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Abstract— Electrophysiological recordings are vital in
assessing biological functions, diagnosing diseases, and
facilitating biofeedback and rehabilitation. The applications
of conventional wet (gel) electrodes often come with some
limitations. Microneedle array electrodes (MAEs) present
a possible solution for high-quality electrophysiological
acquisition, while the prior technologies for MAE fabrica-
tion have been either complex, expensive, or incapable
of producing microneedles with uniform dimensions. This
work employed a projection stereolithography (PuSL) 3D
printing technology to fabricate MAEs with micrometer-
level precision. The MAEs were compared with gel and flat
electrodes on electrode-skin interface impedance (Ell) and
performances of EMG and ECG acquisition. The experimen-
tal results indicate that the PuSL 3D printing technology
contributed to an easy-to-perform and low-cost fabrication
approach for MAEs. The developed MAEs exhibited promis-
ing Ell and enabled a stable EMG and ECG acquisition in
different conditions without inducing skin allergies, inflam-
mation, or injuries. This research lies in the development of
a type of customizable MAE with considerable biomedical
application potentials for ultra-minimally invasive or non-
invasive electrophysiological acquisition.
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[. INTRODUCTION

LECTROPHYSIOLOGICAL signals play a signifi-
Ecant role in assessing biological functions, diagnosing
diseases, and facilitating biofeedback and rehabilitation.
By monitoring and analyzing electrophysiological signals,
a comprehensive understanding of pathological and physiolog-
ical states of human bodies can be achieved [1], [2]. Especially
in clinical practice, the fast progress of electrophysiology has
facilitated the widespread applications of electromyography
(EMG), electrocardiography (ECG), and electroencephalog-
raphy (EEG). For instance, the contraction, relaxation, and
coordination abilities of muscles can be evaluated through
EMG signals, facilitating the identification of anomalies such
as muscle weakness, spasms, or tremors [3], [4]; a con-
tinuous recording of ECG signals enables the detection of
abnormalities in cardiac electrical conduction and rhythm, the
assessment of cardiac muscle contraction and relaxation, and
the assist in diagnosing cardiac pathologies, arrhythmias, and
myocardial ischemia [5], [6]; analysis of EEG signals allows
for the identification of abnormal patterns in brain electrical
activity such as epileptic seizures or anomalous changes in
sleep stage electroencephalograms, aiding in the diagnosis of
epilepsy and sleep disorders [7], [8]. Meanwhile, due to the
development of biopotential electrodes and signal process-
ing algorithms, the utilization of non-invasive methods for
acquiring electrophysiological signal has gained prominence
in human-machine interface studies [9].

Biopotential electrodes serve the purpose of converting
ionic current within human bodies into an electronic cur-
rent that can be effectively utilized by external electronic
systems [10]. Conventional biopotential electrodes, known as
wet electrodes or gel electrodes, are typically constructed
using a combination of silver, silver chloride (Ag/AgCl), and
conductive gel. As the most typical electrodes used in clinical
practice, they offer the advantage of non-invasively captur-
ing high-resolution electrophysiological signals. However, the
disadvantages of wet electrodes significantly limit their fur-
ther application. The pre-treatment of electrodes before use
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involves time-consuming procedures such as hair removal,
skin abrasion, and application of conductive gel. Besides,
while wet electrodes utilize conductive gel to maintain optimal
skin conductivity, extended exposure to this gel can lead to
discomfort or allergic reactions, especially in individuals with
sensitive skins like infants and the elderly. In addition, the
conductive gel is sensitive to humidity and temperature of
surrounding environment, which would limit their application
scenarios [11], [12], [13]. In dry conditions, the conductive
gel can dry out more quickly, resulting in decreased contact
between electrode and skin, thereby affecting the quality of
signals. In order to overcome the above challenges, researchers
have proposed dry electrodes as an alternative option [14].
Commonly used dry electrodes are typically flat electrodes,
which operate without a demand for conductive gel, making
them more suitable for long-term electrophysiological acquisi-
tion. However, in comparison to wet electrodes, dry electrodes
usually exhibit higher electrode-skin interface impedance (EII)
[15], [16]. Moreover, the interface between dry electrodes and
skin is less stable and more susceptible to interference from
body motions [17], [18]. In recent years, within the field
of brain-computer interfaces, researchers have successfully
developed semi-dry electrodes that require only a minimal
amount of electrolyte solution to overcome the respective
drawbacks of wet and dry electrodes. Semi-dry electrodes can
not only collect reliable EEG signals comparable to those
with wet electrodes, but also offer a quick and convenient use
associated with dry electrodes. However, the long-term use of
semi-dry electrodes is still constrained by the dependence on
electrolyte solution [19], [20], [21].

