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Abstract: Body temperature and bio-signals are important health indicators that reflect the
human health condition. However, monitoring these indexes is inconvenient and time-consuming,
requires various instruments, and needs professional skill. In this study, a composite microneedle
array electrode (CMAE) was designed and fabricated. It simultaneously detects body temperature
and bio-signals. The CMAE consists of a 6 × 6 microneedles array with a height of 500 µm and a
base diameter of 200 µm. Multiple insertion experiments indicate that the CMAE possesses excellent
mechanical properties. The CMAE can pierce porcine skin 100 times without breaking or bending.
A linear calibration relationship between temperature and voltage are experimentally obtained.
Armpit temperature (35.8 ◦ C) and forearm temperature (35.3 ◦ C) are detected with the CMAE,
and the measurements agree well with the data acquired with a clinical thermometer. Bio-signals
including EII, ECG, and EMG are recorded and compared with those obtained by a commercial
Ag/AgCl electrode. The CMAE continuously monitors bio-signals and is more convenient to apply
because it does not require skin preparation and gel usage. The CMAE exhibits good potential for
continuous and repetitive monitoring of body temperature and bio-signals.
Keywords: microneedle array; composite electrode; body temperature; bio-signal

1. Introduction
Recently, home health care management has attracted increasing attention given the rapid increase
in the aging population. For elderly individuals living at home and especially paralysis patients and
cerebral palsy patients, routine and repetitive measurement of a few basic physiological, including body
temperature and bio-signals is important to reflect health conditions. Body temperature reflects the
health condition of human beings and it is an indicator of a few diseases such as fever [1], insomnia [2],
fatigue [3], metabolic functionality [4], and depression [5]. Bio-signals, including electrode-skin
interface impedance (EII), electromyography (EMG) and electro-cardiography (ECG) are also crucial
in clinical practice applications such as the detection of heart attacks and rhythm disorders by using a
ECG signal, identification of epilepsy by using a EEG signal, and monitoring of neurogenic myopathy
by using a EII signals [6]. The combination of body temperature with bio-signals provides clinically
relevant information related to cardiovascular health, cognitive state, malignancy, and many other
important aspects of human physiology.
Clinical mercurial thermometer (CMT), ear thermometers, and infrared digital cameras are
usually employed for body temperature measurements. Oral, rectal, and organ (tissue) temperature
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measurements with a clinical thermometer or an ear thermometer provide more accurate readings
of body temperature although these techniques are limited to single-point and non-continuous
measurements. Furthermore, the use of a clinical thermometer is time consuming. An infrared
digital camera exhibits advantages including quick, responsible, and non-contact detection although
it is limited by measurement accuracy in clinical applications. Recently, a few wearable devices
integrated with a thermometer were developed for real time monitoring of skin temperature [7–10].
Skin temperature is easily affected by surrounding temperature and humidity. Therefore, it is necessary
to consider accurate detection and long-term monitoring of body temperature for home health
care management.
Ag/AgCl electrodes and dry electrodes are the most widely used electrodes to detect bio-signals.
Specifically, the Ag/AgCl electrode suffers from two major defects, namely skin preparation and the
use of gel. A microneedle array electrode is a promising dry electrode that has attracted increasing
attention in EII [11], ECG [12], EMG [13], and EEG [14] monitoring due to excellent properties including
painless puncture without skin preparation, minimal skin trauma, reduced infection, ease of operation,
and high selectivity [15,16]. The previous microneedle array electrode mainly focused on the bio-signals
recording. No report has been found that a microneedle array electrode can simultaneously monitor
both bio-signals and body temperature.
In this study, a novel composite microneedle array electrode (CMAE) was fabricated for body
temperature and bio-signals monitoring. The microneedle penetrated the skin through the stratum
corneum layer to efficiently detect body temperature and bio-signals. The fabrication method of the
CMAE is simple and incurs low cost. The fabrication comprises three steps, namely fabrication of a
titanium microneedle array, spinning coating of a SU-8 layer, and sputtering coating of a gold layer.
The measuring mechanism of the CMAE is discussed. The fabricated microneedle was characterized,
and its mechanical performance was investigated under multiple insertions. The temperature
measurement performance of the CMAE is discussed. The performance of monitoring EII, EMG,
and ECG bio-signals was evaluated and compared with those of commercial Ag/AgCl electrodes.
2. Experimental
This study was approved by the ethics committee of the Work Injury Rehabilitation Center of
Guangdong Province (approval number: AF/SC-07/2016.29). All volunteers provided informed
written consent.
2.1. Fabrication of the CMAE
The fabrication process of CMAE consisted of three steps, namely the fabrication of a microneedle
array, spinning coating of an insulating layer, and sputter coating of a gold layer:
(1)

