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Simultaneous measurement of multi-physiological signals can provide effective diagnosis and therapeutic as-
sessment of diseases. This paper reports a carbon nanotube (CNT) - Polydimethylsiloxane (PDMS) - based
wearable device with piezo-resistive and voltage-sensing capabilities for simultaneously capturing wrist pulse
pressure and cardiac electrical signal. The layout design of sensing elements in the device was guided by ana-
lyzing strain distribution and electric field distribution for minimizing the interference between wrist pulse and
cardiac electric activity during measurement. Each device was preconditioned under the strain of 20% until the
resistance change of the device reached equilibrium. After preconditioning, the relationship between the re-
sistance change and the pressure was calibrated, which determined the device sensitivity to be 0.01 Pa~ ! and the
linear pressure range of the device to be 0.4 kPa to 14.0 kPa. Mechanisms of CNT-PDMS for sensing strain signal
and electrical pulse signal were explored by scanning electron microscopy (SEM) imaging and equivalent circuit
modeling. The device was applied to monitor the wrist pulse and ECG signals of volunteers during the recovering
process after physical exercises.

1. Introduction

Health data compiled from more than 190 countries show that heart
disease remains a major cause of death globally. Each year, heart dis-
eases lead to approximately 17.3 million deaths in the world [1,2].
Heart undertakes a complex set of actions, including the initiation and
propagation of a regular electrical signal (proper heart rate and
rhythm) and generating sufficient contraction force, which drives the
blood circulation [3,4]. At the cellular level, each cardiomyocyte acts
synergistically to achieve a proper beating rate, beating rhythm, and
contractile force. Dysfunction in these actions can lead to heart ar-
rhythmia, possibly leading to heart attack, myocardial infarction and
other complications [5].

At the organ level, the working status of the heart can be char-
acterized by both the bioelectric and mechanical aspects simulta-
neously. The action potential generated by the heart sinoatrial node
travels through the internodal pathways in the right atrium (RA) to the
atrioventricular (AV) node, causing the heart muscle to contract or
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relax and enabling the heart to pump blood. The increase in blood
pressure pushes against the elastic walls of the arteries. The cardiac
electrical signal can be recorded by the electrocardiograph (ECG) ma-
chine and used for clinical diagnosis of heart diseases [6,7]. For ex-
ample, an irregular ECG signal is often related to arrhythmia [8,9].
Over 90% of patients with heart failure show an abnormal ECG signal
pattern [10]. In the meanwhile, from the mechanical perspective, each
heartbeat produces a pulse in the arteries, which can be conveniently
measured at the radial wrist artery (e.g., wrist pulse wave) [11,12].
Wrist pulse is an effective mechanical indicator for evaluating cardiac
contractility. An irregular wrist pulse can reflect sinus arrhythmia, at-
rial fibrillation, paroxysmal atrial tachycardia, atrial flutter, partial
heart block and heart failure [13-15]. However, the correlation re-
lationship between ECG and wrist pulse wave still remains unknown,
especially in the sudden-happened disease status, like a heart attack.
The reason is possibly due to the lack of a technique capable of unin-
terrupted simultaneous measurement of ECG and wrist pulse waves in
the long term. Simultaneous measurement of ECG and wrist pulse
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waves can obtain multi-physiological signals including both bioelectric
and mechanical aspects. Uninterrupted monitoring of these signals
could effectively capture the sudden events (like heart attack) and
generate an early alarm. Besides, it has the potential of providing multi-
physiological cardiac signals for clinical diagnosis.

