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A wearable piezoelectric bending motion sensor for
simultaneous detection of bending curvature and
speedt

Sung Yun Chung,? Hwa-Jin Lee,® Tae Il Lee*® and Youn Sang Kim*2¢

For simultaneous detection of bending curvature and speed, a wearable bending motion sensor was
developed by measuring the output voltage signals. A discrepancy in the piezoelectric output voltages
was effectively sensed as a function of bending curvature and speed for recognition of bending motions
of the piezoelectric element. This simultaneously bending curvature and speed detectable flexible
bending motion sensor is superior compared to other piezoelectric sensors which demonstrated
a difference in piezoelectric output signals as a function of only bending curvature. For the wearable
platform of the device, elastic ZnO NR-PDMS and Ag NW-SWCNT were utilized as active and electrode
materials. This wearable and flexible piezoelectric bending motion sensor is expected to be applied
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Development of flexible and portable bending motion sensors
has recently flourished for diverse applications including
human artificial skin," wearable electronics,>* and biomimetic
robot systems.* Among diverse transduction mechanisms for
bending sensors such as resistivity,>"® capacitance change,"
optical power,"* and piezoelectric output potential,**** piezo-
electric potential change is desirable for a self-powered active
system as well as the benefits in portability, environmental
compatibility, and persistent utilization. Moreover, oxide based
wurtzite piezoelectric materials have advantages in flexibility,
low cost, and availability for wearable manufacturing.

Sensing of bending curvature and speed in a simultaneous
manner enables an accurate tracking of bending motions across
the piezoelectric sensor. However, most researches have simply
been focused on the change of piezoelectric outputs as a func-
tion of bending curvatures.'*'* For instance, piezoelectric
sensor demonstrated by Nour et al, which has double-sided
ZnO nanowire (NW) configuration, simply presented different
output voltages according to only bending curvature.'* However,
the generated piezoelectric outputs affected by bending speed
as well as the bending curvature.'® More precisely, the piezo-
electric bending motion sensor during the same bending
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toward the realization of artificial skin motion detectors.

curvature operation with different bending speed will have
apparent different signal values. Therefore, two factors,
bending curvature and speed, need to be considered together in
one bending motion for the piezoelectric sensor as experi-
mental conditions. Through this step, bending motions across
the piezoelectric sensor are able to be accurately speculated
with awareness of the bending curvature and speed.

Herein, the wearable piezoelectric bending motion sensor
was demonstrated with simultaneous analysis on bending
curvature and speed. To recognize the bending motions, the
output voltages and voltage area were presented according to
the bending curvature and speed and the correlation between
the voltage area and these two factors was analyzed. For bend-
ability, a polydimethylsiloxane (PDMS) sandwiched ZnO nano-
rod (NR) layer was used as an active layer as well as the hybrid
electrode of Ag nanowire and single-wall carbon nanotube (Ag
NW-SWCNT) was utilized. While large majority of other
researches on piezoelectric sensors or nanogenerators adopted
metals as conducting electrodes, this study utilized a flexible
hybrid electrode of Ag NW and SWCNT for assurance of bend-
ability without any mechanical cracks and maintenance of
electrical conductivity during the prolonged operation of
sensing units. From the element structures, real-flexibility of
the piezoelectric device was actualized for practical bending
motion sensing system.

The experimental procedure of the piezoelectric bending
motion sensor is described in Fig. 1. The bi-axially grown ZnO
NRs were prepared by hydrothermal method'” and the experi-
mental details were presented in ESI, S1.1 The hybrid electrode
of Ag NW-SWCNT was fabricated by spray-coating system. The
Ag NWs solution [Nanopyxis, 1 wt% in distilled water] was
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Fig.1 A schematic procedure of the bi-axially grown ZnO NRs based piezoelectric bending motion sensor. (a) UVO treatment of PET substrate.
(b) Spray-coating of Ag NW-SWCNT onto PET substrate. (c) Spin-coating of PDMS—hexane solution and post-annealing at 85 °C for 30 min. (d)
Rubbing ZnO NR using a brush onto the PDMS layer. (e) The spin-coating and annealing process of PDMS—hexane. (f) The spray-coating of Ag

NW-SWCNT electrode.