Generally, electrodes are employed on skin surface to cap-
ture electrophysiological signals. The skin, being the largest
organ of human body, comprises several layers including the
epidermis, dermis, and subcutaneous tissue. The epidermis,
the outermost layer of the skin, has an approximate thickness
of 220 um and is composed of the stratum corneum and the
viable epidermis [22]. The stratum corneum plays a crucial
role in shielding the body from mechanical, thermal, chemical,
biological, and radiation threats present in the environment,
with a thickness of about 10 to 40 pm. It consists of dead cells,
leading to high impedance and poor conductivity [23], [24].
Conversely, the viable epidermis beneath the stratum corneum
exhibits high conductivity. The dermis below the epidermis,
which encompasses blood vessels and pain receptors of nerves,
with thickness ranges from approximately 0.6 to 3 mm [22].
Based on the structure and properties of skin, if an electrode
can be designed to penetrate the high-impedance stratum
corneum and establish a direct electrical connection between
the external circuit and the low-impedance viable epidermis,
the challenges encountered by the existing various types of
electrodes in applications might be partly overcome. In light
of this principle, researchers have proposed a conception of
microneedle array electrode (MAE).

MAE:s possess a special structure and offer distinct advan-
tages in electrophysiological signal acquisition. To begin with,
the prior preparation and application of conductive gel are not
required, resulting in shorter preparation time and avoiding
adverse reactions such as skin irritation, allergies, and dam-

age [25], [26]. In addition, the microneedles in MAEs are
capable of effectively penetrating through the high-impedance
stratum corneum, establishing a direct contact with the highly
conductive active viable epidermis layer, which significantly
reduces the EIl. Moreover, the penetration of microneedle to
the skin ensures a reliable fixation of electrode, resulting in a
more stable skin-electrode interface and reduced interference
from motion artifacts [27]. Lastly, the penetration is minimally
invasive and does not cause damage to the dermis, thereby
avoiding stimulation of dermal nerves [28], [29].

The concept of employing MAEs for electrophysiological
acquisition was initially introduced in the year of 2000 [11].
Currently, various techniques have been utilized for MAE
fabrication. Hsu et al. utilized photolithography with etching
to fabricate MAEs with micro-hook-shaped structures on sil-
icon wafers [30], while Fofonoff et al. employed electrical
discharge machining to fabricate MAEs based on titanium
rods [31]. But these techniques entail complex procedures
as well as expensive instrumentation and super clean room,
rendering them not much practical for large-scale manufac-
turing. Chen et al. and Pan et al. attempted to achieve a
simple and rapid fabrication of MAEs using a magnetization-
induced self-assembly method [32], [33]. Ren et al. utilized the
magnetorheological drawing lithography to prepare MAEs on
flexible printed circuit boards and polyethylene-terephthalate
films [34]. However, this way relies on manual manipula-
tion and cannot yield microneedles with uniform dimensions.
The magnetorheological drawing lithography employs curable
magnetorheological fluids for MAE preparation, while further
investigation is required to assess the biocompatibility of
curable magnetorheological fluids. Krieger et al. employed 3D
printing technology using ultraviolet-curable resin to produce
MAESs with uniform structures and customizable features [35].
This 3D printing technology only exhibits high precision in the
fabrication of millimeter-scale microneedle, which does not
meet the requirements for ultra-minimally invasive electrodes.

In this study, we utilized a 3D printing technology
of projection stereolithography to fabricate MAEs with
micrometer-level precision from photosensitive resin, which
are capable of high-quality electrophysiological acquisition for
clinical use. We prepared MAEs with different parameters to
investigate the characteristics of EII. In addition, we compared
the performances of MAEs, gel electrodes, and flat electrodes
in the acquisition of EMG and ECG, where the signal-to-noise
ratio (SNR) of EMG signals, the EMG-based classification
accuracy (CA) for hand motions, as well as the maximum
amplitude and motion artifacts of ECG signals are investigated.