Accordingly, a wearable device is demanded for simultaneous
monitoring of ECG and wrist pulse in an uninterrupted potable way,
which would avoid the complexity and inconvenience of traditional
heart monitoring instruments [16] and hold promise for personalized
healthcare [17,18]. Much effort has been spent to develop wearable
health monitoring devices by using flexible sensors and electronics
during recent years. Miniaturized wrist pulse sensors, such as piezo-
resistive sensor, capacitive sensor, piezoelectric sensor, and tribo-
electric sensor, are used in wearable devices [19,20]. Many kinds of
stretchable and conductive nanocomposites have been widely applied
in biosignal measurement due to its high specific surface area and
elastomeric property, including gold nanoparticles-epoxy, graphene-
PDMS, CNT-PDMS [2,8-11]. Among these materials, the one-dimen-
sional nanomaterials including CNT and metallic nanowires are the
ideal filler materials because they have more inter-connections to lower
the percolation threshold, leading to high conductivity [8]. Compared
to precious metallic nanowires, the cost of using CNT could be sig-
nificantly reduced in the flexible device, which makes CNT widely
adopted in health monitoring devices. For example, carbon nanotube
(CNT)-PDMS material was fabricated into a stretchable strain sensor for
measuring blood pressure and wrist pulse [21-24]. Flexible electrodes
have been developed to replace the traditional rigid Ag/AgCl electrode
for ECG monitoring in wearable devices [6,25]. However, these existing
wearable devices cannot simultaneously measure ECG and wrist pulse
wave due to the interference between the mechanical deformation of
the skin and the electrical field of ECG in the sensor. For example, ECG
signals measured at the chest are often disturbed by lung respiration
due to the changes in the distance and contact area between skin and
electrodes [22,26,27]. Meanwhile, ECG signal on the skin surface may
affect the readout of the flexible piezoresistive strain sensor that was
designed to measure the mechanical wrist pulse pressure because the
flexible piezoresistive material contains conductive nanocomposite
(e.g., gold nanoparticle, carbon nanotube or graphene flakes) that can
also capture the electric signal as false resistive changes [28,29]. The
interference of multi-physiological signals remains a key challenge in
existing wearable devices [30].

This paper focuses on solving the problem of the interference be-
tween the mechanical deformation of the skin and the electrical field of
ECG. The device consists of a flexible piezoresistive strain sensor for
monitoring the wrist pulse and capacitive electrodes for monitoring
cardiac electric activity. The layout of the sensing elements including
the strain sensor and capacitive electrodes was optimized via finite
element analysis (FEA) to minimize the interference between the me-
chanical deformation of the skin and the electrical field of ECG. The
strain sensor consists of a sandwiched piezoresistive CNT-PDMS strip
for sensing and two thin layers of flexible PDMS polymer for isolation.
The ECG electrodes are placed in the minimum strain area on the
substrate. Experimental data show that the interference between the
mechanical deformation of the skin and the electrical field of ECG could
be effectively eliminated in the captured signals in the proposed device
design.

2. Results and discussions

The key challenge in wearable devices for personalized healthcare is
simultaneously measurement of multiple physiological activities due to
the interference between these multiple physical signals [31]. In this
study, a CNT-PDMS based device was developed to achieve simulta-
neous measurement of the ECG and wrist pulse pressure (Fig. 1A). The
device integrates a strain-sensing element (a suspended PDMS mem-
brane embedded with CNT-PDMS strip) and voltage-sensing element
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(CNT-PDMS electrodes). The layout of sensing elements in the device
was guided by the simulation of the strain distribution and the electrical
field distribution, which minimized the interference between the wrist
pulse and cardiac electric activity during measurement. Each sensor
was preconditioned under the strain of 20% until the resistance change
of the strain-sensing element in the device reached a stable value. Based
on the stabilized piezoresistive and voltage-sensing output, the device
was able to perform simultaneous measurement of wrist pulse pressure
and ECG signal at the human wrist.

2.1. Electrical field simulation and strain simulation

The layout of the sensing elements (CNT-PDMS electrode and piezo-
resistive CNT-PDMS strip) in the device was optimized by FEA. In the
simulation model, the distance between the device and the skin was set
to be 13.3 um (see details in Section 2.3), which was experimentally
measured by super-depth-of-field microscopy (Hitachi, Japan). In the
simulation of the electrical field distribution, the amplitude of the ECG
signal was set to be 1.2 mV according to the result given in the litera-
ture [32]. As shown in (Fig. 1B and C), the simulation results showed
that the potential was decreased to 0.45 mV on the CNT-PDMS ECG
electrode with a sensing range of 2 mm above the ECG signal source on
the skin. The amplitude of ECG would decrease by about 62.5% during
transmission through the air gap to the electrode.

