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Abstract
In this paper, we report a new method to activate and control a piezoelectric linear motor using a
switching light source through two transparent electrodes and a photoconductive coating. This
coating is composed of titanium oxide phthalocyanine (TiOPc), electron transport materials, hole
transport materials, and polyvinyl butyral binder. It is used to replace one of the surface
electrodes of a piezoelectric serial bimorph to provide an optical interface and to construct an
optopiezoelectric composite. The weight percentage of TiOPc nanoparticles, solvent
compositions, and film thickness are studied to identify the optimal coating to match the
electrical impedance of the piezoelectric serial bimorph in both on and off states. Experimental
results show that the photoconductive coating has a good on–off ratio and low electrical
impedance under conditions of high concentration of TiOPc, small film thickness, high light
intensity, and low frequency. To design this motor based on a one-frequency-two-mode driving
method, an analytical solution is derived and an optopiezoelectric linear motor (OP-LM) is
developed. Our analytical analysis, finite element simulation, and experimental results
demonstrate that traveling waves can be generated by driving this motor at a frequency between
the first and the second bending modes with a 90° phase difference between two designed
actuating areas. The optimal condition is to match the driving frequency and light switching
frequency. The moving direction and velocity of objects in different weight can be optically
controlled by illuminating different areas of an optopiezoelectric motor with two 10W power
LEDs and masks. Discussions on the developed theory, simulation, and experimental studies of
the OP-LM are provided in this paper.

Supplementary material for this article is available online

Keywords: optopiezoelectric composite, optopiezoelectric linear motor, linear piezoelectric
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1. Introduction

In recent years, the concept of using a photoconductive
coating to provide an optical interface for manipulating par-
ticles, cells, and droplets in a lab-on-a-chip system has been
reported. It has enabled one to control multiple components

with complex functions optically. It offers an optical interface
to create different patterns of activation area dynamically to
perform complex tasks on a chip. For example, photo-
conductive hydrogenated amorphous silicon (α-Si:H) has
been applied to an optoelectronic tweezer [1–3]. Photo-
conductive α-Si:H and a transparent electrode have been used
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to replace one of the electrodes of a dielectrophoretic
microfluidic device. By selectively illuminating the photo-
conductive α-Si:H layer to reduce resistivity, a patterned
electrical field can be generated and light induced dielec-
trophoresis (LIDEP) can be created. Micron-sized particles
and cells can be trapped, moved, and positioned in a micro-
fluidic channel. Similar concepts and methods have been
applied to the electrowetting-on-dielectric (EWOD) method
for droplet manipulation [4]. Surface energy of the exposed
area can be adjusted to move droplets. Nevertheless, a
vacuum deposition system, such as plasma-enhanced chemi-
cal vapor deposition, often is needed to produce a high quality
photoconductive α-Si:H coating. The processing temperature
can be as high as 300 °C, and the deposited film is fragile. The
requirement of process compatibility is very strict, and its
application for flexible substrates is limited.

Titanly phthalocyanine (TiOPc) is another organic pho-
toconductive material that has been used for both LIDEP
[5, 6] and EWOD [7, 8]. The photoreceptor layers used in
these applications usually are based on the composition
developed for photoreceptor drums. A standard spin coating
technique is used to create TiOPc photoconductive layer on
the lab-on-a-chip device. The requirement of process com-
patibility is much easier than α-Si:H. In these applications,
the weight percentage of TiOPc usually is low and its elec-
trical impedance before and after light exposure can be con-
siderably high. For a 9.1% (w/w) α-TiOPc dispersed in a
polycarbonate (PC) resin, we found that the resistivity could
be as high as ∼1011 and ∼1013Ω cm in conditions with and
without light exposure, respectively. This provides a good
impedance match on LIDEP and EWOD applications since
their electrical impedance also has a high value. In addition,
TiOPc photoconductive coating provides excellent flexibility
due to its polymer-based resin. Taking these superior char-
acteristics, we previously reported on creating a microfluidic
pump based on an optopiezoelectric composite composed of a
TiOPc photoconductive layer and a piezoelectric PVDF
(polyvinylidene fluoride) polymer [9]. Using a high con-
centration of TiOPc, two separated micropumps could be
activated optically. This study demonstrated that the opto-
piezoelectric composite could serve as the actuator to opti-
cally drive a microfluidic pump at 1 Hz. The response of the
optopiezoelectric composite provides good impedance
matching on both before and after light illumination under DC
and low frequency region.

Following this line of thinking, we present our study on
applying a ceramic-based optopiezoelectric composite to a
piezoelectric linear motor here. We verified that, using an
optopiezoelectric composite to be its core, the motor can be
activated and controlled optically. The linear piezoelectric
motor has drawn considerable attention since its structure is
simple and it can be fabricated easily. Due to its finite
boundaries, however, the reflected waves from the boundaries
can generate resonant modes easily and hinder the generation
of a continuous and stable traveling wave. Methods have been
proposed to build linear traveling wave motors using piezo-
electric actuators. For example, Kuribayshi, et al developed
the first piezoelectric linear motor in 1985 using one actuator

and one absorber [10]. The first piezoelectric actuator was
used to generate the traveling wave, and the second piezo-
electric absorber was connected to an RL passive circuit to
sink energy of the propagated mechanical energy. This
method was able to eliminate the reflected waves from the
finite boundary. In 1989, Takano and Tomikawa reported
another method by combining the first longitudinal mode and
the forth-bending mode [11]. In this way, multiple elliptic
waves can be generated on a linear finite structure, and it
could be used to serve as a linear motor. In the same year,
Tomikawa et al reported another method named two-mode
excitation that can generate traveling waves on a 1D finite
structure by using two sets of piezoelectric actuators [12]. The
driving frequency was chosen between two adjacent bending
modes with a 90° out of phase difference. This approach was
further studied by Hariri, et al in recent years with two
piezoelectric patches [13]. The second report of Hariri, et al
also demonstrated that the position of these two piezoelectric
actuators can affect the performance of generated traveling
waves [14]. Applying the concept of two-mode excitation,
Loh and Ro used two bolted Langevin-type transducers to
apply 90° out of phase excitations to generate traveling waves
on a long 1D structure [15]. Optimizing process of this
approach to improve the quality of generated traveling waves
was also reported by Dehez et al [16].