II. MATERIALS AND METHODS
A. Sample Fabrication

To fabricate MAE samples, we employed a 3D print-
ing technique based on Projection Micro Stereolithography
(PuSL). It is a digital light processing-based 3D printing
technique which employs regional ultraviolet (UV) projection
to instigate localized photo-polymerization, allowing for a
high-resolution construction of target electrodes’ 3D geometri-
cal shape. The comprehensive procedure for sample fabrication



2462

IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 32, 2024

can be broadly categorized into three stages as shown in Fig. 1.
First and foremost, a three-dimensional model of MAE is
created by using the computer-aided design (CAD) software.
This model is then sliced at a layer thickness of 10 mm,
resulting in a series of two-dimensional patterns. In other
word, samples are printed layer by layer with a precision of
10 um per layer. Then, the 2D pattern data are transmitted
to the printing system, where a digital micromirror device
(DMD) generates a dynamic digital mask and controls the
deflection of each micromirror (each pixel on the DMD) based
on the image data. As the UV light emitted from the light
source reaches the DMD, it is reshaped to match the image
data and is projected onto the surface of liquid resin via
the final objective lens. This leads to selective exposure and
solidification of specific regions, forming the microneedles.
In this work, the MAE samples consist of a cubic substrate
combined with an array of microneedles in conical shape. The
substrate measures 6 mm X 6 mm x 0.5 mm, whereas the
height of microneedles is ~600 pm, the diameter of needle tip
is ~8 um, and the diameter of needle base is ~300 pm. In this
work, we designed samples with three different microneedle
densities: 3 x 3, 6 x 6, and 9 x 9 needles on each substrate,
corresponding inter-needle center-to-center distances of 2.25,
0.9, and 0.525 mm, respectively. Subsequently, isopropanol is
used to dissolve and remove any uncured photosensitive resin
and magnetron sputtering technology is employed to coat the
non-conductive microneedles first with a 50 nm-thick titanium
(Ti) layer and then a 100 nm-thick Aurum (Au) layer to endow
the surface of microneedles with good conductivity. Finally,
each MAE sample is attached to a metal buckle for electric
connection and medical tapes are used to fix the buckles on
skin surface for signal acquisition.

In addition, for performance assessment, we prepared flat
electrodes with the same parameter as the substrate of MAEs,
ie.,, 6 mm x 6 mm x 0.5 mm, and also included commercially
available gel electrodes (CH3540TD, Cathay, China) in the
follow-up comparative experiments.

B. Equivalent Circuit Models

Fig. 2 depicts the equivalent circuits for the three types
of electrodes. When wet electrodes come into contact with
skin, as shown in Fig. 2(a), an electrode-gel interface and a
gel- epidermis interface are formed. The E.q represents the
electrode potential difference in this two-electrode configura-
tion, and Eg. is caused by the different ion concentrations
at the gel-epidermis interfaces and electrode-gel interfaces.
The combination of Cq and Ry represents the impedance at
the electrode-gel interface, while the series Res represents the
resistance of the gel. The entire gel-epidermal interface can
be modeled as a parallel combination of resistance R. and
capacitance Ce. The dermis and subcutaneous tissues, primar-
ily composed of blood vessels and nerves, have negligible
capacitance, and their impedance can be considered as a pure
resistance Ry [15], [36].

As reported [36], when wet electrodes are in contact with
skin, the gel acts as an electrolyte between the electrode
and skin surface, however, in the case of dry electrodes the
electrolyte is considered as insufficient. When flat electrodes

contact skin directly, as shown in Fig. 2(b), it is necessary to
consider the irregular and unstable contact surface caused by
the insufficient electrolytes, as well as the occasional presence
of air bubbles between the electrode and skin. Therefore, the
resistance Reg is replaced by a capacitance Ceg and a resistance
R in parallel [36].

In the case of microneedles penetrating through the stra-
tum corneum and directly contacting the viable epidermis,
as shown in Fig. 2(c), the influence of high-impedance stratum
corneum is eliminated, forming a metal-viable epidermis inter-
face. The combination of C. and R, represents the impedance
at the metal-viable epidermis interface. R, still represents the
pure resistance of the dermis and subcutaneous tissues. Conse-
quently, MAEs theoretically eliminate the influence from the
stratum corneum and electrolyte gel, and thereby minimize the
impedance at the skin-electrode interface [15], [37].