During each heartbeat, a wrist pulse travels along the linear ulnar
artery in the human carpal branch, which generates a pressure change
in the artery. Therefore, the pressure in the simulation model was ap-
plied along the orientation of the CNT-PDMS strain sensor. Wrist pulse
pressure is typically 1.05 kPa = 0.27 kPa [33]; thus, we used it to
simulate the strain distribution of the suspended membrane caused by
wrist pulse. The Young's modulus of the suspended PDMS membrane
was set to be 467.5 kPa = 10.27 kPa (n = 6), which was experi-
mentally measured by AFM indentation. The simulation result showed
that the stress gradually decreased from the top center to the bottom
edge. The corresponding stress values decreased from 513 Pa to 421 Pa
(see Fig. 1D). The result revealed that wrist pulse pressure could be
measured by the resistance change of the CNT- PDMS strain sensor due
to the strain change in the suspended membrane. In addition, the de-
formation of the membrane was within 3 mm along the orientation of
the applied pressure. The simulation results above revealed that ECG
measurement would not be disturbed when the distance between the
CNT-PDMS electrode and the strain sensor was larger than 3 mm, which
proved the effectiveness of the layout of the device in eliminating the
interference between the ECG and the wrist pulse signals.

2.2. Device characterization results

2.2.1. Device profiler

To characterize the geometric features of the device, the height
profile of the device surface was measured by an optical profiler (LS-K
3D, Brucker, USA) after each step of the fabrication process (see details
in methods Section 3.2). As shown in Fig. 1E, the height of the ECG
substrate was 472 pym =+ 17 pm, the thickness of the suspended
membrane was 68 um = 11 pm. CNT-PDMS strain sensor has a width
of 2.3 mm #* 0.31 mm and a thickness of 50 ym # 6.3 um. The top
PDMS layer has a thickness of 42.0 ym = 4.9 pym.

2.2.2. XRD profile for composite material analysis

XRD was used to determine the existence of CNT and PDMS. The
XRD diffraction pattern result was shown in Fig. 1F. The black curve
(PDMS) sample contains two peaks: the first one at around 20 = 12.1°
and the second broader one from 16.7° to 30.3°, which agreed with the
XRD profiles of PDMS previously obtained in literature [34]. In the red
curve (CNT-PDMS), two similar peaks appeared at the same 26 angles,
which matched the XRD profiles of PDMS in our black curve. This in-
dicated the presence of PDMS. In addition, several peaks appeared at
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Fig. 1. (A) Schematic of the CNT-PDMS
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electrodes when a voltage (1.2 mV) used as
a signal source was applied on a plane
(corresponding to the human skin surface)
13.3 um above the ECG electrodes. (C)
Simulation result of the strain distribution
on the floating membrane caused by a wrist
pulse. The applied pressure of the wrist
pulse was 1.05 kPa. The strain gradually
decreased from the center (513 Pa) to the

edge (421 Pa) on the floating membrane.
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20 = 22°, 32° and 45°. The diffraction peak at around 26 = 22° cor-
responded to the C (002) of the graphite structure in CNT inside the
CNT-PDMS composite [35,36].

2.2.3. Preconditioning of the wearable device

A customized stretching instrument was used to periodically stretch
and release the CNT-PDMS material during the preconditioning process,
as shown in Fig. S2A and Supplementary Video 1). The inset in Fig. 2A
showed that a CNT-PDMS device was periodically stretched. Red da-
shed and solid lines respectively were the outlines of the suspended
PDMS membrane at the initial state and under the strain of 20%. Fig.
S2B showed the resistance (R) of a fresh-fabricated device during the
preconditioning process for over 9.7 h. After preconditioning over
3.8 h, the resistance of the device trended to be stable, indicating that
the internal conductive network structure trends to be stabilized. To
avoid the problem of the resistance difference among devices due to
fabrication and assembly errors, the relative resistance change (AR/Ry)

was introduced to normalize the resistance changes. Fig. 2A showed
AR/Ry of 6 devices increased during the process of preconditioning and
stabilized at the value of 0.05 = 0.002. To explore the reason for the
above phenomenon, the morphologies of CNT-PDMS were determined
by SEM before and after preconditioning (see the details in Section 2.3).

In addition, the hysteresis curves of the CNT-PDMS wearable device
was shown in Fig. S7. Although the resistance change for strain im-
proved along the orientation of the strain, and the hysteresis of the
CNT-PDMS exists during loading and unloading of the strain. However,
the hysteresis has no significant difference before and after pre-
conditioning process.

The reason for the existing of hysteresis is that the hysteretic re-
sistance is governed by a microstructural parameter & (the ratio of the
mean projected CNT length over the film length) and & is hysteretic
with strain and that the resistance is proportional to & =2 [1-3].