In this study, we derived an analytical theory to show
how the traveling wave could be induced using a single fre-
quency to excite two adjacent bending modes through two
piezoelectric actuators. We further demonstrated that the key
to control the direction and velocity of induced traveling
waves was determined by the location and size of the two
piezoelectric actuators. This method was named one-fre-
quency-two-mode (OFTM) in this paper for simplicity. We
applied the concept of optopiezoelectric composite to develop
an optopiezoelectric linear motor (OP-LM) using a piezo-
electric serial bimorph. We verified that this linear motor
could be optically activated and controlled. To match the
electromechanical performance of the piezoelectric serial
bimorph at higher frequency range than [10], we performed a
series studies on the TiOPc based photoconductive coating
with different combinations of Y-TiOPc nanoparticles (NPs)
and solvent compositions. A preliminary study on the com-
position of TiOPc NPs was reported previously in a con-
ference paper [17]. In this paper, we report a complete study
and further demonstrate that the on–off ratio of the photo-
conductive coating could be adjusted by controlling the solid
content of the TiOPc NPs, solvent composition, and coating
thickness. This could be used to match the electrical impe-
dance of the piezoelectric serial bimorph for both on and off
states. Based on the developed photoconductive coating and
analytical theory, we developed an OP-LM that can be opti-
cally controlled. We further demonstrated that the direction of
traveling waves can be controlled optically. This design
enable the capability to change the performance of the motor
by spatially defined actuators. It eliminated the limitation of
reported piezoelectric linear motors that their performance is
determined once the location and size of piezoelectric
actuators were chosen. Detailed discussions on the analytical
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analysis, finite element simulation, and experimental study of
the OP-LM are presented in this paper.

2. Design of the OFTM OP-LM

Figures 1(a) and (b) show two types of the OFTM OP-LM
developed in this study. Instead of attaching piezoelectric
sheets onto a 1D elastic plate, as suggested in [12–14], we
used a 1D piezoelectric serial bimorph to serve as the core
structure of the OP-LM. The two OFTM actuators can be
created by designing the location and size of surface elec-
trodes on one side of the serial bimorph, which are indicated
by A1 and A2 in figures 1(a) and (b). These two actuating
areas are defined by edges of two remaining Ag electrodes
(figure 1(a)) or light-activated regions (figure 1(b)) at x1, x2,
x3, and x4. Furthermore, using a bimorph structure, the
actuating performance of the bending mode can be optimized.
Lead zirconate titanate (PZT) piezoelectric ceramic was
chosen as the piezoelectric material in this study. It is a
commercialized piezoelectric ceramic, and the fabrication
process of a serial bimorph is well-developed. Because we
needed to match electrical impedance of the photoconductive
coating and the piezoelectric bimorph during both on and off
states, light-illuminating areas and the resultant actuating
areas were considered together. Since the electrical impe-
dance of the photoconductive coating in lateral direction was
several orders higher than the one in thickness direction, we
designed two different types of the OP-LM based on this
characteristic to match two types of power LEDs with dif-
ferent illuminating spectrums. Figure 1(a) shows the first
design. It used two Ag electrodes to define the two actuating
areas, and the photoconductive coating was coated on top of
these electrodes followed by sputtering two designed ITO
transparent electrodes. These two ITO electrodes were used to
define the conductive region for matching the electrical
impedance of the actuating area and the photoconductive
layer. Thus, a mask was not needed and the photoconductive
coating can be activated entirely. The second method was to
completely replace one of Ag electrodes with the photo-
conductive coating and two ITO electrodes with a small
separation (figure 1(b)). The direction and driving force of the
traveling waves can be controlled by using different masks for
activating different locations and areas of the OP-LM. The

impedance matching was determined by the activating area.
Finally, these two actuating areas were driven by 90° out of
phase signals through two power amplifiers to generate tra-
veling waves on these two OP-LMs.

The x–y–z axes of the 1D plate are aligned with the 1-, 2-,
3-axes of two PZT layers. Thus, the transverse isotropic
property of the PZT can be applied in the analytical analysis.
According to the theory for piezoelectric laminates and
assuming that the internal damping effect is negligible
[18, 19], the governing equation of a serial piezoelectric
bimorph with two separate rectangular actuating areas can be
expressed as:
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where D11, ρ, h represent the flexural rigidity, density, and the
thickness of the bimorph plate, and the width of the piezo-
electric bimorph is set to be 1. The deflection of the
bimorph plate is w=w(x, t). Pn and its subscript n represent
the poling direction and the top and bottom layers of the
piezoelectric bimorph, where P1 and P2 equal to 1 and −1,
respectively. z is the distance of the neutral plane of the
bimorph to the central plane of each piezoelectric layer. As
the photoconductive coating is polymer based, its elasticity is
more than 30 times softer than PZT. Furthermore, its thick-
ness is 20 times thinner than the piezoelectric bimorph. Thus,
the neutral plan of the OP-LM can be considered to be at the
interface of the two piezoelectric layers of the
bimorph structure. The locations and areas of the two rec-
tangular actuating regions are represented by [e31(x)]1 and
[e31(x)]2 in equation (1), where e31 is the piezoelectric stress
constant and the width is set to be 1. Then, they can be
expressed via Heaviside function H(x) as:

e x e H x x H x x a231 1 31 1 2= - - -[ ( )] [ ( ) ( )] ( )

and

e x e H x x H x x b. 231 2 31 3 4= - - -[ ( )] [ ( ) ( )] ( )

Finally, V1(t) and V2(t) represent the driving voltage and its
temporal phase information of the two actuators. The sug-
gested driving frequency (ωm) of the OFTM linear motor was
between two adjacent resonant modes, and the driving

Figure 1. Design and experimental setup of two optopiezoelectric linear motors, where the impedance match between the photoconductive
coating and actuating areas is achieved by using ITO electrodes (a) or a mask (b).
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frequency at the middle of the two resonant frequency was
experimentally verified. It was demonstrated that drove two
actuators at a 90° phase difference can induce traveling waves
on a 1D finite structure [13, 14]. In this study, the first and the
second bending modes were chosen, and ωm was set between
ω1 and ω2. The first and the second bending modes were
chosen was to match the electrical impedance of the photo-
conductive coating. Note that the following analytical ana-
lysis can further extend to higher bending modes. Our
analytical analysis shows that the location and size of the two
actuating areas determine the direction and amplitude of
induced traveling waves.