C. Subjects

In this work, a non-disabled adult male was recruited
for EIl study; for EMG acquisition, six adult males were
recruited, including five non-disabled subjects and a subject
with left forearm amputation; for ECG acquisition, the same
five non-disabled subjects as for EMG acquisition were tested.
The health assessment before experiments indicated that all
participants were mentally sound and eligible for the study.
The research protocol received endorsement from the Insti-
tutional Review Board of Shenzhen Institute of Advanced
Technology, Chinese Academy of Sciences (IRB Number:
SIAT-IRB-190315-H0325). All participants provided written
informed consent and authorized the use of photographs for
academic and educational purpose.

D. Impedance Characterization

A total of five types of electrodes were compared in
the EII measurements: MAEs with 3 x 3, 6 x 6, and 9 x
9 microneedle arrays, gel electrodes, and flat electrodes. The
EIl was measured by using a two-electrode system with an
impedance analyzer (TH2829C, Tonghui Electronic, China),
with frequency range set from 20 to 2000 Hz. Prior to each
measurement, the test area was cleaned with a 75% medical
alcohol swab, and then two electrode samples of each type
were fixed on the subject’s forearm with a center-to-center
distance of 3 cm.

Three scenarios were designed for EIl measurement as
follows, and each scenario was tested at least for three times:

1) Static condition: the subject was in a seated position;

2) Pressure condition: the subject was in a seated position
with the test site subjected to a standard weight of 200 g;

3) Dynamic condition: the subject was standing and swing-
ing his test arm continuously.

E. EMG Recording

For EMG recording, three types of electrodes, i.e., MAEs
with 9x9 microneedle array, gel electrodes, and flat electrodes,
were applied and compared. As shown in Fig. 3(a), two-
channel electrodes were placed on a subject’s extensor carpi
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Schematic diagram of the fabrication procedure for MAEs, where (a) the PuSL 3D printing technology to prepare MAE models, (b) the
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magnetron sputtering to deposit conductive layers, and (c) the connection method for MAEs.

radialis longus with a center-to-center distance of 3 cm.
An additional two-channel electrodes were placed on the flexor
carpi ulnaris. These four-channel electrodes served as the
working electrodes, while a reference electrode was attached to
the subject’s elbow. As indicated in Fig. 3(b), the subject was
required to perform a series of six predefined functional hand
motions including hand closing (HC), hand opening (HO),
wrist extension (WE), wrist flexion (WF), wrist supination
(WS), and wrist pronation (WP), in both static (standing still)
and dynamic (standing with arm swinging) scenarios. Each
motion lasted for 5 s and each series was conducted for three
times. To reduce muscle fatigue, there was a 5 s rest between
adjacent motions and a 20 s rest before each repetition.

The EMG sampling rate was set to 2000 Hz and signals
were processed with MATLAB. We implemented a 50 Hz
harmonic IIR comb filter and a 400th-order zero phase-shift
FIR bandpass filter with a frequency range from 5 to 400 Hz
to eliminate possible influences from power line interference
and baseline drift, respectively, and then the filtered signals
were segmented and combined. Specifically, we extracted
the middle 2 s of each 5-second action segment, and these
extracted segments were thereafter combined to form the
signal segments. Furthermore, we extracted the middle 2 s
of the 5-second rest segments between adjacent motions and
combined them to form the noise segments.

The SNR of EMG and the EMG-based CA for six func-
tional hand motions were measured to compare the electrode
performances. We first calculated the root mean square (RMS)
of the signal and noise segments, respectively. The RMS was
computed with the following formula:

T
_ 12
RMS =,/ N E 1X; 1, ey

i=1

where N represents the number of samples in the segment,
and X; denotes the individual data values. Then the SNR of
signals was computed with the following formula:
1;11\\/[/18851%11&1 ’ )
noise

where RMSsignar and RMS,noise represents the RMS of the
signal and noise segments, respectively. Besides, we conducted
the ¢-test on the SNR results over the three electrodes.

We utilized a sliding window with a window size of 300 ms
and a stride of 150 ms to extract five time-domain features
from the time series data, including the Mean, Standard Devi-
ation, Peak, RMS, and Waveform Length. The EMG-based
CA of functional motions was computed using a neural
network classifier based on the Multi-Layer Perceptron (MLP).
The performance of the model was then evaluated using the
stratified k-fold cross-validation.

SNR = 20log10

F. ECG Recording

The electrodes used for ECG recording were the same
as those used for EMG recording, i.e., MAEs with 9 x
9 microneedle array, gel electrodes, and flat electrodes. A pair
of electrodes of each type was placed on subjects’ left chest to
acquire ECG signals, and the reference electrode was placed
on their left shoulder. Three motion states were designated
during signal acquisition, including standing still, walking on
a slope, and walking on stairs, with each motion state lasting
for 20 s.

