi.nlm.nih.gov/pubmed/11419639

	Introduction 
	Results and Discussion 
	Preparation of LIG–Ni Flexible Sensor Manufacturing 
	Electromechanical Characterization 
	LIG–Ni Application for Electrophysiological Monitoring 
	LIG–Ni Application for Strain Monitoring 
	LIG–Ni Application for Electrochemical Monitoring 

	Conclusions 
	Methods 
	Board and LIG Preparation 
	Electrolyte Preparation 
	LIG Plated Ni Layer 
	Fabrication of LIG–Ni Electrophysiological Sensor 
	Fabrication of LIG–Ni Strain Sensors 
	Fabrication of LIG–Ni Electrochemical Sensor 
	Fabrication of LIG–Ni Glucose Sensor 
	Fabrication of LIG–Ni pH Sensor 
	Fabrication of LIG–Ni Na+ Sensor 


	References