The driving voltages V1(t) and V2(t) in equation (1) can
be written as:

V V t asin 3m1 w= ( ) ( )

and

V V t bcos , 3m2 w= ( ) ( )

where V is the amplitude of the driving voltage and the
subscripts 1 and 2 represent it being for actuator A1 or A2.
Substituting equations (2a), (2b) and (3a), (3b) into
equation (1), the governing equation is simplified to
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where δ is the Dirac delta function and the double amount of
moment generated by the bimorph structure is expressed by
multiplying 2 to the driving term on the right-hand side of
equation (4). Since the structure of the OP-LM is a fixed-fixed
1D plate, the boundary conditions of fixed ends on two sides
are Φi(0)=0, Φ′i(0)=0, Φi(L)=0, and Φ′i(L)=0, where
L is the total length of the piezoelectric bimorph. The dis-
placement field w(x, t) can be expressed by the superposition
of the eigenfunctions Φi(x):
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where Ti(t) represent the amplitude of the ith mode. Φi(x) can
be solved via eigenfunction expansions and substituting
boundary conditions of two fixed ends, and its general form is
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and λi is the characteristic wavelength of the ith mode. Taking
a full field integration of equation (4) with respect to the jth
mode, this partial differential equation can be decomposed
into multiple ordinary differential equations (ODEs), where

the jth ODE becomes
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The resonant frequency of the jth mode is represented by ωj,
and it can be correlated with λi by the following dispersion
relationship

h
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Let the driving frequency to be ωm, and use initial conditions
of Tj(0)=0 and T′j(0)=0. Then, applying standard Laplace
and inverse-Laplace transforms, Tj(t) can be written as:
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represent the time domain contribution of actuators at areas
A1 and A2, respectively. Thus, the general solution of
equation (5) for a fixed-fixed OP-LM is derived. Since the
driving principle of OFTM is that the two bending modes
next to the driving frequency are excited the most and dom-
inate, the first (ω1) and the second resonant modes (ω2) can
both be excited by the single driving frequency (ωm) between
them. Thus, a traveling wave can be generated on the OP-LM.
Following this concept, we can derive the induced traveling
waves by solving the superposition of the first and the second
bending modes. The induced vibration can be written as:
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C P x x F j c, with 1 or 2, 15j j j j m j1 2 w w= F ¢ - F ¢ =[ ( ) ( )] ( ) ( )
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and Pj=−2e31V/ρKj, F(ωm, ωj)=1/ .m j
2 2w w-( ) The first

and the second summations on the right-hand side of
equation (14) represent the vibrations induced by the driving
signal ωm and those contributed by the resonant modes,
respectively. They are expressed by wm and wr, respectively.
From equations (15a), (15b), we can find that the generation
of traveling waves are determined by the bending angle [Φʹ
(x)] at edges of the two actuators at A1 and A2. The difference
of the bending angle between two edges determine the sign
and magnitude of the four constants, Aj, Bj, Cj, and Dj. It
provides a spatial controllable factor to control the generation
of traveling waves, and it serves as the interface for optical
manipulation of the OP-LM. Based on equation (14), the
vibrations that can be used to induce a traveling wave are the
waves generated by the driving frequency ωm, and this can be
decomposed as

w A x A x t
B x B x t

sin
cos . 16

m m
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w
w
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From equation (16), we can find that traveling waves are
generated by controlling the values of A1, A2, B1, and B2 to be
positive or negative. Table 1 summarizes the four possible
combinations of these four constants to create traveling
waves. The corresponding traveling directions of each con-
dition are also listed. These four conditions make
equation (16) to become two traveling waves propagated in
the same direction. Otherwise, two propagating waves in
opposite directions are induced. This analytical analysis
shows that it is necessary to control the sign convention and
magnitude of these four constants to generate traveling waves.

Figure 2 shows three different designs of the OP-LM.
Mask 1 and mask 2 are symmetric, and mask 3 is a non-
symmetric mask. The design of mask 3 can induce traveling

waves that propagate in opposite direction with respect to
masks 1 and 2. Considering the profile of bending angle Φʹ(x)
of the first (blue line) and the second (red line) bending modes
shown in figure 2, it was found that the first combination of
A1, A2, B1, and B2 in table 1 can be created by placing the two
actuating areas symmetrically (mask 1 and mask 2). The
locations of x1, x2, x3, and x4 for mask 1 are chosen to be at
0.2L, 0.4L, 0.6L, and 0.8L of a fixed-fixed OP-LM, respec-
tively. The corresponding locations for mask 2 are 0.2L,
0.486L, 0.514L, and 0.8L. Thus, a configuration of
A1=B1>0, A2=−B2>0, and A2>A1 condition can be
created and a traveling wave move to the negative direction
(left) can be induced. Thus, equation (16) for mask 1 and
mask 2 can be written as:

w A x t A x t
A x t A x t
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sin cos , 17
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where both the first and the second term on the right-hand
side represent propagating waves propagate to the negative
direction (left). Furthermore, locations of x1 and x4 are
designed to be near the anti-nodal points of Φ1ʹ(x) to have
highest magnitude of A1 and A2. The location of x2 and x3 for
mask 2 was made closer to the nodal point of Φ1ʹ(x) to have a
higher value of bending angle difference in equations (15a)
and (15b) for mask 2. This design result in a lower amplitude
of traveling waves, and mask 1 and mask 2 can be used to
control the velocity of objects that the OP-LM carries.

On the other hand, the locations of x1, x2, x3, and x4 for
mask 3 were chosen to be 0.2L, 0.4L, 0.857L and L. This
design results in A1, B2, A2>0, B1<0, and B2>A1 and
A2>−B1 condition, which is the second case listed in
table 1. Let B1=−β1, and equation (16) becomes

w A x t B x t
A x t x t

sin cos
sin cos . 18

m m m

m m

1 1 2 2

2 2 1 1

w w
w b w
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Having change of signs in the first and the second terms in
equation (18), these two terms on the right-hand side repre-
sent two propagating waves move to the positive direction
(right).