diluted with deionized (DI) water to a concentration of 0.05 wt%
through vigorous sonication and the SWCNT [Nano solution Co.
Ltd., 1.3 wt% in distilled water stabilized by sodium dodecyl
sulfonate (SDS) surfactants] was used as received without any
purification. The Ag NW-SWCNT solution were prepared with
several weight ratio of 9:1, 8:2 and 7:3 of 0.05 wt% Ag
NW : 1.3 wt% SWCNT to find out optimal composition value of
hybrid electrode. Prior to the spray-coating, an ultraviolet ozone
(UVO) treatment onto a polyethylene terephthalate (PET) film
was conducted for 30 min to form hydrophilic surface as shown
in Fig. 1a. The UVO treated PET film was then placed in bottom
with distance 30 cm away from the spray nozzle and spray-
coated with continuous feeding of the Ag NW-SWCNT sources
through syringe pump and air flow (Fig. 1b). The spray-coating
was conducted at an injection rate of 0.2 ml min~ ' Ag NW-
SWCNT with an air pressure of 2 bar for 2 min and the hot plate
was set at 100 °C for evaporation of the water solvent. The spray-
coated PET substrate was washed with DI water for a removal of
the SDS surfactant from SWCNT solution. Then, the Ag NW-
SWCNT spray-coated PET film was spin-coated with PDMS
solution (PDMS : hexane in 5 : 5 weight ratio) at 3000 rpm for
30 s and cured at 85 °C for 30 min, as shown in Fig. 1c. Using
a paint brush, bi-axially grown ZnO NRs were randomly spread
out onto PDMS layer through simple rubbing process until
a monolayer of ZnO NRs was obtained (Fig. 1d). Another PDMS
layer was then covered the monolayer of ZnO NRs, subsequently
followed by the UVO treatment after the PDMS curing (Fig. 1e).
Finally, the spray-coating of Ag NW-SWCNT was carried out for
the formation of top electrode in the same weight ratio as the
bottom electrode and Cu wires were connected to the both
electrodes for electric measurement (Fig. 1f).

The crystallinity and morphology of ZnO NRs were investi-
gated by an X-ray diffractometer (XRD) [Bruker New D8
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Advance] and a field emission-scanning electron microscopy
(FE-SEM) [Hitachi S-4800], respectively. Moreover, the
morphology and electrical conductivity of Ag NW-SWCNT
hybrid electrodes were observed by an optical microscope (OM)
[Olympus U-CMAD3], a high resolution scanning transmission
electron microscopy (HRSTEM) [JEM-2100F] and four-point
probe resistivity measurement system [sourcemeter: Keithley
2400 and multimeter: Agilent 34410A]. Finally, the output volt-
ages of the piezoelectric bending motion sensors were
measured using an oscilloscope [Tektronix MD0O3024].

Fig. 2 shows the characteristics of the bi-axially grown ZnO
NRs. The bi-axial ZnO NRs were uniformly grown from a hydro-
thermal synthesis as shown in FE-SEM image of Fig. 2a. The
average diameter and length were 373.5 nm and 3.52 um each.
The hydrothermally grown ZnO NR powder was poured onto
PDMS layer and rubbed using a soft paint brush to be spread out
until a thin monolayer of ZnO NRs was completely filled out the
bare PDMS layer as shown in Fig. 2b. The dense and continuous
monolayer of bi-axially grown ZnO NRs was observed in FE-SEM
image of Fig. 2c. Since the rubbing of ZnO NRs using a soft paint
brush took only small forces, the ZnO NRs could be spread onto
PDMS layer without any mechanical cracks. The main mecha-
nism for the attachment of ZnO NRs onto PDMS is the van der
Waals forces, which is the intermolecular forces between the
molecules and surfaces."® The rubbing direction of ZnO NRs onto
the PDMS was random for identical output performance of
piezoelectric bending motion sensor for any direction of
bending. To characterize the crystalline phase of ZnO NRs,
powder XRD was carried out as shown in Fig. 2d. The major XRD
patterns were indexed in (100), (002), (101), (102), (110), (103),
(201), indicating the wurtzite structure of crystalline ZnO."
Thermal stability and decomposition temperature of ZnO NRs
also characterized by thermogravimetric

were analysis-
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(a) SEM image of bi-axially grown ZnO NRs by the hydrothermal method. (b) Photograph of rubbing process for ZnO deposition onto

PDMS layer using a soft paint brush. (c) SEM image of randomly rubbed bi-axially grown ZnO NRs onto PDMS layer. (d) Powder XRD pattern of bi-

axially grown ZnO NRs.

differential scanning calorimetry (TGA-DSC) as shown in
Fig. S2a.t Endothermic reaction with only 2.88% weight loss of
ZnO NRs indicates the superior stability of as-synthesized ZnO
NRs. Finally, to analyze the surface structure and compositional
information, X-ray photoelectron spectrometry (XPS) was con-
ducted as shown in Fig. S3.}