No difference of hysteresis was observed before and after pre-
conditioning process. This is because that the hysteresis of the CNT-
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Fig. 2. Characterization of the me-
chanical and electrical properties of
the proposed device. (A) Resistance
change (AR/Ry)  during pre-
conditioning showed at the bottom
left inset. The bottom-right inset
shows the shape change of the sus-
pended membrane under the strain of
20% using the customized stretching
instrument. (B) The repeating tensile
testing of the device by the applied
strain from 5% to 65%. The re-
sistance change (AR/Ry) of the strain
sensor was recorded. The relationship
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PDMS composite was mainly caused by the viscoelasticity property of
the polymer (PDMS). The preconditioning process was performed
within the range of elastic response (the value for this is 0.42 under the
cyclic strain of 5%).

2.2.4. Tensile testing result of the wearable device

After preconditioning, tensile testing was performed to find out the
linear range of the strain for the device. Three samples were tested by
applying an external strain from 5% to 65%. Each stretching process
was repeated ten times. The corresponding resistance was recorded.
The inset in the top-left of Fig. 2B showed the AR/Rq changed with time
under the strain of 20%. Fig. 2B showed that |AR/Ro| linearly increased
with the increment of the strain (5% to 45%). The fitted linear curve

has a correlation coefficient of 0.98. The yield point occurred at
strain = 45%, after that, the AR/R, decreased although the strain in-
creased. The adjacent CNT loses connection with each other when the
strain exceeds 45%. After the strain was released, the CNTs were unable
to recover the initial position. The static resistance (Ro) was increased
due to the yield strain, which means the original CNT inter-connection
network was broken down. As a result, the relative resistance change
(AR/Ry) decreased.

2.2.5. Calibration result between AR/R, and pressure

For accurately predicting wrist pulse pressure using the developed
device, the relationship between resistance change (AR/Rp) and the
pressure was first calibrated. To this end, signals of resistance and
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pressure were simultaneously recorded when different magnitudes of
pressure were used to bulge the strain sensor (suspended membrane
with CNT-PDMS strip) in the device. The pressure was produced by a
customized syringe pump and a device was sealed onto a cylindrical
PDMS. The pressure changed from 0.4 kPa to 14.0 kPa. The corre-
sponding AR/R, stepwise increased from 0.0035 to 0.15 (Fig. 2C). The
curve of AR/R vs. pressure was recorded and fitted into a linear curve,
as shown in the inset of Fig. 2C. The calculated sensitivity for the
pressure measurement was 0.01 Pa~!. The linearity range of the CNT-
PDMS strain sensor covered the whole range from 0.4 kPa to 14.0 kPa.

2.2.6. Characterization result for the electrical properties of the ECG
electrode

To stabilize the ECG reading, the CNT-PDMS electrode was also
preconditioned by stretching under the strain of 20% periodically. To
characterize the electrical signal capturing performance after pre-
conditioning, the static noise was measured continuously for 120 s, as
shown in the red curve in Fig. 2D. The peak-to-peak value of the
electrode noise after preconditioning decreased to 18% compared to
that before preconditioning (the blue curve in Fig. 2D). Fourier trans-
form was used to analyze the power density spectrum of the noise. The
first peak was observed at 2 Hz and its magnitude decreased about
twice after preconditioning. Fig. 2E showed that the amplitude of noise
decreased to 11% of that before preconditioning for 6.2 h (237 pv =+
29 uV vs. 2.1 mV * 0.39 mV).

2.3. Mechanisms of CNT-PDMS strip for measuring ECG and wrist pulse
pressure

To explore the working mechanisms of measuring ECG and wrist
pulse pressure in the proposed device, the morphologies of CNT-PDMS
composites and the equivalent circuit model of the ECG sensing element
were investigated.