Figures 3(a) and (b) show simulated trajectories of peak
amplitude of one complete cycle of generated traveling waves
with respect to location and time using equations (17) and
(18), respectively. Black lines and black dashed lines repre-
sent the traveling trajectories created by mask 1 and mask 2,
respectively. Black arrow indicates its direction. The gray
lines represents the traveling trajectories induced by mask 3,
where its traveling direction is in opposite direction and is
labeled with a gray arrow. The direction of generated

Figure 2. Illustrations of three different designs of two actuating
areas (A1 and A2) for the OP-LM. Their corresponding locations on
bending angle profiles of the first Φ′1(x) (blue line) and the second
Φ′2(x) (red line) modes are indicated with dashed lines.

Table 1. Possible combinations of A1, A2, B1, and B2 for generating a
traveling wave on an OFTM piezoelectric linear motor.

A1 A1 B1 B1 Traveling direction

+ + + − ⟵
+ + − + ⟶
+ − + + ⟶
− + + − ⟵
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traveling waves match theoretical predictions listed on
table 1. The amplitude of the traveling wave generated by
using mask 2 is also lower than mask 1 as predicted. The
supplementary videos: S1.gif, S2.gif, and S3.gif is available
online at stacks.iop.org/SMS/27/105050/mmedia show
simulated traveling waves by using masks 1, 2 and 3,
respectively. The capability to control traveling direction is
clearly demonstrated.

3. Materials and experimental methods

3.1. Preparation of the TiOPc photoconductive coating solution

The TiOPc photoconductive coating precursor was prepared
by dispersing Y-TiOPc (Sigma-Aldrich Co. LLC.) NPs in a
polyvinyl butyral (PVB: Green Rich Technology Co., Ltd;
P-90) resin dissolved in cyclohexanone (CYC) and methyl
ethyl ketone (MEK) solvents. To enhance the electrical
transport efficiency of the PVB resin, butadiene based hole
transport material (HTM: Green Rich Technology Co., Ltd;
C45) and quinone based electron transport material (ETM:
Green Rich Technology Co., Ltd; P44) were blended into the
solvent to promote the conductivity of the PVB resin. Fur-
thermore, a high level of solid content of TiOPc NPs was used
to reduce the electrical impedance of the photoconductive
coating to match the electrical impedance of piezoelectric
serial bimorph, where 30%, 40%, and 50% were used in this
study. The surface tension (γ) of the precursor also was varied
by adjusting the solvent ratio of CYC and MEK to study its
contribution, as studies have shown that surface tension can
play an important role on the structure formation of NPs in a
coated film during the dip coating process [20]. The surface
tension of CYC is 1.76 times higher than MEK, and three
different CYC/MEK ratios were used, including 1/3 (low γ),
1/1 (medium γ), and 3/1 (high γ). They were labeled as
C1M3, C1M1, and C3M1 in this paper, respectively. Table 2
summarizes all of the TiOPc photoconductive coating pre-
cursors and their corresponding labeling symbols used in this
paper. The prepared precursor solution was applied onto one
surface of a piezoelectric serial bimorph by the dip coating
method. The speed of the dip coating process controlled the
coating thickness to be within 1.6 and 5 μm. Finally, the

composition of each precursor was labeled as [TiOPc solid
contents-solvent composition]. For example, [30%-C1M3]
means a 30% solid content of TiOPc NPs with a 1–3 ratio of
CYC and MEK solvent composition. ETM and HTM were
added in all of the precursor solutions. To study the switching
performance of electrical impedances before and after light
activation of different coatings, each photoconductive coating
was analyzed separately. They were first dip coated onto an
indium-tin-oxide (ITO) sputtered glass slide followed by
sputtering a 1 cm square 200 nm thick silver (Ag) electrode
on its surface. The ITO bottom electrode served as a trans-
parent electrode for optical access. The electrical impedance
before and after light activation from 40 Hz to 5 kHz was
measured by an impedance analyzer (Agilent 4294 A). A 3W
or a 10W white-light power LED was used as the light
source. Since TiOPc NPs were evenly distributed inside the
PVB resin (figure 4(b)), the equivalent circuit of the photo-
conductive coating can be considered as multiple parallel-
connected resistors and capacitances connected in series
throughout the coating (figure 4(c)). It can further be sim-
plified as a resultant resistor (RTiOPc) and capacitance (CTiOPc)
connected in parallel (figure 4(c)). The overall frequency
responses of the impedance ZTiOPc were studied, and the
optimal condition for matching the two actuating areas of the
piezoelectric bimorph during on and off states was
investigated.

Figure 3. Trajectories of peak amplitudes of the simulated one cycle of generated traveling waves with respect to spatial location (a) and time
(b), where black lines, black dotted lines, and gray lines represent trajectories of traveling waves generated by masks 1, 2, and 3, respectively.

Table 2. Compositions and symbols of TiOPc photoconductive
coating precursors studied in this paper.

Symbol TiOPc solid content CYC:MEK

[30%–C1M3] 30% 1:3
[30%–C1M1] 30% 1:1
[30%–C3M1] 30% 3:1
[40%–C1M3] 40% 1:3
[40%–C1M1] 40% 1:1
[40%–C3M1] 40% 3:1
[50%–C1M3] 50% 1:3
[50%–C1M1] 50% 1:1
[50%–C3M1] 50% 3:1
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3.2. Fabrication and experimental setup of the OP-LM