(2)

(3)

Fabrication of microneedle array. A 6 × 6 microneedle array was cut on a titanium alloy sheet
(TC4, thickness of 100 µm, Baoji Titanium Industry Co., Ltd., Baoji, Shaanxi, China) by a focused
beam laser with a pulse fiber laser machine (IPG, No.: YLP-1-100-20-20-CN, Burbach, Germany) as
described previously [17]. The laser power was 15 W, laser frequency was 20 kHz, scanning tspeed
was 500 mm/s, and scanning number was 50. The titanium sheet was completely cut through
to form microneedles in a plane. These microneedles were manually bent 90◦ out of the plane.
A microneedle array (MNA) was formed.
Spinning coating of the insulating layer. The MNA was assembled in a vacuum spinner (VTC-100,
MTI Corporation, Richmond, CA, USA). 2 mL of SU-8 solution (Formlabs Inc., Somerville, MA,
USA) was dropped on the upper surface of the MNA at 500 r/min. The MNA coated with the SU-8
layer was cured in a UV ultraviolet curing machine (Intelli-Ray 400, Uvitron, West Springfield,
MA, USA) at 400 W for 10 min.
Sputter coating of Au layer. 100 nm thickness Au film was coated on the surface of
the micro-needle array by a magnetron sputtering machine (VTC-16-SM, Shenyang Kejing
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Auto-instrument Co., Ltd., Jilin, China). A titanium line and a gold line were welded to the
titanium layer and the gold layer, respectively. The CMAE was fabricated.
The CMAE was observed by scanning electron microscopy (SEM, JSM-6380LA, JEOL,
Tokyo, Japan).
2.2. Mechanical Performance Test of the CMAE
Multiple insertion tests were used to assess the mechanical and stability properties of the CMAE
and to determine their ability to repeat insertions in body temperature and bio-signal monitoring.
Porcine cadaver skin was used for the insertion tests. The hair of the porcine cadaver skin was
shaved off by a razor, and the subcutaneous fat was removed by a scalpel [18]. The skin was cut into
5 cm × 10 cm squares with a thickness of 1.5 mm. The skin was pre-tensed and fixed on a wooden
plate by using pins.
The insertion test was performed on a universal material testing machine (LR10K Plus,
Lloyd Instruments, Bognor Regis, UK). The experimental procedures were as follows: (1) The CMAE
dipped with red ink was bonded on the upper compression plate of the testing machine, and the
porcine cadaver skin was fixed on down compression plate. (2) The CMAE moved down and pierced
into the skin at a speed of 0.01 mm/s. (3) The test was stopped when the loading force reached 10 N.
The CMAE was drawn back. (4) In order to verify the reliability of the CMAE, the above procedures
were repeated 100 times.
The punctured porcine skins were observed with a digital camera (5D III, Canon, Tokyo,
Japan). The intact microneedle percentage (the number of red spots divided by the total number
of microneedles per array) was calculated.
2.3. Temperature Measurement
It was necessary to first calibrate the CMAE prior to the actual measurement. A calibration
system was self-developed as shown in Figure 1 [19,20]. It was mainly composed of two water baths
(DC-0510, Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China), a data acquisition card (NI9211,
National Instruments Corporation, Austin, TX, USA), and a computer. The water baths were used
as the heat source and the cold source, respectively. The temperature range of the water baths was
from −5 ◦ C to 100 ◦ C with a control accuracy of ±0.05 ◦ C. A data acquisition card and a LabVIEW
acquisition program in a computer were employed to collect the temperature and voltage signals.

Figure 1. Schematic of the temperature calibration experimental setup.