To investigate the underlying mechanism of how ECG signals were
captured by the CNT-PDMS electrodes, an equivalent circuit model was
proposed for decoupling the connections in the skin-CNT-PDMS elec-
trodes. The impedance spectra of CNT electrodes, pigskin, and the
combination of CNT-PDMS electrodes and pigskin were measured from
0.1 Hz to 100 kHz. Nyquist plot and Bode plot were adopted to analyze
the impedance results [37], which were commonly used for decoupling
each electrical element in the equivalent circuit model [38]. Due to
pigskin's morphology and physiology were similar to human skin [39],
pigskin was attached to the wearable device (see Fig. 3A and B). As
shown in the black points in Fig. 3C and D, the frequency response of
CNT-PDMS was a constant value (643 €2) that did not change with the
increase of frequency in the Bode plot, and the frequency response of
CNT-PDMS in Nyquist plot was many points around the coordinate
(643 Q, 0). These results revealed that CNT-PDMS element could be
regarded as a resistor (R in Fig. 3B). The frequency response of pigskin
was a line with the slope of 0.45 in the Nyquist plot in the red points of
Fig. 3C and D, which was suitable for the response of a constant phase
element (CPE in Fig. 3B). The CPE constant was 90 nF and the exponent
of the CPE was 0.63. Finally, the overall equal circuit model can be
established through measuring the frequency response of the device
attached onto the pigskin surface. A semi-circle appeared in the fre-
quency response curve (blue curves in Fig. 3C and D), which was due to
the double layer capacitor formed by the gap between pigskin and
wearable device. This kind of response is the result of the parallel
connection of a resistor (17.8 kQ2) and a capacitor (90 nF).

To explore the piezoresistive mechanism of the CNT-PDMS strain
sensor, the SEM morphologies of the CNT-PDMS composite before and
after the preconditioning process were captured as shown in Fig. 3E and
F. The pool regions were marked with a red dashed circle. The statistic
results of the pool area in Fig. S3 revealed that the pools could be
classified into small and large groups according to the area. The ratio
between large pools (area > 300 um?) small pools (area < 300 um?)
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was increased from 0.26 to 0.50, which indicated that a portion of small
pools was broken into large pools during preconditioning. This was
consistent with CNT-PDMS the literature that during preconditioning
small CNT-PDMS pools were broken into larger CNT-PDMS pools [40].
The potential explanation in microscale was: The resistance of CNT-
PDMS composite is determined by the quantum tunneling effect be-
tween adjacent CNTs (distance < 10 nm) [41,42], and the conductive
path formed by the inter-connections of CNTs [43]. When an external
force is applied on the composite, the distance between the adjacent
CNTs becomes larger, the formed CNT conductive path could be de-
stroyed if the distance is larger than 10 nm. Accordingly, the chance of
electronic transition between adjacent CNTs is reduced. In addition, the
elastic modulus of the PDMS is much smaller than CNT (0.85 GPa vs.
34.5 GPa) [44]. Under the same tensile strain, the strain of PDMS is
much larger than that of CNT. As a result, a shearing force is generated
between CNT and PDMS, which breaks the inter-connections between
the adjacent CNTs. From the macroscale view, the resistance of the
CNT-PDMS sensor would be increased under external stretch. CNT-
PDMS composites under external force, the connections among CNTs
would break, and the relative position of CNT rearranged, leading to
the overlapped region among CNTs disappear or reform. As a result, the
corresponding AR/R, caused by the same strain during preconditioning
tended to increase, as shown in Fig. S2B, which indicated that the
sensitivity of the CNT-PDMS strain sensor was increased by the pre-
conditioning process and finally stabilized. In addition, the static re-
sistance of the CNT-PDMS strain sensor in Fig. S2B tended to decrease
during the preconditioning process due to the conductive network in
the CNT-PDMS tends to be regular and stable [45].

2.4. Simultaneous recordings of ECG and wrist pulse pressure

To demonstrate the performance of the proposed device, 9 volun-
teers (five males, four females, and ages from 18 to 20) were measured
for monitoring wrist pulse pressure and ECG. The devices were attached
to the surface of the right-hand wrist (Fig. S6 and Supplementary Video
2), and holders were used to connecting the device and testing equip-
ment. The signals from the volunteers were recorded for 1 min at rest
and after running for 500 m. Fig. 4A showed the ECG signals of a vo-
lunteer before and after exercise. Under resting state, ECG signals were
regular waves with a beating period of 0.83 s + 0.11 s in the time-
domain plot. Fig. 4B was the enlarged plot during the time from 35 s to
40 s, showing that the amplitude of the ECG was 276 uV + 31 uV. The
right plot in Fig. 4A was the ECG signal obtained 1 min post running.
The beating period of wrist pulse decreased to 0.45 s = 0.17 s. The
amplitude of the ECG signal has no significant difference compared to
that under resting state. Poincaré plot was commonly used to evaluate
heart arrhythmia in the medical analysis [46], here we employ it to
analyze the ECG signal. Fig. 4C shows that the center point of the signal
distribution focus around the point (0.83 s, 0.83 s); however, after
exercise the center point of the signal distribution focus around the
point (0.45 s, 0.45 s). In addition, we noted that the cloud of the points
became larger, demonstrating wrist pulse became irregular, which re-
flects heart arrhythmia after volunteer running. In addition, the wrist
pulse pressure signals were simultaneously measured along with ECG.
The signals at rest and post running were captured in Fig. 4D. At rest,
the wrist pulse has a regular rhythm, whose amplitude was 485 Pa =