The configuration and experimental setup of the OP-LM are
shown in figures 1(a) and (b). The OP-LM was fabricated
using a commercial piezoelectric serial bimorph purchased
from Eleceram Technology Co., LTD, where KA2-type and
MD-type PZTs were used. The dimension of the fixed-fixed
KA2-type OP-LM was 70 mm long by 5 mm wide by 0.4 mm
thick, and it was used for the OP-LM study shown in
figure 1(a). The dimension of fixed-fixed MD-type OP-LM
was 60 mm long by 5 mm wide by 0.4 mm thick, and it was
used for the design shown in figure 1(b). The thickness of
each PZT sheet was 0.2 mm, and 200 nm thick Ag electrodes
were coated on two external surfaces and between these two
PZT sheets. The poling directions of PZT sheets were in
opposite directions to form a serial bimorph. For the first
design shown in figure 1(a), one side of the 200 nm thick
silver surface electrode partially was removed, which left the
areas from 14 mm (x1) to 28 mm (x2) and 42 mm (x3) to
56 mm (x4) intact to create the A1 and A2 surface electrodes.
Then, the overall surface of this side was coated with a
2.2 μm thick TiPOc photoconductive coating followed by
sputtering two 100 nm thick ITO transparent electrodes on the
surface of these two actuating areas. The area of each ITO
transparent electrode was 7 mm in length by 5 mm in width.
This dimension of ITO electrodes was designed to control the
working areas of TiOPc photoconductive coating for match-
ing the electrical impedance of the piezoelectric serial
biomorph at the two actuating areas (A1 and A2). They
spanned between 21 mm to 28 mm and 42 mm to 49 mm on
the 70 mm long OP-LM. Similar fabrication process was also
conducted for the second design shown in figure 1(b), the
difference is the Ag electrode was removed completely and
two ITO electrodes were sputter-coated with a 1 mm separa-
tion at the center of the OP-LM.

To operate fabricated OP-LM, a multi-channel function
generator (Good Will Instrument Co., Ltd, MGF-2260MFA)
was used to generate two synchronized sinusoidal signals
with a 90° phase difference. These two driving signals were
amplified separately by two high-speed bipolar amplifiers (NF
Corp., HSA 4052) to reach 160 Vpp. A 0.43 g aluminum nut,
and stainless steel disks weighted in 0.2, 0.4, and 0.6 g were
used as the object. They were placed at the center of an OP-

LM to monitor its performance. Two 10W white light LEDs
or LEDs with peak wavelength at 850 nm were used to
activate the OP-LM. The performance of the OP-LM was
investigated by studying the moving velocity of different
objects, and the influence of light switching frequency on the
transporting velocity.

3.3. Finite element analysis

The design of the OFTM OP-LM was verified by the finite
element method. COMSOL® Multiphysics Simulator was
used. A 3D model of a 70 mm long by 5 mm wide by 0.2 mm
thick serial bimorph first was built in the software. Since the
thickness of Ag electrodes, ITO electrodes, and TiOPc pho-
toconductive electrodes were much thinner and softer than the
PZT piezoelectric material, they were neglected in the finite
element model. Piezoelectric constants of KA2 PZT provided
by the vendor were input in the material parameter list.
Piezoelectric strain coefficients were d33=500 pC N−1,
d31=−210 pC N−1, d15=520 pC N−1; elastic modulus
were E33=56 GPa and E11=65 GPa; relative dielectric
constants were ε33=2000 and ε11=1800; and density was
7780 kg m−3. Two areas of the top surface were designed to
be the top surface electrodes A1 and A2, and their location and
size were set according to the three designs shown in figure 2.
The bottom electrode of the LM was grounded. Two ends of
the LM boundaries were both fixed. The eigenvalue problem
was conducted first to find resonant frequencies of the first
three bending modes. Then, a frequency between the first and
the second bending modes was chosen and assigned as the
driving frequency ωm of the two top electrodes. The driving
voltages of the first and the second top electrodes were set to
be 160·sin(ωmt) and 160·cos(ωmt) volts, respectively.
Finally, a time-dependent study was used to simulate the
vibration pattern of traveling waves induced by the OFTM
driving method with three different mask designs.

Figure 4. Illustrations of (a) the experimental setup for studying the performance of the photoconductive coating, (b) the distribution of
TiOPc NPs in the photoconductive layer, and (c) the equivalent circuit.
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4. Results

4.1. Impedance response of the TiOPc photoconductive
coating

To study the impedance response of the TiOPc photo-
conductive coating with different compositions, the frequency
response of each coating was measured and analyzed.
Figures 5(a) and (b) show an example of measured impedance
response in linear and log–log scale, respectively. The acti-
vating light source was a 3W white light LED. The dashed
and solid gray lines are responses of the [30%-C1M3] con-
dition under light-off and light-on states, respectively. On the
other hand, the dashed and solid black lines are the ones of
[50%-C1M3] conditions under light-off and light-on condi-
tions, respectively. The phase responses were around −90°
for all conditions throughout 40 Hz to 5 kHz study range. This
result showed that the characteristic impedance of TiOPc
coating was dominated by the capacitance response with a
large resistance for both light-off and light-on states. This set
of data also demonstrated that both coating conditions had a
higher on–off ratio at lower frequency range and decreased at
higher frequency. It also suggests that the coatings with a
higher TiOPc composition can have a much better on–off
ratio and lower range of electrical impedance. These char-
acteristics held for all three different solvent compositions
listed in table 2 (summarized in figure 6). This finding sug-
gested that a better on–off ratio could be achieved using a
higher weight percentage of TiOPc NPs and operating the
photoconductive coating at a lower frequency range. Fur-
thermore, the level of electrical impedance could be lowered
by increasing the weight-percentage of TiOPc NPs. This
demonstrated that the electrical impedance could be adjusted
by controlling the TiOPc concentration. Note also that, after
converting to a log–log plot (figure 5(b)), the impedance
response could be fitted by a linear equation y=ax+b,

where a and b are correlated to the capacitance and resistance
behaviors of each coating.