The electrical characterization of the CMAE was calibrated by measuring the output voltage and
the setting temperature. The CMAE and the cold junction were dipped into a constant water bath
and a cold water bath. The voltage was measured at the cold junction point. The temperature of
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the constant temperature bath gradually increased from 25 ◦ C to 50 ◦ C with an increment of 5 ◦ C.
The temperature of cold bath was maintained at 0 ◦ C. The voltage generated by CMAE at a steady
state was collected. The calibration procedures were repeated thrice.
Body temperature measurements were conducted on a 29-year-old healthy male subject.
The CMAE were placed on the forearm and armpit to detect the body temperature. The testing
result was automatically collected by the data acquisition system. A standard clinical mercury
thermometer (Yuwell, Jiangsu Yuyue Medical Equipment & Supply Co., Ltd., Danyang, China) was
also used to detect the body temperature and compared with the result obtained with the CMAE.
The average skin moisture content is approximately 30% which was measured by a commercial
moisture meter (Delfin Moisture Meter SC, Kuopio, Finland). The body temperature measurements
were repeated thrice.
The temperature measurements were performed in a clean room to investigate the effects
of surrounding temperature and humidity on the temperature measurement of CMAE. Firstly,
the temperature was set at 22 ◦ C, and then the air conditioner was opened. The room temperature
was increased from 22 ◦ C to 29 ◦ C and maintained stable for approximately 20 min. A dehumidifier
was used to decrease the relative humidity from 76% to 52% and kept stable at 52%. The ambient
temperature and relative humidity were measured with a commercial Sensirion sensor.
2.4. Bio-Signals Recording
Additionally, EII, EMG, and ECG recording tests were performed with both the CMAE and
commercial Ag/AgCl electrodes (JK-1(A-H) type Shanghai Junkang Medical Supplies Ltd., Co.,
Shanghai, China) to better understand the bio-signal recording performance of CMAE. Tests were
performed on a 25-year-old female volunteer after obtaining the subject’s informed consent.
The average skin moisture content is approximately 30%. The measurement was first performed
with the CMAE and then repeated with Ag/AgCl electrodes.
2.4.1. EII Test
Two-electrode measuring methods [21] were employed to measure the EII with the CMAE and
the Ag/AgCl electrode. The inner forearm was selected as the measurement place given that it
exhibits less hair and a thinner stratum corneum and is convenient for the placement of electrodes [11].
Two electrodes were firmly packed on the left forearm of the volunteer with an interval of 5 cm, and the
distance between the right electrode and wrist was also 5 cm [22]. Subsequently, the electrodes were
connected to a precision impedance analyzer (E4980A LCR Meter, Agilent, Palo Alto, CA, USA). All EII
signals were continuously recorded with an input voltage frequency ranging from 20 Hz to 10 kHz.
The EII test result of the CMAE was compared with that of the Ag/AgCl electrode. All measurements
were performed in ambient conditions with an approximate temperature of 25 ◦ C and humidity of 60%.
2.4.2. EMG Test
The biceps brachii muscle activity was analyzed with the CMAE and Ag/AgCl electrode with
respect to flexion of the elbow of the right hand. Two measuring electrodes were placed on the biceps
brachii muscle with an interval of 2 cm [23], and the grounding electrode (Ag/AgCl electrode) was
attached on the elbow. Signals were acquired with a EMG100C module of a multipurpose polygraph
(MP150, BIOPAC, Goleta, CA, USA). The test lasted for 5 min. During the test, the amplifier gain was
set at 2000, and the sample rate was set at 1000 Hz. A 20 Hz–450 Hz Butterworth band-pass filter
was used.
2.4.3. ECG Test
The ECG was recorded by a standard II-lead method. The performance of CMAE was compared
with that of standard Ag/AgCl electrodes. Additionally, measuring electrodes (CMAE) were stuck on
both wrists of the volunteer, and the grounding electrode (Ag/AgCl electrode) was placed on the right
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ankle. Three electrodes were connected to the ECG100C module of a multipurpose polygraph (MP150,
BIOPAC). The volunteer lay on a bed during the ECG recording. The test lasted at least half an hour.
During the test, the amplifier gain was set at 5000, the sample rate was set at 1000 Hz, the high-pass
filter was set at 0.5 Hz, and the low-pass filter was set at 35 Hz LPN.
3. Results and Discussion
3.1. Measure Mechanism of the CMAE
A composite microneedle array electrode was designed, and its structural diagram is shown in
Figure 2. The CMAE was composed of three layers, namely the titanium layer, SU-8 layer, and gold
layer. The microneedles were fabricated from the titanium layer. The SU-8 film was spin coated on the
titanium layer. The gold layer was sputter coated on the SU-8 layer. The titanium and the gold layer
were in contact with each other on the tip of the microneedle array. A gold wire and a titanium wire
were connected to the gold layer and titanium layer, respectively. The CMAE was an electrical device
that consisted of two dissimilar electrical conductors (titanium and gold) forming electrical junctions
at different temperatures. The SU-8 layer was used to insulate the titanium and gold. It produces
a temperature-dependent voltage due to the thermoelectric effect, and the voltage is interpreted to
measure the temperature.