23 Pa. However, the amplitude of the wrist pulse increased to
504 Pa * 41 Pa. For better comparison, the details of the wrist pulse
were enlarged to show in Fig. 4E. Fourier transform was used to com-
pare pulse frequency distribution before and after running (Fig. 4F).
The main frequency of wrist pulse has moved from 1.2 Hz to 2.24 Hz,
whose change resembled with the change of ECG frequency. From the
results above, our device could provide six parameters for evaluating
health conditions at the same time, including beating frequency,
beating rhythm, and beating amplitude from ECG, and pulse frequency,
pulse rhythm, and pulse amplitude from wrist pulse wave. In addition,
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Fig. 3. Sensing mechanisms of CNT-
PDMS strip for measuring ECG and
wrist pulse pressure. (A) The experi-
ment setup for ECG measurement. The
proposed device was attached to a
piece of pigskin. The distance between
the bottom PDMS layer to the pigskin is
about 13.3 pm according to the optical
image result. (B) A circuit model for the
electric connection between the device
and the pigskin. In the circuit model, Ry
represents the ECG electrode. R; and C
represent the gap between the ECG
electrode and the pigskin. CPE re-
presents the pigskin. (C) and (D) The
Bode plots and the Nyquist plots for the
device measured by an electrochemical
workstation. The inset in (D) is the
enlarged view of the rectangular region
for showing the frequency response of
CNT-PDMS, which showed that the
CNT-PDMS electrode can be considered
as a resistor (Rg = 643 Q). (E) and (F)
The surface morphology of CNT-PDMS
composites captured by SEM before
and after preconditioning. After pre-
conditioning, the pool structures (CNT
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the recovering process of the ECG and wrist pulse waveform after ex-
ercise for 1.25 h was recorded as shown in Fig. S4. The results de-
monstrated that our device could be used for long-term (> 1 h) mon-
itoring of personal health conditions.

In addition, we have compared our results with that of the com-
mercial ECG electrodes (the disposable Ag/AgCl ECG electrode, Xunda
wireless electronics Inc. Hangzhou, China). The data are plotted in Fig.
S5. Our result is comparable with the conventional ECG sensor in terms
of beating frequency and beating rhythm. The wrist pulse results ob-
tained from our proposed strain sensor were also compared with that
obtained from the commercial piezoresistive wrist pulse sensor
(RFP602, Yubo Intelligent Technology Co. Ltd. Hangzhou, China).

3. Methods
3.1. Device design and fabrication

To solve the interference between the mechanical deformation of
the skin and the electrical field of ECG in the sensor, the following
optimal sensor design methods were proposed. The thickness of the
substrate membrane for the pulse strain sensor should be minimized to
improve the sensitivity. In the meanwhile, the substrate thickness for
the ECG electrode should be thick enough to avoid the electrode-skin
contact distance changes due to the mechanical deformation of the skin.

clusters) in the CNT-PDMS material
became more uniform. The ratio be-
tween the large pools
(area > 300 um?) and the small pools
(area <= 300 umz) was increased from
0.26 to 0.50 possibly due to a portion
of small pools was broken and changed
to large pools during preconditioning.

8 12 16 20

Z' (x10kQ)

Therefore, the device design contains the ECG substrate, the suspended
membrane for pulse sensing, the CNT-PDMS strain sensor, and the thick
ECG substrate. The steps involved in the fabrication of the CNT-PDMS
device are shown in Fig. S1.