The spray-coating of Ag NW-SWCNT was attempted with
several experimental conditions to find out optimal component
value of hybridized Ag NWs and SWCNT. 9, 8, and 7 g of 0.05 wt%
Ag NWs in DI water and 1, 2, and 3 g of 1.3 wt% SWCNT also in DI
water were mixed respectively via vigorous sonication and
prepared for spray-coating. With customized spray coating setup
as shown in Fig. 3a, the Ag NW-SWCNT composite film was
spray-coated without agglomeration. The spray-coated hybridized
Ag NW-SWCNT electrodes were tested before and after 10 times
mechanical bending through OM observation. As shown in
Fig. 3b and c, the mechanical cracks were observed after the
bending of electrodes in both case of bottom and top electrodes
in weight ratio of 9 : 1 and 8 : 2 (g/g) of 0.05 wt% Ag NW : 1.3 wt%
SWCNT. This is because of the unstable inter-connection
between Ag NWs and also the poor adhesion of Ag NWs onto
the PET due to the lack of SWCNT content.?® Otherwise, the
continuous morphology of Ag NW-SWCNT was observed in case
of 7:3 (g/g), indicating the effect of SWCNT content in the
hybridized electrode. Accordingly, this indicates that the SWCNT
functioned as an inter-connector between the Ag NWs for
continuous morphology. Moreover, the SWCNT functioned also
as an adhesion agent for better cohesion of Ag NWs to the PET
substrate. The spray-coated Ag NW-SWCNT hybrid electrode
onto PET substrate with optimal component ratio of 7 : 3 (0.05
wt% Ag NW : 1.3 wt% SWCNT) was observed through FE-SEM as

2522 | RSC Adv., 2017, 7, 2520-2526

shown in Fig. 3d. The Ag NW-SWCNT composite film was
uniformly coated without agglomeration. The Ag NW-SWCNT
electrode was also observed by HRSTEM for better observation
(Fig. S41). The Ag NWs were dark color column and the ash-
colored SWCNT was entangled in gap of the Ag NWs, filling up
the vacant room between the Ag NWs and making an inter-
connection of Ag NWs. Fig. S4bt shows the central region
image of Ag NW-SWCNT, indicating the crystalline lattice of Ag
NWs and electron diffraction pattern of individual Ag NWs in
Fig. S4ct revealed the pentagonal rotational periodicity.

The examination of sheet resistance in Fig. 3f was conducted
to measure the electrical conductivity of Ag NW-SWCNT elec-
trodes at an optimized weight ratio (7 : 3 of 0.05 wt% Ag NW : 1.3
wt% SWCNT) according to the different bending curvature
(Fig. 3e). The sheet resistance for the non-bent bottom and top
electrodes of Ag NW-SWCNT was 15.86 and 14.50 Q@ [0,
respectively. Otherwise, it is notable that the value of sheet
resistance is considerably consistent according to the applied
bending curvature with average values of 15.13 and 18.14 Q ("
for both bottom and top electrodes. This mechanically stable and
robust hybridized Ag NW-SWCNT is adequate as an electrode for
practical bending motion sensor system.

The standard output voltage signals were measured as shown
in Fig. 4a. The measurement condition for the standard output
was set in bending curvature of 17.8 mm and speed of 150 mm
s~'. As previous shown in Fig. 3e, conditions for the bending
curvature is separated as 49.0, 42.6, 36.4, 30.7, 25.4, 21.6 and 17.8
mm. The bending speed was also divided into five values with
reduction of 20 mm s~ from the maximum value of 150 mm s,
150, 130, 110, 90 and 70 mm s~ each. However, performance of
the piezoelectric bending motion sensor under bending speed

This journal is © The Royal Society of Chemistry 2017
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(a) Customized spray-coating setup for Ag NW-SWCNT composite film. The Ag NW-SWCNT solution was injected at feeding rate of
with an air pressure of 2 bar onto the UVO-treated PET films for 2 min, annealing at 100 °C. Optical microscope images of (b)

bottom and (c) top electrodes according to the different weight ratio of Ag NW and SWCNT. (d) SEM image of hybrid Ag NW-SWCNT electrode.
(e) Differently applied bending curvature and (f) sheet resistance of top and bottom electrodes as a function of bending curvature.