The sampling rate for ECG signals was set to 1000 Hz,
and the acquired raw data was processed and analyzed with
MATLAB. We designed a 200th-order zero phase-shift FIR
bandpass filter with a frequency range from 1 to 30 Hz to
address baseline drift and retain signals within the desired
frequency band.
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Fig. 2. The equivalent circuits for (a) gel electrode, (b) flat electrode,
and (c) MAE.

Three evaluation criteria were employed for electrode per-
formance assessment. First, the expectation of the absolute
difference between peak-to-peak values was calculated for
each QRS complex waveform with the formula as follows:

1
EX) =52 X X=1[Vima = Vainl, 3)

where N represents the total number of QRS complex wave-
forms, Vpmax and Vpi, denote the R and S peak value,
respectively.

(a) (b)

HC

- MAEs

Fig. 8. (a) Electrode placement and (b) functional hand motions for
EMG recording.

Second, the signal drift was calculated with the formula as

follows:
1 2 |Vinax + Viin|

DY) = {2 IY-EMP}. Y= o
where N represents the total number of QRS complex wave-
forms, Vpax and Vpin denote the R and S peak value,
respectively.

Third, the square deviation of each data in ECG signals was
computed with the formula as follows:

1 N
D@Z)= > (=9 )
i=1

where N represents the total number of data points in ECG
signals, x; denotes the i-th data point, and x represents the
mean of ECG signals.

[1l. RESULTS

A. Sample Characteristics

The material used of both microneedles and substrate is
a biocompatible resin that was manufactured by integrated
forming through the PuSL 3D printing. Above the resin is
a 50 nm thick Ti layer, which serve as a metal adhesion
layer. On top of the Ti layer is a 100 nm thick Au layer,
which functions as the conductive layer. The presence of
these two layers of metallic conductive thin films, Ti and Au,
ensures the good conductivity and biocompatibility of MAEs.
Fig. 4(a) shows photographs of three different MAEs and a
flat electrode, where 81, 36, and 9 microneedles are neatly
arranged on the rectangular substrates in arrays of 9 x 9,
6 x 6, and 3 x 3, respectively. Fig. 4(b) shows the SEM
image of a typical MAE sample. The actual height of the
fabricated microneedles is approximately 580 wm, with an
error of less than 10%. All microneedles have a tip diameter of
approximately 8 pm, which is highly beneficial for a smooth
penetration into skin.



FU et al.: MICRONEEDLE ARRAY ELECTRODES FABRICATED WITH 3D PRINTING TECHNOLOGY

2465

300 um

Fig. 4. (a) Photographs of MAE samples with 9x 9, 6 x 6, and 3 x 3 microneedles on each substrate and of a flat electrode with the same dimension

as MAEs. (b) The SEM image of a typical MAE sample.

B. Electrical Characteristics

Fig. 5(a) presents the curves of EII variation with frequency
under the static condition for five types of electrodes. Three
measurements were conducted for each type and averaged to
draw the curves. The results reveal that the flat electrodes
always have the highest EII, while the MAEs’ Ells are
slightly greater than the gel electrodes at low frequencies
and comparable at high frequencies. Notably, after the fre-
quency exceeding 200 Hz, the EIl curves of 6 x 6 and
9 x 9 MAEs virtually overlap with that of the gel electrodes.
In addition, the EII of flat electrodes exhibit significant fluctu-
ations at low-frequency stage, while the MAEs demonstrate
a smooth EII performance similar to the gel electrodes.
Fig. 5(b) and (c) displays the EII curves of the five types
of electrodes under the pressure and dynamic conditions,
respectively. Similar to Fig. 5(a), the flat electrodes have the
highest impedance, followed by MAEs, and the gel elec-
trodes own the lowest. At high frequencies, the impedance
values of the MAEs and gel electrodes are comparable.
These results align well with the equivalent circuit model
and the aforementioned working characteristics of MAEs. It’s
worth noting that the Ells of all the five types of electrodes
decrease to some extent, and the flat electrodes do not show
obvious fluctuations under pressure. Especially, under the
dynamic condition, all the electrodes exhibit an increase of
EIl but very strong fluctuations are observed only on flat
electrodes.