Since different thicknesses were studied, we first divided
impedance response with measured film thickness and com-
pared fitted a and b values. Both light-off (aOFF and bOFF) and
light-on (aON and bON) states were studied and are shown in
figures 6(a)–(d). The data of nine different coating conditions
(table 2) studied in this research were labeled by the following
methods. First, the ratios of CYC and MEK were labeled as
blue, red, and green for C1M1, C1M3, and C3M1, respec-
tively. Second, the 30%, 40%, and 50% weight percentages of
TiOPc NPs were labeled with triangles, diamonds, and cir-
cles, respectively. From the measured aOFF and aON shown in
figures 6(a) and (b), one can see that the fitted slope a is all in
negative values and decreases along with a higher thickness
for both light-off and light-on states. This suggests that the
contribution of capacitance decreases with higher coating
thickness. Similar behaviors are also found for both bOFF and
bON, shown in figures 6(c) and (d). Furthermore, the fitted a
and b for all nine conditions fall into the same curve, sug-
gesting that thickness is a dominating factor. Finally, to study
the performance of on–off ratio (ZOFF/ZON), the difference
Δa=aON−aOFF and Δb=bON−bOFF is compared and
shown in figures 6(e) and (f), respectively. This analysis
shows that thinner coatings have a higher Δa and Δb for both
40% and 50% TiOPc conditions but not for the 30% condi-
tion in general. Furthermore, a high concentration of TiOPc
NPs with 50% weight percentage can have a higher impe-
dance change, and the condition of [50%-C1M3] has the
highest Δa and Δb values. This result suggests that [50%-
C1M3] can provide the highest on–off ratio among all of
coating conditions.

4.2. Contribution of light intensity to on–off ratio

Since the performance of 50% TiOPc photoconductive coat-
ings can provide a larger on–off ratio and lower impedance

Figure 5. Impedance responses of two TiOPc photoconductive coatings under conditions of [30%-C1M3] (gray lines) and [50%-C1M3]
(black lines), where the corresponding thicknesses are 1.96 and 1.62 μm. The dashed and solid lines represent impedance under light-off and
light-on conditions, respectively.
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Figure 6. Curve-fitted values of a and b of the linear asymptote line (y=ax+b) with respect to the impedance response in log–log scale
during light-off (a), (c), (e) and light-on (b), (d), (f) conditions, where (a) and (b) are the slope a, (c) and (d) are y value b when x=0, (e) is
the difference between a (aON−aOFF), and (f) is the difference between b (bON−bOFF).

Figure 7. Measured impedance values (left y-axis) during light-off (white bars) and light-on (gray bars) conditions under (a) 3 W and (b)
10 W light intensities. The black dots are corresponding on–off ratios (right y-axis).
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range, we used [50%-C1M1], [50%-C1M3], and [50%-
C3M1] coatings to study the contribution of light intensity.
Two levels of light intensity were studied, 3W and 10W
white-light LEDs. Figures 7(a) and (b) show measured on–off
ratio for these three compositions at 400 Hz, 600 Hz, and
800 Hz with respect to 3W and 10W light energy, respec-
tively. White and gray bars are the corresponding impedance
values at light-off and light-on states. The black dots represent
the corresponding on–off ratio (ZOFF/ZON). This experimental
result shows that the on–off ratio decreases at higher fre-
quency and a higher on–off ratio can be achieved under a
higher light intensity. Under a high light intensity of 10W
and operated at 400 Hz, the on–off ratio of [50%-C1M1],
[50%-C1M3], and [50%-C3M1] are 2.65, 2.54, and 2.42,
respectively. The corresponding averaged increment of on–
off ratio from an increase of 3.33 times light energy was 2.01,
1.82, and 1.82 fold with standard deviations of 0.08, 0.13, and
0.13. This result suggests that the surface tension of coating
precursor needs to be low to increase switching performance,
where [50%-C1M1] and [50%-C1M3] offers better perfor-
mance than [50%-C3M1]. Based on the experimental find-
ings, the composition of [50%-C1M3] was chosen as the
photoconductive coating in the following experiments for
matching the electrical impedance of the piezoelectric serial
bimorph.

4.3. Finite element analysis

The simulation results showed that the resonant frequencies
of the first three bending modes of the 70 mm long KA2-type
OP-LM were 265.7 Hz, 660.8 Hz, and 1317.5 Hz, respec-
tively. Knowing that the on–off ratio of the photoconductive

coating was highest at 400 Hz in figure 7, the driving fre-
quency ωm of the OFTM was set at 400 Hz. The driving
voltage for the left (A1) and the right (A2) actuating areas
were 160·sin(ωmt) and 160·cos(ωmt) volts, respectively.
Figures 8(a)–(c) show time-lapse images of the simulated
time-dependent results for one complete cycle of generated
traveling waves by using masks 1, 2 and 3, respectively. The
simulation result verified that using masks 1 and 2 can control
the sign convention of four constants shown in equation (17),
and traveling waves can be generated and moved from right
to left. The supplementary videos S4.gif and S5.gif show
corresponding animations of simulated traveling waves. They
have similar vibrating patterns and have identical moving
direction as the theoretical prediction shown in figure 3.
Furthermore, the simulation results of mask 1 and 2 demon-
strated that the OP-LM with mask 2 had a lower amplitude
than the one with mask 1. It can be used to control the moving
velocity of object been carried. On the other hand, the tra-
veling wave that propagated toward the opposite direction
was also simulated by using mask 3 (figure 8(c)). Its animated
movie is provided in supplementary video S6.gif. Note that
there were three different levels of propagating waves, and
they all propagated from left to right. This effect could due to
the design was not symmetric, and the two propagating waves
in equation (18) were not in phase. This experimental result
verified that using the design of mask 3, the sign convention
of the four constants shown in equation (18) also can be
spatially controlled. In summary, simulation results verified
the theoretical analysis and demonstrated the feasibility of
frequency selection of ωm and the design of three different
types of masks.