Figure 2. Structural diagram of the CMAE.

A CMAE penetrates through the SC layer and gold layer and is directly in contact with the skin
tissue. It converts the weak ion current of the human body to an electrical signal [15,24].
Figure 3 shows the schematic illustration of a combination of EII recording and temperature
monitoring by CMAE on the forearm. The temperature was measured with gold layer and titanium
layer of the CMAE and acquired by NI9211. The EII signal was measured by using gold layers of two
CMAEs and collected by a precision impedance analyzer. All the data were analyzed using a computer.

Figure 3. Comprehensive detection of EII and temperature with the CMAE.
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3.2. Characterization
The image of CMAE is shown in Figure 4a. A 6 × 6 microneedle array was neatly arranged.
Furthermore, Au films were uniformly coated on the surface of the CMAE, and the thickness of the
gold was approximately 100 nm. The coated Au film guaranteed the conductivity and biocompatibility
of the CMAE. The titanium and gold were selected for their excellent biocompatibility properties.
Additionally, the SU-8 was used to fabricate microneedle arrays [25,26] in a few previous medical
studies. Therefore, the materials were safe for clinical use. The SEM image of the CMAE is shown in
Figure 4b. The average height of a microneedle is 500 µm, the equivalent diameter of the microneedle
is 200 µm, and the interval between adjacent microneedles is 1.2 mm. The thicknesses of the corneum
layer and the stratum germinativum layer are about 15–20 µm and 150–180 µm, respectively [23].
In most case, only about 1/3 of the overall height of the microneedles could penetrate in the skin [21,23].
Therefore, 500-µm microneedle height of CMAE was appropriate for bio-signal recording. Additionally,
the dimensions of the CMAE were adjusted with the design and fabrication process based on different
applications. Further investigations of the SEM image revealed small humps at the bottom of the
microneedles due to the spin coating of the SU-8, and this may be beneficial for the mechanical
properties of the CMAE. Figure 4c illustrates the SEM image of a single needle. The micro-needle
tip is sharp, and this is helpful in reducing the piercing force and the feeling of pain experienced by
individuals during the piercing process [27,28]. The surface of the CMAE is rough due to the laser
fabrication process, and this increased the contact area and stability between CMAE and skin [11].

Figure 4. (a) Photograph of the CMAE; (b) SEM image of the CMAE; (c) SEM image of a
single microneedle.

3.3. Mechanical Properties
With respect to the proposed microneedles in bio-signal monitoring, the microneedle array should
be sufficiently strong to penetrate the skin without breaking [27]. It is necessary for the CMAE to
penetrate the skin without breakage. Therefore, it is necessary to investigate multiple insertions and
especially the repeated usage ability of microneedles. The mechanical stability of the CMAE was
evaluated by the relationship between the percentage of successful insertions and the number of MNs
on a patch. Figure 5 shows the relationship between intact microneedle percentage and insertion times.
The red dots remaining on the surface of the skin were well-arranged in a 6 × 6 array and coincided
with the microneedle array arrange. It indicates that the CMAE pierced the skin, and this implies the
successful insertion of the microneedle. The red dots on the skin were counted to calculate the intact
microneedle percentage per array as shown in the top line of Figure 5. Specifically, 100% successful
insertion indicates the initial excellent mechanical properties of the CMAE. The intact microneedle
percentage remained at 100% with further increases in the insertion numbers to 100 times. However,
the percentage decreased to 90% after 10 pierces with 600 µm high polymer microneedles as reported
by Li et al. [18]. Additionally, the skin after 100 insertions was almost the same as that after the first
insertion. This demonstrated that the CMAE was sufficiently strong and reliable to penetrate the skin
100 times without exhibiting damage or bending. It indicates that it is possible to repeatedly use the
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CMAE in body temperature and bio-signal monitoring and that the issue of broken microneedles
was resolved.