Fig. 5(d) illustrates the curves of resistance and capaci-
tance variation with frequency ranging from 20 to 2000 Hz
for the MAEs with 3 x 3, 6 x 6, and 9 x 9 micronee-
dle arrays. The results show that at the same frequency
the resistance decreases with the increase of microneedle
density, while the capacitance increases. At the high-
frequency stage, the resistances of the three electrodes
are similar, while there are obvious differences in their
capacitances.

C. EMG Acquisition

Fig. 6(a) and (b) depict the SNR of EMG signals for differ-
ent hand motions recorded with MAEs, gel electrodes, and flat
electrodes in the static and dynamic scenarios, respectively.
In the figure, the asterisks indicate statistical significance: *
denotes p < 0.05, ** denotes p < 0.01, and *** denotes p <
0.001. Generally, in the both static and dynamic scenarios, the
SNR of MAE:s is always greater than that of flat electrodes and
comparable to that of gel electrodes. Compared with the gel
electrodes, the MAEs can obtain similar SNR or even higher
for some motions without significant difference, indicating
a comparable EMG signal quality to that of commercial
products. Compared with the flat electrodes, the MAEs show
much higher SNR across all the six motions in both scenarios
with statistical significances. In addition, the SNR variation
of MAE:s is relatively smaller than that of flat electrodes over
all the motions in both scenarios, which also confirms the
promising robustness of MAE:s.

Fig. 7 displays the average CA over six hand motions based
on the EMG acquired by using MAEs, gel electrodes, and flat
electrodes. As shown in the figure, in the static scenario, the
is no superiority achieved by using MAEs (96.31%), where
the gel and flat electrodes can result in higher CA (98.83%
and 97.16%). However, in the dynamic scenario with subjects
swinging their test arms, the advantage of MAEs appears with
higher CA (95.10%) and smaller variance compared with the
gel and flat electrodes (93.53% and 93.01%), proving the high
practicality of MAEs in clinical applications.

D. ECG Acquisition

Fig. 8(a) shows the amplitude of QRS complex of ECG
recorded by using MAEs, gel electrodes, and flat electrodes.
Under all the three conditions, i.e., standing still, walking on a
slope, and walking on stairs, the MAEs show nearly equivalent
amplitude of QRS complex as the gel electrodes, and much
larger one than the flat electrodes can. Fig. 8(b) and (c) exhibit



2466 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 32, 2024
(@ %10° 8;,«105 b) %10° 8 %10°
5 9x9 MAEs ! 9x9 MAEs
7, : 7 6x6 MAEs T | 7 6x6 MAES
[ 1 1 1
3 6! E 6! 3x3 MAEs 2 SE i 6 3x3 MAEs
i : : Gel electrodes i ! : Gel electrodes
g G s . 54 Flat electrodes g G s | 5 Flat electrodes
— o | —a |
S e 4 S— . 4 £ 2 4 H— . 4
VE- I ! 7RI !
8 a 3 : 3t 22 a : 3
S £ ! o g ! |
8 2 : 2| ° 2 i 2
W ; : w ! |
T~ ! T 1 ! =
Y E— 0 = L — = o —
20 200 2000 20 60 200 20 200 2000 20 60 200
Frequency (Hz) Frequency (Hz)
(c) 5 5 (d)
) <108 105
8,;f.1? ________ 8.><10 3,.10 9; 10
i i ‘ 9x9 MAEs “ [ 9x9 MAEs
7; : 7 6%6 MAEs sl N 8 6x6 MAES
8 ! 3x3 MAEs ' ‘ . 3%3 MAEs
S 6 . 6| s \
€ ! el electrodes _ ANy .
2¢ s l 5/ Flat electrodes o 2 A g
c8 | S 8 5
z c 4 [ 4| % 1.5 =
R ' £ 5 4
0] i i ] R
-g (=N 3: ' 3 o W
o b ! @ 1 L 3
i E i O o
8 2 : 2| 2
L | | L 0.5
1:.\ ; 11— 1
: S e—
0 irrmrrmrrast——— () 0 0
20 200 2000 20 60 200 20 200 2000 20 200 2000

Frequency (Hz)

Frequency (Hz)

Fig. 5. The electrode-skin interface impedance (Ell) for MAEs, gel electrodes, and flat electrodes in the (a) static, (b) pressure, and (c) dynamic
conditions. (d) The electrode-skin interface capacitance and resistance for MAEs with 3 x 3, 6 x 6, and 9 x 9 microneedle arrays.

the signal drift and standard deviation of each data point of
ECG captured by different types of electrodes. Similarly, the
result of MAEs is comparable to that of the gel electrodes and
lower than that of the flat electrodes. The above results as well
prove the comparable performance of MAEs to commercial
products in ECG recording.