Figure 8. Time-lapse images of simulated traveling waves generated via OFTM method by using mask 1 (a), mask 2 (b) and mask 3 (c).
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4.4. Experimental results of the OP-LM

The resonant frequencies of the first two bending modes of
the piezoelectric serial bimorph first were measured by an
impedance analyzer before applying the TiOPc photo-
conductive coating, where A1 and A2 actuating Ag electrodes
were already released. The measured resonant frequencies of
70 mm long KA2-type OP-LM were at 235.6 Hz and
737.2 Hz, respectively. The OFTM driving frequency also
was chosen to be 400 Hz to have a good on–off ratio and
impedance range, as suggested in figure 7. This frequency
was between the resonant frequencies of the first and the
second bending modes. Using A1 and A2 electrodes of mask 1
(figure 2), the combination of the first sign convention sug-
gested in table 1 and equation (17) can be created. The
measured electrical impedance of the piezoelectric serial
bimorph at 400 Hz was 1.01MΩ. To match the impedance of
the piezoelectric serial bimorph, a 2.2 μm thick [50%-C1M3]
photoconductive coating was applied on the surface of the
piezoelectric linear motor. Furthermore, the area of the top
ITO transparent electrodes were designed to be half (7 mm by
5 mm) of the two A1 and A2 Ag electrodes (14 mm by 5 mm)
to control the working area of the coating and to match the
electrical impedance of the piezoelectric linear motor. This
provided 5.46 and 2.13MΩ electrical impedance during light-
off and light-on states using a 10W white-light LED. This
design can provide a 24.8 Vpp (15.5%) and 51.1 Vpp (32.1%)
driving voltage across the piezoelectric serial bimorph during
light-off and light-on states, respectively. A 0.43 g aluminum
nut was used as the object to verify OP-LM performance. The
experimental procedure was first to apply a 400 Hz 160 Vpp

driving source to the OP-LM for a few seconds followed by
activating it with a switching light source. The direction and
trajectory of the aluminum nut on the OP-LM was monitored.
Experimental results showed that, under a light-off condition,
the OP-LM could not move the 0.43 g aluminum nut, sug-
gesting that a 24.8 Vpp driving voltage across the piezoelectric
serial bimorph was insufficient to push it. After lowering the
impedance of the photoconductive coating with light activa-
tion and increasing the driving voltage across the piezo-
electric serial bimorph to 51.1 Vpp, the aluminum nut was

moved on the surface of the OP-LM. This result suggests that
the TiOPc photoconductive coating can provide sufficient
switching performance to control the movement of an object
on the OP-LM.

Figure 9(a) shows an image of fabricated KA2-type OP-
LM, where the dark blue area and silver rectangles are the
TiOPc photoconductive coating and ITO transparent electro-
des, respectively. Figures 9(b)–(e) show time-lapse images of
the aluminum nut moved by the OP-LM under a 10W light
activation for each actuator. The moving velocity was
2.28 mm s−1 under a 400 Hz light switching frequency. Note
that the moving direction was also from the right to left,
which matched well with analytical analysis (figure 3: black
lines) and simulation results (figure 8(a)). We further studied
the contribution of light switching frequency to the moving
velocity. The switching frequency was increased from 400 Hz
to 1.2 kHz. The experimental finding showed that the moving
velocity started to decrease at higher frequency range but
increased a bit at 800 Hz and 1.2 kHz, as shown in figure 9(f).
This result matched the experimental findings in our previous
work in optopiezoelectic micropumps [9], where an optimal
condition could be achieved using identical frequencies for
both light source and driving signal. Thus, the light induced
electron–hole pairs could be thoroughly used during each
cycle, where excess electrons and holes could be depleted
during the light-off state. Thus, electrons or holes would not
be trapped inside the TiOPc NPs and eventually cease the
operation. We also found that the moving velocity reduced
36% at 600 Hz switching light source. Nevertheless, it
became only 33% and 23% reduction of moving velocity at
800 Hz and 1.2 kHz switching frequency, which were both
integral multiples of 400 Hz. These results suggested that
matching the switching frequency between light source and
driving voltage was important for using a TiOPc photo-
conductive coating to act as an optical interface for an activate
component like a piezoelectric liner motor. Finally, the sup-
plementary video S7.wmv is the experimental result shown in
figures 9(a)–(e). It shows that the object cannot be moved
during the light-off state, even when the driving source was
applied. It started to be moved once the light source was
switched on and stopped again after the light was turned off.

Figure 9. (a) An image of fabricated optopiezoelectric liner motor, and (b)–(e) time-lapse images of an object moved by the OP-LM at
400 Hz driving frequency and 400 Hz light switching frequency. (f) is the measured moving velocity of the object driven by the OP-LM
under different light switching frequencies.
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To verify the concept of the OP-LM and to study its
performance, the 60 mm long MD-type OP-LM and the
design shown in figure 1(b) was used. The 10W 850 nm LED
light source was used for this study, and the performance of
three mask designs shown in figure 2 were compared. The
measured resonant frequencies of the first and the second
bending modes were 251.2 kHz and 698.9 kHz, respectively.
The OFTM driving frequency was also chosen at 400 Hz, and
a 160 Vpp driving voltage was applied. Since the actuating
area was determined by a mask, the impedance match was
based on the thickness of the piezoelectric bimorph and the
photoconductive coating. The measured percentages of the
voltage that delivered to the piezoelectric bimorph were
17.0% (27.3 Vpp) and 25.6% (41.0 Vpp) during light-off and
light-on states, respectively. Using this setup, we study the
velocity of 0.2, 0.4 and 0.6 g objects moved by the OP-LM.
Objects weighted higher than 0.8 g was not able to be moved
by current OP-LM configurations. Figure 10(a) shows mea-
sured velocity fluctuations over time. Solid, dashed and dot-
ted lines represent measured velocities of 0.2 g, 0.4 g and
0.6 g objects, respectively. Blue, red and green lines are
results of objects been moved by using masks 1, 2 and 3,
respectively. Note that the velocity of objects moved by using
masks 1 and 2 were negative. This was because they were
pushed toward negative direction as designed. This result also
demonstrated that the moving velocity can be altered by
changing the activating areas between masks 1 and 2. On the
other hand, the measured velocities of objects driven by OP-
LM activated with mask 3 were positive as designed. The
supplementary video S8.wmv shows one of the video
recordings of this design, where the weight of the object was
0.4 g. Note that the light source was not visible since its peak
wavelength was 850 nm. Finally, these experimental results
demonstrated that the moving velocity can be relatively stable
for a certain object in each mask design. This effect could due
to the amplitudes and profiles of traveling waves were dif-
ferent as shown in figure 3(a). A light weight object could
bounce a lot on the OP-LM during movement and cause
velocity fluctuations. It was found that only OP-LM activated
by mask 2 can move 0.6 g object. Figures 10(b) and (c) shows

estimated driving force and power to initiate object movement
by using different masks. The driving force was in dyne
range, and it was higher with a heavier object. The driving
power was in several tens of nano-Watts, and it was much
lower for OP-LM activated with mask 1. This result could due
to the amplitude of traveling wave induced by mask 1 was
higher than the other two masks, and it made objects bounce
on the OP-LM instead of moving forward.