(a) ECG substrate

An aluminum mold was designed as shown in Fig. S1G. 96 pillars
(height = 450 um, diameter = 4.14 mm) were distributed evenly. A
mixture of the PDMS curing agent and the base PDMS polymer (weight
ratio = 1:10) was poured into the mold and baked at 65 °C for 4 h. After
solidification and peeling off, cavities were formed on the PDMS sub-
strate due to the pillars, which would be used to suspend the membrane
fabricated in the next step.

(b) Suspended membrane

To increase the stickiness and flexibility of the suspended mem-
brane, the weight ratio of the PDMS curing agent and the base PDMS
polymer was set to 1:20. Then the PDMS mixture was spin-coated on an
acrylic board. Considering the fabrication success rate and optimal
sensitivity of the pulse sensor, the speed of spin-coating for the PDMS
mixture was selected as 750 r/min. This resulted in an 85 um suspended
membrane after solidification. The coated acrylic board was then baked
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Fig. 4. The measurement of ECG and wrist
pulse for a volunteer before and after run-
ning. (A) ECG signal captured from a vo-
lunteer at rest and after running. (B)
Enlarged view of the ECG signals in the
green region in (A). (C) Poincaré plot for
the ECG signal at rest and after running. At
rest, the center point of the signal distribu-
tion focuses around the point (0.83 s,
0.83 s); however, after exercise the center
point of the signal distribution focus around
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at a temperature of 65 °C for 4 h. After solidification, a thin film was
formed and then peeled off from the acrylic board. Finally, the thin
PDMS film was assembled onto the ECG substrate. The film was sus-
pended in the cavity region of the ECG substrate.

(c) CNT-PDMS strain sensor

Multi-walled carbon nanotubes (CNT) and PDMS were (weight
ratio = 1:25) were mixed together and blended. The CNT-PDMS blends
were uniformly painted on the surface of the suspended region on the
film to form a sensor strip (width = 300 pm) by using the screen
printing method. Then the whole device was baked at 65 °C for 4 h.
After solidification, the CNT-PDMS sensor strip is 50 um thick. When an
external force was applied on the sensor strip, the polymer substrate
would deflect, which resulted in a change in the inner-network of CNT
and induced the change in resistance. In order to isolate the disturbance
of the electrical cardio pulse in strain measurement, another layer of

00 10 20 30
Frequency (Hz)

PDMS insulating film was fabricated on top of the CNT-PDMS strain
Sensor.

(d) ECG electrode

Two CNT-PDMS electrodes were screened on the top of the PDMS
insulating film, as shown in Fig. S1F. Then the whole device was baked
at 65 °C for 4 h. The benefit of this design is that electrodes would
directly adhere to the skin surface because PDMS is highly bio-com-
patible, which maximized the ECG capturing ability [47]. In addition,
the ECG electrodes were arranged in the thick region of the ECG sub-
strate, which minimizes the internal resistance change of ECG elec-
trodes caused by the mechanical deformation of the skin when wrist
pulses arrived.
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3.2. Optical profiler and SEM

To obtain dimension detail of the device, an optical profiler (Bruker,
USA) was used to test during each step in the process of preparation.
First, the intermediate focusing-speed mode was used to find the in-
terfering fringe. Then, the slow focusing-speed mode was to regulate
the clarity of the interfering fringe. Finally, the knob under the objec-
tive stage was used to adjust the number of the interfering fringe. SEM
was used to characterize the surface morphologies of CNT-PDMS.

3.3. XRD analysis

X-ray diffraction (XRD) of PDMS and CNT/PDMS were measured
using an X-ray diffractometer (Rigaku, model Geigerflex) at the room
temperature (25 °C). The diffractograms were measured at a scanning
speed of 8° min~?, by means of a tube voltage of 40 kV and tube current
of 30 mA.

3.4. Finite element analysis (FEA)

The layout of the wearable device was optimized by FEA, whose
simulation result would help to determine the distance between the
microelectrodes and the strain sensor in the device. Input data in-
cluding elastic modulus of PDMS and CNT-PDMS, dimensions of the
device and the applied pressure is necessary for obtaining accurate si-
mulation. Their values were measured by Atomic Force Microscopy
(AFM, Bruker, America) and optical profiler. PDMS was commonly
regarded as the isotropic elastic material, and 0.49 was used as its
poison's ratio in the simulation model [48]. The applied pressure was
1.05 kPa.