Figure 5. Relationship between intact microneedle percentage and insertion times.

3.4. Temperature Measurement Performance of the CMAE
Figure 6a shows the results of temperature calibration curve, good linearity was clearly observed
in the range of body temperature. The fitting line expression is:
y = 3.0994x − 19.278

(1)

where y is the voltage, and x is the temperature.

Figure 6. Temperature measurement performance of the CMAE (a) Temperature calibration curve;
(b) Temperature measurement curve.

The coefficient of determination of the line was 0.9989. It indicated that the linear relation between
the temperature and voltage was favorable. The error bar of the repeated measurement was potentially
due to the slight variation in the temperature at cold junction. The excellent linear relationship ensures
that the CMAE accurately detected the body temperature. The experimental Seebeck coefficients of the
CMAE corresponded to 3.09 µV/◦ C, and this was in the same order of magnitude as 7.71 µV/◦ C of a
Pt–10%Rh/Pt thin film thermocouple [19] and 8.87 µV/◦ C of a thin film thermocouple [29].
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Figure 6b shows the results of body temperature measurement obtained with the CMAE on the
forearm and under the armpit of a 29-year-old male subject. The steady temperature of armpit was
35.8 ◦ C by CMAE, and this was the same as that obtained by using the CMT. This indicated that the
CMAE obtained an accurate core temperature. The steady temperature of the forearm was 35.3 ◦ C as
measured by the CMAE and 35.2 ◦ C as measured by the CMT. Therefore, the forearm temperature
by CMAE is slightly higher, and this indicated that the CMAE pierced into skin to measure the core
temperature. The startup time of the CMAE is approximately 5 min, and this is in the same level with
clinical thermometer which also needs 5 min to reaches the stable stage. Most importantly, it indicates
good potential in real-time and long-term measurement of body temperature.
Figure 7 shows the results of body temperature measurement obtained with the CMAE on the
forearm under different surrounding environment. The body temperature is approximately 35 ◦ C
at ambient temperature of 22 ◦ C and relative humidity of 76%. The body temperature increases to
35.1 ◦ C as the room temperature is increased at 29 ◦ C. The body temperature varies little as the skin
humidity decreases from 76% to 52%. Therefore, ambient environment effects little on the temperature
measurement results using CMAE.

Figure 7. Effects of surrounding temperature and humidity on temperature detection of CMAE.

3.5. Performance of the CMAE for Recording Bio-Signals
3.5.1. EII Measurement
The EII measured by CMAE and Ag/AgCl electrode at a driving current frequency from 20 Hz
to 10 kHz are shown in Figure 8. The EII consists of resistance and capacitive resistance, and the
capacitive resistance decreases the frequency. The impedance measured by CMAE was lower than that
by Ag/AgCl electrode at a low frequency. This was potentially because the CMAE pierced through the
stratum corneum on the skin and reduced the contact impedance [30]. The impedance measured by
CMAE gradually exceeded that measured by the Ag/AgCl electrode with increases in the frequency.
The Ag/AgCl electrode is usually used with a conductive gel or paste and requires skin preparation,
and this is time-consuming and may lead to a few infections on the skin [24]. The surface of the
Ag/AgCl electrode is about 100 mm2 and the surface of the CMAE is about 16 mm2 . The surface of
the Ag/AgCl electrode is about 6 times larger than the CMAE. It is significantly more convenient to
use the CMAE as it does not require skin preparation and the use of a gel [31]. Therefore, the CMAE
can be used for EII monitoring.
3.5.2. EMG Measurement
Figure 9 clearly reflects the EMG signals recorded by CMAE and Ag/AgCl electrodes. The signals
measured by CMAE and Ag/AgCl electrodes fluctuate periodically relative to the motion of the biceps
brachii muscle. When the muscle contracts from the relaxation state, the muscle cells are electrically or
neurologically activated, and the electrical potential increases rapidly to a high amplitude. Otherwise,
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the voltages decrease to a low level. It was observed that signals acquired with the two different types
of electrodes were very similar in shape and amplitude. The amplitude of the CMAE slightly exceeded
that of the Ag/AgCl electrode. This measurement again demonstrated the ability of CMAE to sense
and record surface biopotential EMG signals with good fidelity. According to the data acquired with
the CMAE and Ag/AgCl electrodes, the RMS data acquired with the CMAE was 0.6417, which was
higher than 0.5681 measured by Ag/AgCl electrodes. It indicated that the level of muscle activation
was higher as the CMAE was applied. The contact surface of the CMAE is lower in size than that
of standard Ag/AgCl electrodes [30], and thus CMAE is more convenient to improve the selectivity
of EMG signal and to reduce the crosstalk. This result may be helpful in a few critical situations
when several muscles are present in small spaces or when subjects, such as children, exhibit low
anthropometric dimensions. Therefore, CMAE is a good choice for EMG recording without skin
preparation when compared with Ag/AgCl electrodes.