IV. DISCUSSION

Electrophysiological signals hold significant importance in
many fields such as disease diagnosis and rehabilitation
therapy. However, these signals often possess characteristics
of being weak, unstable, and challenging to capture, which
imposing crucial requirements on the performances of biopo-
tential electrodes. The concept of using MAE:s for electrophys-
iological signal acquisition has attracted considerable atten-
tions from researchers for several years. Nevertheless, most
existing methods for MAE fabrication have shortcomings like
either complex processes with high cost, or non-uniform struc-
tures with low robustness. These limitations severely hamper
the large-scale production and further applications of MAEs.

In this work, we developed customizable MAEs with a
distinctive three-dimensional structure. We employed a PuSL

3D printing technology to produce the integrated electrode
samples based on photosensitive resin, consisting of regular
microneedle arrays erected on a substrate. The integrated
structure of microneedles and substrate significantly reduces
the risk of falling off of microneedles from substrates during
use. The resin, as a material that can be solidified by light, can
have its final mechanical property adjusted by changing the
formula and photocuring parameters. The SEM image clearly
demonstrates the successful structure formation through the
PuSL 3D printing technology, which greatly improves the
precision of micrometric electrode fabrication compared to
other 3D printing technologies. This mature and reliable
technology may achieve a low-cost, fast, and stable fabrication
of MAE, and it may also allow for a precise manufacture of
microdevices with specific shapes and sizes. The magnetron
sputtering technology was used to deposit metal conductive
layers on the microneedles, where biocompatible Ti and Au
layers were successively applied to ensure good adhesion and
conductivity.

We studied the electrical characteristics of MAEs and com-
pared them with the commercial products of gel electrodes
and the self-made flat electrodes, which demonstrates MAEs’
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acquired by using MAEs, gel electrodes, and flat electrodes in the static
and dynamic scenarios.

excellent EIl performances. As a key factor, a lower EII
may imply relatively higher signal quality and SNR, as well
as smaller baseline drift. Generally, the experimental results
indicate that MAEs can exhibit much lower EII in all the
tested conditions compared to flat electrodes especially at low
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Fig. 8. The (a) amplitude of QRS complex, (b) signal drift, and
(c) standard deviation of ECG recorded by using MAEs, gel electrodes,
and flat electrodes in the static scenario (standing still) and dynamic
scenarios (walking on a slope, and walking on stairs).

frequencies, and show significantly less fluctuations on EII
than flat electrodes and comparable to gel electrodes. These
phenomena may suggest that the microneedles can effectively
penetrate through the stratum corneum and establish a direct
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and stable connection between the conductive viable epidermis
and the outer electric circuit. Particularly, in the pressure and
dynamic conditions which simply simulate the case of minor
skin deformation and body movement, the EII performances of
MAE:s are virtually identical to gel electrodes and significantly
superior to flat electrodes. This can be attributed to the stable
interface between electrodes and skin fixed by the piercing of
microneedles. On the other hand, as a kind of dry electrodes,
the limitations of wet electrodes like dehydration of gel do
not exist at all, which enables the long-term use without skin
irritation. Therefore, it can be considered that MAEs may
achieve performances just as good as the commercial products
of gel electrodes but avoiding the shortcomings of the latter.

The EIl of MAEs decreases with the increase of fre-
quency, which may be due to the electrode-skin interface
typically resembling a model of resistance and capacitance
in parallel connection, serving as a barrier to block current.
Moreover, there exist other resistances within the human
skin tissue. As frequency continues to increase, the barrier
at electrode-skin interface is breached, and the capacitance
decreases with the increasing frequency. Especially in the
high-frequency range, the contribution of interface capacitance
to the whole impedance is much greater than that of resistance.
Meanwhile, the resistance of human skin tissue does not
change with frequency. Thus, as the frequency continuously
increases, the EII decreases. The microneedle array density,
i.e., the number of microneedles on each substrate with a
fixed dimension, also influences the EII of MAEs. Across the
densities of 3x 3, 6x6, and 9x9, it is found that the impedance
value decreases with the increase of array density. This phe-
nomenon can be explained mainly from the aspect of electrode
capacitance. In a MAE, each microneedle forms a capacitor
and these capacitors are all in parallel connection. Therefore,
a MAE with high array density has a larger total capacitance
than the one with low array density [38]. According to the
equivalent circuit model, a larger capacitance implies a smaller
total impedance, and thus increasing the microneedle density
is beneficial for reducing the EIl of MAEs. On the other
hand, based on the subjective feedback from experimental
operators and subjects, increasing the number of microneedles
requires a stronger pressure to insert the microneedles into
skin, which may cause discomfort. Thus, a balance between
the microneedle number and EII performance is important for
the optimization of MAE:s.