To determine whether ECG affects the detection of the wrist pulse
pressure, the electric field distribution of ECG was simulated. According
to the reported reference, 1.2 mV =+ 0.3 mV [32]. The conductivity of
the CNT-PDMS electrode is defined as 106 S/m, which relative di-
electric constant is 12. The main material in this device was PDMS, and
its conductivity was defined as 10~ S/m. The other properties were
used the default values in the software.

3.5. Preconditioning device

As the relaxation effect exists in CNT-PDMS composites [49], a
preconditioning process was applied by stretching and relaxing the
CNT-PDMS material revealingly, which can stabilize the internal CNT
network. The preconditioning process for each new device lasted for
over 9.7 h. This way could contribute to sense pressure and ECG with
accurate and stable sensitivity, linear range, detection limitation, and
bio-electrical signal. For the preconditioning wearable device, we de-
veloped a home-made stretching instrument. This instrument was
constructed by three parts, including the control component, trans-
mission component, and clamping device. Control components consist
of the control panel, the power, and the source drive. The transmission
component is used to precisely regulate the movement of the ball screw,
which includes a motor, a screw, a guide rail, and a sliding table. The
clamping device is mainly used for fixing the flexible device during the
preconditioning process. When the stretching instrument works, it
controls the ball screw with linear motion back and forth, through
regulating the control panel input program.

3.6. Calibration of CNT-sensing devices

A diaphragm pump (Schwarzer, model SP 500EC) and a program-
mable pressure regulator (Marsh Bellofram, model 3420) was used to
deliver pressure, P, into the device channels through a single inlet. In-
house electronics and LabView scripts were used to regulate P and to
monitor the strain sensors' electrical resistance at a sampling rate of
10 Hz. For strain sensing, a fixed voltage of 2.5 V was applied to each
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sensor and the electrical current was monitored using a precision multi-
channel impedance analyzer. The sensors were preconditioned using a
minimum of 4000 s. During calibration, using a cyclic driving pressure
with different magnitudes, the peak-to-peak amplitude of the resistive
strain of the sensors remained constant and was recorded to correlate
with the amplitude of free bulging height of the membrane.

3.7. Measurement configuration

To achieve simultaneous measurement of wrist pulse and ECG re-
cord resistance and voltage. The Wheatstone bridge was used to mea-
sure the resistance of the wrist pulse sensor. A bandpass filter
(0.5 Hz-10 Hz) was used to exclude the noise. The sampling rate for
resistance measurement was set to 10 kHz. For ECG measurement, the
CNT-PDMS ECG electrode was connected to the data acquisition board
with the same sampling rate of 10 kHz. The recorded signals were fil-
tered in the range of 0.5 Hz-10 Hz.

3.8. Monitoring volunteers' wrist pulse pressure and ECG

After device characterization, wrist pulse pressure and ECG mea-
surement were conducted on 9 volunteers. A premise source meter
(Keithley, model 2602) and high-speed electrical board were used to
record resistance changes and ECG of the CNT sensors before and after
volunteers exercise. Amperometric measurements were performed at a
sampling rate of 1 kHz and the voltage across the CNT-PDMS sensor
was maintained at 0.25 V. Voltage measurements were performed at a
sampling rate of 30 kHz.

4. Conclusion

In this paper, a wearable device was developed that can simulta-
neously measure wrist pulse pressure and ECG signals. The challenge of
the interference between the wrist pulse and ECG was solved by an
optimized sensor layout. The bio-compatible CNT-PDMS composite was
fabricated into a strain sensor to measure the wrist pulse pressure and
flexible electrodes to capture the ECG signal. The sensor layout was
optimized by finite element analysis. A preconditioning process (peri-
odically stretching up to 20% strain) was performed to stabilize the
output of the wrist pulse and ECG sensors. The relationship between the
resistance change and the pressure was calibrated in the pressure range
from 0.4 kPa to 14.0 kPa, and the calibrated sensitivity was 0.01 Pa™?.
SEM imaging and equal circuit modeling were employed to explore the
mechanisms of CNT-PDMS for strain and electrical sensing. The pro-
posed device was applied to monitor the wrist pulse and ECG signals of
volunteers during the recovering process after physical exercises. Next
step, wireless communication (e.g. Bluetooth) would be used to
transmit the data captured by the device to a mobile phone for wireless
monitoring. The data would be sent from the mobile phone to the server
and analyzed to provide early warnings of cardiac diseases.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.msec.2020.111345.
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