5. Discussions

Using a piezoelectric bimorph to serve as the core of the
piezoelectric linear motor offers a number of advantages over
previous reported motors. First, its structure is simple since it
does not need a complex arrangement of multiple piezo-
electric actuators on the motor structure. Second, its fabrica-
tion process is well-developed and more cost effective than
piezoelectric stacks. Third, its operation principle is simple
and straightforward. However, the performance of the OP-
LM is lower than most of reported piezoelectric motors based
on frequency leveraged method. A comprehensive review can
be found in a recent paper reported by Peng et al [21]. They
separated this type of piezoelectric motors into three major
categories, including ultrasonic motors, quasi-static motors,
and hybrid motors of previous two methods. The developed
methods for ultrasonic motors can further be divided into two
categories: standing wave type and traveling wave type. The
present method belongs to the traveling wave type motor. The
velocity range of standing wave type motors is above several
hundred rpm and mm s−1 with output torque ranging from
tens of nNm to several hundreds of mNm. On the other hand,
the velocity range of quasi-static motors is slower, it ranges
from sub-mm s−1 to tens of mm s−1 with a couple examples
can go over one hundred mm s−1. Its output power is in the
range of tens of milli-Newtons to tens of Newtons. As for the
traveling wave type motors like a surface acoustic wave
motor and Sashida motor [21, 22], the transfer speed can
reach 200 mm s−1 and tens of rpm, respectively. For the
piezoelectric motors driven by two-mode excitation, the

Figure 10. (a) Measured moving velocity of 0.2 g (solid lines), 0.4 g (dashed lines), and 0.6 g (dotted lines) objects driven by OP-LMs
activated with mask 1 (blue lines), mask 2 (red lines), and mask 3 (green lines). (b) and (c) are the estimated driving force and power for
initiating object movement, where light gray, dark gray, and black bars represent mask 1, 2 and 3 results.
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velocity ranges from sub-cm s−1 to tens of cm s−1 with a sub-
mNm torque output [10–12, 15]. The output performance of
the OP-LM in this configuration is lower than these reported
motors. Nevertheless, we clearly demonstrated that using the
developed optopiezoelectric composite to serve as the core
structure of a linear motor, the direction and velocity of car-
ried object can be controlled optically.

To improve OP-LM, the performance of the TiOPc
photoconductive coating should further be optimized to
enhance the motor performance by increasing the voltage
applied on the piezoelectric bimorph. One potential solution
is to match the illuminating spectrum of the light source with
the absorption spectrum of TiOPc NPs. The switching per-
formance of the electrical impedance could increase sig-
nificantly. Furthermore, the operating bandwidth of the TiOPc
photoconductive coating also should be improved further for
higher frequency range, and the moving velocity of carried
objects can be increased by using higher resonant modes.
Thus, the advantage of frequency leverage method can be
applied. Furthermore, the thickness of the piezoelectric
bimorph versus object/slider weight should also be optimized
to increase output power. Finally, the surface of the OP-LM
also can be modified to enhance output performance and to
minimize objects bouncing on its surface.

6. Conclusion

In this paper, a light-activated piezoelectric linear motor
named OP-LM is reported. This OP-LM was constructed by a
ceramic-based optopiezoelectric composite composed of a
piezoelectric serial bimorph and an ITO sputtered TiOPc
photoconductive coating. In order to match the electrical
impedance of the piezoelectric serial bimorph in MΩ range,
the electrical impedance of standard TiOPc coatings needs to
be significantly reduced. To achieve this goal, we conducted a
series of study on the composition of the TiOPc photo-
conductive coating precursors. Parameters included the solid
content of TiOPc NPs, thickness, and solvent compositions.
Furthermore, ETM and HTM were dispersed in the PVB resin
to enhance its conductivity. It was found that, using a high
concentration of TiOPc NPs with ETM and HTM embedded
PVB resin, the electrical impedance of TiOPc photo-
conductive material could be significantly reduced. It also was
found that a good on–off ratio could be created using a 50%
TiOPc coating and a thin coating thickness. The on–off ratio,
however, decreased along with higher frequencies. We also
found that the impedance level was influenced by the solvent
compositions, where solvents with lower surface tension can
result in a lower impedance values. Finally, we demonstrated
that the on–off ratio and electrical impedance could reduce
further with a higher light intensity. Based on the study of
TiOPc coatings, we successfully used the [50%-C1M3]
photoconductive coating to match the electrical impedance of
the piezoelectric serial bimorph. The voltage applied on the
bimorph could be switched optically between 24.8 Vpp and
51.1 Vpp for KA2-type OP-LM and be switched optically
between 27.3 Vpp and 41.0 Vpp for MD-type OP-LM. We

demonstrated that this combination was sufficient to control
the movement of an object placed on the surface of the OP-
LM optically. A moving velocity in the range of tens of
several mm/s was achieved. Furthermore, it was found that
the optimal light switching frequency was to match the
driving frequency of the OP-LM, and the moving direction
can be controlled optically.

To design the OP-LM to be driven by the OFTM method,
we derived an analytical solution to describe the driving
mechanism. Based on the developed general solution, we
concluded that the main factor to generate a traveling wave
using a single frequency between two adjacent bending
modes was the sign convention of the four constants in
equation (16). By controlling the location and size of the two
actuating areas, we can control the sign and value of these
four constants, along with the direction of induced traveling
waves. Applying this theory, three different masks were
designed. Finite element simulation was used to verify these
designs, and identical moving direction of traveling waves
was evident. These designs also were experimentally studied,
and the moving direction of generated traveling waves mat-
ched the prediction of the analytical analysis and can be
optically controlled. Finally, the derived analytical solution
also can be applied to design linear motors at high resonant
modes. Lastly, the concept of OP-LM can further scale up to
linear motor array or 2D motor to introduce dynamic optical
control.
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