Figure 8. Impedance curve of the CMAE and Ag/AgCl electrode.

Figure 9. EMG signals recorded by CMAE and Ag/AgCl electrode.
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3.5.3. ECG Measurement
Specifically, the ECG signals recorded by CMAE and Ag/AgCl electrode are shown in Figure 10.
The recording performance of the CMAE was comparable to those of conventional Ag/AgCl electrodes.
Typical cardiac signatures including P-wave, QRS-complex, and T-wave acquired by the CMAE were
clearly visible. Additionally, the amplitude slightly exceeded that of the Ag/AgCl electrode. The result
indicated good agreement with those obtained in previous studies [12,32]. This indicates that the
CMAE exhibits the ability to detect ECG signals. Thus, the CMAE exhibits a potential to routinely and
repetitively measure the ECG.

Figure 10. ECG signals recorded by the CMAE and Ag/AgCl electrode.

4. Conclusions
In this study, a novel CMAE was designed and fabricated to simultaneously record body
temperature and bio-signals. It consisted of three layers, namely a titanium microneedle array layer,
a SU-8 insulating layer, and a gold layer. A 6 × 6 microneedle array was neatly arranged. The height
of the microneedle was 500 µm, and the equivalent diameter of the microneedle base was 200 µm.
The CMAE exhibited excellent mechanical properties, including the ability to be inserted in the skin
100 times without breaking. The CMAE exhibited good temperature monitoring performance since
it accurately monitored the body temperature when compared with a clinical thermometer. The EII
recorded by the CMAE was lower in the range of 20 Hz–0.675 kHz when compared with that of a
Ag/AgCl electrode. The EMG signals recorded by the CMAE and Ag/AgCl electrode exhibited similar
shape and amplitude. The typical P-wave, QRS-complex, and T-wave of an ECG signal recorded by
the CMAE were distinguishable. The CMAE was easy to use since it does not require skin preparation,
and thus it is more comfortable and convenient for patients. Therefore, the CMAE exhibits good
potential for use in monitoring body temperature and bio-signals.
Acknowledgments: This study is financially supported by the National Nature Science Foundation of China
(Project No. 51705544, 51575543); Research Project of Guangdong Provincial Key Laboratory of Precision
Equipment and Manufacturing Technology (PEM201603); Research Project of Fujian Provincial engineering
technology research center of micro and nano manufacturing (MNM-KF201707).
Author Contributions: Y.S. fabricated and tested the temperature measurement performance of the CMAE and
wrote the manuscript. L.R. tested the bio-signals recording performance of CMAE. Y.S. and L.R. contributed
equally. L.J. and Y.T. analyzed the data. B.L. designed the experiments and revised the manuscript.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

Nakamura, K. Central circuitries for body temperature regulation and fever. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2011, 301, R1207–R1228. [CrossRef] [PubMed]
Murphy, P.J.; Campbell, S.S. Nighttime Drop in Body Temperature A Physiological Trigger for Sleep Onset?
Sleep 1997, 20, 505–511. [CrossRef] [PubMed]

Sensors 2018, 18, 1193

3.

4.
5.
6.
7.

8.

9.

10.

11.
12.

13.
14.
15.
16.

17.
18.
19.
20.
21.
22.

23.
24.