lower than 70 mm s~ " had difficulty in classification of the output
signals because too slow bending operation vanished the part of
piezoelectric potential generation. Fig. 4b and ¢ show the output
performance of piezoelectric bending motion sensor according to
different bending speed and curvature at constant bending
curvature and speed. At constant bending curvature of 17.8 mm,
the output voltages were measured according to the bending
speed as shown in Fig. 4b. From the graph, it is notable that the
bending speed is a factor deciding the peak voltages of output
power. At constant bending speed of 150 mm s, the peak voltage
was increased with decreasing bending curvature (more bending
incurvation in smaller value of bending curvature). However, the
area of output voltages was also increased with decreasing
bending curvature. This indicates that the voltage area is a factor
depending on the value of bending curvature. Accordingly, the
applied bending curvature across the piezoelectric bending
motion sensor affects both the voltage peak and area and there-
fore, the output performance is needed to be considered in
aspects of voltage area not only in voltage peak. Accordingly, if the
voltage area according to the bending curvature and speed is
presented respectively, the correlation between these factors will

This journal is © The Royal Society of Chemistry 2017

be enabled to be ratiocinated. Therefore, the voltage area was
calculated and presented as a function of applied bending
curvature and speed. The values of voltage area were positively
transformed in case of negative output voltage peaks. In this
report, concave bending was applied to the piezoelectric bending
motion sensor and therefore negative output voltages were
initially measured during the bending motion, otherwise positive
values were reversely examined during release motion. Since only
bending motions was considered in whole bending and release
motions for the applicability of both bending and release modes,
the values of voltage area for bending motion were all transformed
to positive one in case of the concave bending. The voltage area
values for release mode were also shown in Fig. S5.1

The values of voltage area as a function of bending curvature
and rate (dR./dt) were presented in Fig. 4d and e. The
measurement was attempted with five different bending motion
sensors at the same experimental conditions in each case for
accuracy. In addition, to secure the reliability of piezoelectric
bending motion sensor, measurement of the output perfor-
mance was conducted for every 1000 times during 4000 times
bending motions of the piezoelectric sensor to insure the

RSC Adv., 2017, 7, 2520-2526 | 2523
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constant power generation (Fig. S61). Finally, to verify that the

bending device was taken into an experiment (Fig. S7t). The
electrical outputs were generated by piezoelectric properties of output voltage shown by the non-ZnO NR bending device
ZnO NRs, non-ZnO NRs contained PDMS and Ag NW-SWCNT

(Fig. S7bt) was only noise level, indicating that the output
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(a—c) Output voltages of the piezoelectric bending motion sensor by finger bending with various bending curvature and speed. Voltage

areas according to (d) the bending curvature and (e) rate (dR./dt) for detection of bending speed and curvature.
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signals came from the piezoelectric effect of the ZnO NRs. The
relative bending rate for bending of piezoelectric motion sensor
can be calculated as

dR  df(L) AL Af(L) dL

dR dL _ AR dL
dL  dr

AL dt AL dr (1)

dr
where AR and AL are the change of radius and length of the
piezoelectric bending motion sensor as the bending curvatures
were applied and dZ/dt is the bending speed. Hence, all the
bending modes of the piezoelectric sensor have different
bending rates although the applied bending speed is the same.
This bending rate was used to consider the change of bending
curvature according to the length change of the piezoelectric
bending motion sensor. In Fig. 4d, the values of voltage area
have a tendency to be decreased with increasing bending
curvature and reduced with bending speed. However, from
Fig. 4e, linearly increased values of voltage area were observed
through the increase of bending rate in one specific value of
bending curvature. This indicates increase in bending rates of
the piezoelectric sensors made increase in values of voltage
area. The physical meaning of voltage area is an absolute inte-
gration value of voltage peaks. Thus, the area of voltage can be
expressed as

!

Area of voltage = J V(e)ydt (At=1-0) (2)

0
where the At is the interval of integration meaning the bending
process time. Thus, the average voltage is able to be expressed
as an equation as follows.