For EMG recording, the results of SNR demonstrate that
MAESs can obtain high-quality signals, which is as good as
gel electrodes and significantly superior to flat electrodes.
This observation aligns with the EII testing, further con-
firming the enhanced stability and anti-interference capability
of MAEs. In terms of CA, although MAEs do not exhibit
better results than gel and flat electrodes in the static scenario
(standing still), however, in the dynamic scenario (standing
with arm swinging), MAEs can achieve the highest average
CA. Additionally, the average variation of CA by MAEs in
both static and dynamic scenarios is the smallest, proving the
stable signal acquisition by MAEs. It is noteworthy that the
CA can be influenced by the robustness of EMG pattern-
recognition algorithm, and subsequent studies might probe

further into specific algorithms especially suitable for MAEs.
For ECG recording, the results show that it is able to capture
clear P-waves, T-waves, and QRS complex from the ECG
signals by using all the tested electrodes in the static scenario
(standing still). While in the dynamic scenarios (walking on
a slope and stairs) the ECG signals collected by MAEs and
gel electrodes display a high degree of similarity in all the
scenarios, showing larger peak-to-peak amplitude, reduced sig-
nal drift, and smaller data point square deviation compared to
flat electrodes. This highlights the superior performance of the
metal-viable epidermal interface formed by the microneedles
piercing into skin especially during body motions, both in
terms of signal strength and stability. Overall, from the exper-
imental results of EIl, EMG recording, and ECG recording
it can be concluded that MAEs can effectively mitigate the
influence of high-impedance stratum corneum and establish
a stable interface with skin, which significantly enhance the
electrophysiological signal quality.

With the well-designed structure and stable conductivity, the
MAEs prepared in this work allow for signal recording in an
ultra-minimally invasive or non-invasive manner. Considering
the biocompatible properties of the materials used for MAE
fabrication, i.e., the biocompatible resin and Ti and Au layers,
together with the IRB-approved research protocol, the safety
of experiments was firstly ensued. Following the application
of MAEs, only micrometer-scale depressions were left caused
by the microneedles’ penetration, which typically disappeared
completely within approximately ten to twenty minutes with-
out any treatment. No skin allergy, inflammation, injury, or any
other side effect was reported by all subjects after experiments.
This phenomenon indicates that the microneedles did not
touch the dermal layer to harm subjects’ nerves. The MAEs
samples fabricated in this work have a height of approximately
580 pum while the thickness of human epidermal layer is
around 220 pum. Thus, it is inferred that maximally ~1/3 of
the needle length can penetrate into skin, while the remaining
part is outside. Coincidentally, the uniform spaces between
microneedles outside skin create multiple ventilation channels
when a MAE attached to skin, which may help to alleviate
the accumulation of sweat during application, which enhances
the wearing comfort of MAEs compared with that of other
electrodes.

Based on the findings of this research, it is recommended
that future studies may try more electrophysiological signals
such as electroencephalograms (EEG). However, due to the
large difference between the scalp and muscle surface, e.g.,
the interference from dense hairs, sensitive and easy-to-get-
injured characters of scalp, and different thickness of scalp, the
structure design, material processing, and packaging technique
of MAE:s for EEG recording on scalp would be quite different
those for EMG and ECG recording on muscle surface. Besides,
it should expand participant sample size and design various
clinical scenarios to further study the characteristics of MAEs.
Moreover, except for electrophysiological recording, the use of
MAE:s for electrical stimulation might be another topic worth
to explore. In general, the unique attributes of MAEs present
considerable research and we can anticipate more innovative
applications of MAEs.
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V. CONCLUSION

This work presented an easy-to-perform method for fab-
ricating MAEs by using the PuSL 3D printing technology.
The well-designed three-dimensional structure of MAEs offers
outstanding performances in EII and subsequently high-quality
electrophysiological acquisition through an ultra-minimally
invasive or non-invasive approach without hurting human
skin. Various applications of MAEs in human-machine

interfaces

and human-machine interactions are highly

anticipated.
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