11 of 12

Hamilos, D.L.; Nutter, D.; Gershtenson, J.; Redmond, D.P.; Di Clementi, J.D.; Schmaling, K.B.; Make, B.J.;
Jones, J.F. Core body temperature is normal in chronic fatigue syndrome. Biol. Psychiatry 1998, 43, 293–302.
[CrossRef]
Geiser, F. Metabolic rate and body temperature reduction during hibernation and daily torpor.
Annu. Rev. Physiol. 2004, 66, 239–274. [CrossRef] [PubMed]
Martin, P.; Szuba, B.H.G.; Baxter, L.R., Jr. Electroconvulsive therapy in creases circadian amplitude and
lowers core body temperature in depressed subjects. Biol. Psychiatry 1997, 42, 1130–1137.
Li, Z.; Li, Y.; Liu, M.; Cui, L.; Yu, Y. Microneedle Electrode Array for Electrical Impedance Myography to
Characterize Neurogenic Myopathy. Ann. Biomed. Eng. 2016, 44, 1566–1575. [CrossRef] [PubMed]
Kim, D.S.; Hwang, T.H.; Song, J.Y.; Park, S.H.; Park, J.; Yoo, E.S.; Lee, N.K.; Park, J.S. Design and Fabrication
of Smart Band Module for Measurement of Temperature and GSR (Galvanic Skin Response) from Human
Body. Procedia Eng. 2016, 168, 1577–1580. [CrossRef]
Gao, W.; Emaminejad, S.; Nyein, H.Y.Y.; Challa, S.; Chen, K.; Peck, A.; Fahad, H.M.; Ota, H.; Shiraki, H.;
Kiriya, D.; et al. Fully integrated wearable sensor arrays for multiplexed in situ perspiration analysis. Nature
2016, 529, 509–514. [CrossRef] [PubMed]
Ota, H.; Chao, M.; Gao, Y.; Wu, E.; Tai, L.C.; Chen, K.; Matsuoka, Y.; Iwai, K.; Fahad, H.M.; Gao, W.; et al.
3D Printed “Earable” Smart Devices for Real-Time Detection of Core Body Temperature. ACS Sens. 2017, 2,
990–997. [CrossRef] [PubMed]
Salvo, P.; Calisi, N.; Melai, B.; Cortigiani, B.; Mannini, M.; Caneschi, A.; Lorenzetti, G.; Paoletti, C.;
Lomonaco, T.; Paolicchi, A.; et al. Temperature and pH sensors based on graphenic materials.
Biosens. Bioelectron. 2017, 91, 870–877. [CrossRef] [PubMed]
Zhou, W.; Song, R.; Pan, X.; Peng, Y.; Qi, X.; Peng, J.; Hui, K.S.; Hui, K.N. Fabrication and impedance
measurement of novel metal dry bioelectrode. Sens. Actuators A Phys. 2013, 201, 127–133. [CrossRef]
O’Mahony, C.; Pini, F.; Blake, A.; Webster, C.; O’Brien, J.; McCarthy, K.G. Microneedle-based electrodes
with integrated through-silicon via for biopotential recording. Sens. Actuators A Phys. 2012, 186, 130–136.
[CrossRef]
Kim, M.; Kim, T.; Kim, D.S.; Chung, W.K. Curved Microneedle Array-Based sEMG Electrode for Robust
Long-Term Measurements and High Selectivity. Sensors 2015, 15, 16265–16280. [CrossRef] [PubMed]
Wang, R.; Jiang, X.; Wang, W.; Li, Z. A microneedle electrode array on flexible substrate for long-term EEG
monitoring. Sens. Actuators B Chem. 2017, 244, 750–758. [CrossRef]
Ma, G.; Wu, C. Microneedle, bio-microneedle and bio-inspired microneedle: A review. J. Control. Release
2017, 251, 11–23. [CrossRef] [PubMed]
Donnelly, R.F.; Moffatt, K.; Alkilani, A.Z.; Vicente-Perez, E.M.; Barry, J.; McCrudden, M.T.; Woolfson, A.D.
Hydrogel-forming microneedle arrays can be effectively inserted in skin by self-application: A pilot study
centred on pharmacist intervention and a patient information leaflet. Pharm. Res. 2014, 31, 1989–1999.
[CrossRef] [PubMed]
Martanto, W.; Davis, S.P.; Holiday, N.R.; Wang, J.; Gill, H.S.; Prausnitz, M.R. Transdermal delivery of insulin
using microneedles in vivo. Pharm. Res. 2004, 21, 947–952. [CrossRef] [PubMed]
Li, Q.Y.; Zhang, J.N.; Chen, B.Z.; Wang, Q.L.; Guo, X.D. A solid polymer microneedle patch pretreatment
enhances the permeation of drug molecules into the skin. RSC Adv. 2017, 7, 15408–15415. [CrossRef]
Chen, Y.; Jiang, H.; Zhao, W.; Zhang, W.; Liu, X.; Jiang, S. Fabrication and calibration of Pt—10%Rh/Pt thin
film thermocouples. Measurement 2014, 48, 248–251. [CrossRef]
Mutyala, M.S.K.; Zhao, J.; Li, J.; Pan, H.; Yuan, C.; Li, X. In-situ temperature measurement in lithium ion
battery by transferable flexible thin film thermocouples. J. Power Sources 2014, 260, 43–49. [CrossRef]
Ren, L.; Jiang, Q.; Chen, K.; Chen, Z.; Pan, C.; Jiang, L. Fabrication of a Micro-Needle Array Electrode by
Thermal Drawing for Bio-Signals Monitoring. Sensors 2016, 16, 908. [CrossRef] [PubMed]
Xu, S.; Dai, M.; Xu, C.; Chen, C.; Tang, M.; Shi, X.; Dong, X. Performance evaluation of five types of Ag/AgCl
bio-electrodes for cerebral electrical impedance tomography. Ann. Biomed. Eng. 2011, 39, 2059–2067.
[CrossRef] [PubMed]
Chen, K.; Ren, L.; Chen, Z.; Pan, C.; Zhou, W.; Jiang, L. Fabrication of Micro-Needle Electrodes for Bio-Signal
Recording by a Magnetization-Induced Self-Assembly Method. Sensors 2016, 16, 1533. [CrossRef] [PubMed]
Merletti, R. The electrode–skin interface and optimal detection of bioelectric signals. Physiol. Meas. 2010, 31.
[CrossRef]