! .IV(z)dt:J[ @dt _ Qe

Vave = —
ne At ) o C c

(3)

Accordingly, the integration value of piezoelectric charge over
capacitance indicates the average charge generated by the external
bending motion of the piezoelectric sensor over capacitance.
Therefore, since the capacitance value is consistent, the generated
charge is proportional to the voltage area value. Generally, an area
of voltage signals is consistent with piezoelectric charges and
charges are dependent on bending curvature. In other words,
under the same applied bending curvature, the peak area values
should be the same. However, discrepancy in voltage area value at
the same bending curvature under different bending speed was
observed. This discordance in piezoelectric charge values is
attributed to resistor—capacitor (RC) time constant, which allows
charge leakage during bending operations in case of different
bending speed conditions. Since more leakages in piezoelectric
charges occurred in mode of slower bending speed of the piezo-
electric units, the resultant piezoelectric charges, which can be
substituted to the area values were smaller. This theory is
fundamentally based on a piezoelectric effect,

where ¢ is the piezoelectric charge divided by period of time, d;;3
is the piezoelectric charge constant, ¢ is the bending speed, and
E, A are the Young's modulus and the applied area each.*

This journal is © The Royal Society of Chemistry 2017
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Therefore, the absolute area values of output voltages also
change with applied bending speed across the piezoelectric
bending motion sensor. Due to this reason, the piezoelectric
output performance is needed to be analyzed in consideration
of bending speed as well as the bending curvature for accurate
sensing system. Based on this theory, our group actually tested
the piezoelectric bending motion sensor via simultaneous
observation of bending curvature and speed and verified that
the database of the voltage area values was somewhat consistent
according bending curvature and speed.

The strategy for detection of bending motions is shown in
Fig. 4f. Firstly, measurement of output voltages across the
piezoelectric bending motion sensor is needed to be conducted.
Secondly, calculation of voltage area is required and the area
values are needed to be indicated in graphs, which display x
versus y values as bending curvature or bending rate versus
voltage area. Finally, collation of the original database from the
statistical measurement of output performance with experi-
mental data is needed to be conducted to find out the values of
bending curvature and speed.

Practically, the piezoelectric bending motion sensors expe-
rienced finger bending with random bending curvatures and
speeds among the experimental conditions set-up. The output
voltages were measured using an oscilloscope as can be seen in
Fig. 5a-c. From the calculation of voltage area based on values
of output voltage across the piezoelectric bending motion
sensor, the experimental data of voltage area was presented.
The information of bending rate from the graph of bending
curvature versus voltage area, and bending curvature from the
graph of bending rate versus voltage area was able to be ob-
tained. For example, the voltage area value, 0.001665 V s was
obtained and the 0.00167 V s for bending curvature of 17.8 mm
and bending speed 150 mm s~ * from the database of the output
performance was almost the same. Therefore, from the voltage
area value, the bending curvature and speed for Fig. 5a could be
speculated, which were 17.8 mm and 150 mm s~ *. However, due
to the small scale of the database, the random bending curva-
ture and speed were restricted to several values only. Accord-
ingly, diverse range of bending curvature and speed values from
experimental set-up is required for the future study. Continu-
ously, the another point of voltage area value was 0.001078 V s
which coincided with voltage area value of 0.00107 V s for
bending curvature of 30.7 mm and bending speed of 150 mm
s ' from the database as shown in Fig. 5d and e. Finally,
bending curvature and speed of 49 mm and 90 mm s~ ' for
voltage area value of 0.000485 V s from the database and
experimental value of 0.000478 V s were found to be almost
identical. As a result, the bending curvature and speed for
Fig. 5b and ¢ were 30.7 mm & 150 mm s ' and 17.8 mm & 90
mm s '. Actually, the applied bending curvatures were
measured from the photographs of piezoelectric sensors during
bending operation and the values were about 49, 31 and 18 mm
each. Hence, the applied bending curvatures were good accor-
dance with the speculated bending curvatures. Therefore, under
specific conditions of bending curvatures and speeds of the
piezoelectric sensor, the bending motions are predictable from
the simple correlation of voltage area and bending curvature

RSC Adv., 2017, 7, 2520-2526 | 2525
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and speed. Beyond presenting the output results according only
by different bending curvatures, this result discerned the
bending curvature and speed in simultaneous manner for
perspicacious analysis, which was based on the theory of
piezoelectric effect.

In conclusion, highly bendable and wearable piezoelectric
motion sensor was successfully demonstrated by detection of
bending motions as a function of bending curvature and speed.
Based on the theory of a piezoelectric effect, the correlation of
voltage area value with bending curvature and speed was
discovered and enabled the speculation of bending curvature
and speed under specific experimental bending conditions.
Moreover, high elasticity of the piezoelectric bending motion
sensor is attributed to the flexible elements of piezoelectric
composite material of ZnO NR-PDMS and hybrid Ag NW-
SWCNT electrodes. This piezoelectric bending motion sensor is
applicable to the human artificial skin as well as biomimetic
robot system.
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