Sensors 2018, 18, 1193

25.
26.

27.
28.
29.
30.

31.
32.

12 of 12

Kim, K.; Park, D.S.; Lu, H.M.; Che, W.; Kim, K.; Lee, J.B.; Ahn, C.H. A tapered hollow metallic microneedle
array using backside exposure of SU-8. J. Micromech. Microeng. 2004, 14, 597–603. [CrossRef]
Stavrinidis, G.; Michelakis, K.; Kontomitrou, V.; Giannakakis, G.; Sevrisarianos, M.; Sevrisarianos, G.;
Chaniotakis, N.; Alifragis, Y.; Konstantinidis, G. SU-8 microneedles based dry electrodes for
Electroencephalogram. Microelectron. Eng. 2016, 159, 114–120. [CrossRef]
Jeong, H.R.; Lee, H.S.; Choi, I.J.; Park, J.H. Considerations in the use of microneedles: Pain, convenience,
anxiety and safety. J. Drug Target 2017, 25, 29–40. [CrossRef] [PubMed]
Gill, H.S.; Denson, D.D.; Burris, B.A.; Prausnitz, M.R. Effect of microneedle design on pain in human
volunteers. Clin. J. Pain 2008, 24, 585–594. [CrossRef] [PubMed]
Werschmoeller, D.; Li, X. Measurement of tool internal temperatures in the tool-chip contact region by
embedded micro thin film thermocouples. J. Manuf. Process. 2011, 13, 147–152. [CrossRef]
Forvi, E.; Bedoni, M.; Carabalona, R.; Soncini, M.; Mazzoleni, P.; Rizzo, F.; O’Mahony, C.; Morasso, C.;
Cassarà, D.G.; Gramatica, F. Preliminary technological assessment of microneedles-based dry electrodes for
biopotential monitoring in clinical examinations. Sens. Actuators A Phys. 2012, 180, 177–186. [CrossRef]
Chi, Y.M.; Jung, T.P.; Cauwenberghs, G. Dry-contact and noncontact biopotential electrodes methodological
review. IEEE Rev. Biomed. Eng. 2010, 3, 106–119. [CrossRef] [PubMed]
Salvo, P.; Raedt, R.; Carrette, E.; Schaubroeck, D.; Vanfleteren, J.; Cardon, L. A 3D printed dry electrode for
ECG/EEG recording. Sens. Actuators A Phys. 2012, 174, 96–102. [CrossRef]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

