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1. Introduction

Ionic Polymer-Metal Composite (IPMC) possess-
es outstanding flexibility, low driving voltage (<5 V), high
power efficiency, and biocompatibility, making it suitable
for soft mechatronics and robotics applications, particular-
ly in flexible sensing and actuation. However, electroactive
driven IPMC can be influenced by electromagnetic inter-
ference in complex environments, which leads to its limita-
tions in practical application. PLZT ceramic, a functional
photovoltaic ceramic material, exhibits remarkable elec-
tromechanical coupling properties. When PLZT ceramic is
exposed to UV light, it can provide a stable driving source
for IPMC through its own intrinsic photoelectric conver-
sion mechanism, effectively overcome the performance
fluctuations caused by unstable external power supplies or
electromagnetic interference, and ensure the stability and
reliability of the driving process. Therefore, the IPMC
driving method under the excitation of light source has
great application potential, and is expected to provide more
reliable and efficient driving and energy output solutions
for future flexible electronic devices and bionic robots.

In view of the excellent characteristics of IPMC,
scholars have actively explored the application of IPMC in
different fields and achieved remarkable results. In the
field of biomimetic robotics, researchers have developed
various biomimetic systems using IPMC. For instance,
Safari et al. [1] had proposed and developed a cost-
effective robotic fish using IPMC artificial muscle and
wireless solar charging technology for monitoring aquatic
pollution. Wang et al. [2] designed electromagnetically
controlled millirobots inspired by carpenter ants. Using
wireless power transmission and an IPMC gripper, these
robots can manipulate small components individually or in
pairs. Carrico et al. [3] from the University of Utah created
an IPMC-based biomimetic caterpillar robot with the help
of 3D printing technology. He et al. [4] combined the char-
acteristics of tulips with those of IPMC to successfully
simulate the blooming process of bionic tulips, providing
new ideas for biological behavior simulation and biomi-
metic robot development. Zhao et al. [5] integrated IPMC
with the flapping-wing principle of the biomimetic beetle
to innovatively propose a new type of flapping-wing micro

air vehicle. Li et al. [6] ingeniously designed a capsule-
shaped underwater robot by leveraging the properties of
IPMC. Zhang et al. [7] designed and manufactured a bio-
mimetic butterfly soft robot driven by Ag-IPMC. In the
medical field, Chang et al. [8] developed a polydime-
thylsiloxane-based drug depot integrated with IPMC actua-
tors, enabling drug release in an aqueous environment up-
on wireless activation, thus revolutionizing the drug re-
lease technology. Brunetto et al. [9] proposed an IPMC-
based vibrotactile probe for biomedical detection. Ming et
al. [10] integrated IPMC sensors into smart gloves to
monitor human activities. Cheong et al. [11] designed
wireless-powered IPMC microgrippers for non-destructive
grasping of fish eggs. Wang et al. [12] proposed the design
of a drug dual-chamber valveless delivery pump using
IPMC and adopted an adaptive control scheme. Mousavi et
al. [13] designed a remotely controlled drug delivery im-
plantable chip, using IPMC as the moving cover of the
reservoir, and tested its performance and biocompatibility.
Regarding PLZT ceramic research, Lee et al. [14]
prepared PLZT ceramic with good transparency and piezo-
electric properties and used them to fabricate fully trans-
parent piezoelectric speakers capable of outputting sounds
in different frequency ranges under specific voltages,
meeting the requirements of next-generation transparent
electronic devices. Chen et al. [15] prepared transparent
PLZT fiber by extrusion technology and used them to
make high-frequency ultrasonic transducers, demonstrating
their imaging capabilities through object imaging. Geng et
al. [16] prepared highly optically transparent original
PLZT and Ni-doped PLZT ceramic with bandgap engi-
neering and first used them as self-powered photodetectors,
showing high detection rates and fast response times under
specific light conditions. Vandana et al. [17] prepared flex-
ible PVDF/PLZT composite films by solution casting
technology and studied the influence of PLZT ceramic
content on film properties, determining its importance in
thermal and mechanical energy harvesting. Wang et al. [18]
proposed a photo-induced ion drag pump based on PLZT
ceramic. The performance of the pump can be enhanced by
optimizing the electrode structure, fluid channel and in-
creasing the light intensity, providing a design guideline
for its applications in microfluidics, soft robots and heat



dissipation of micro devices. Qi et al. [19] theoretically
designed and numerically studied a silicon/PLZT hybrid
microring modulator based on the silicon-on-insulator
(SOI) platform, which has potential application value in
optical communication. Yue et al. [20] proposed a non-
contact shape adjustment method of PLZT photovoltaic-
driven PVDF based on the photovoltaic effect and inverse
piezoelectric effect. The effectiveness was verified by
modeling and experiments, and the application directions
were pointed out. Tang et al. [21] proposed a novel photo-
electrostatic hybrid-driven micromirror based on the
anomalous photovoltaic effect of PLZT ceramic. Rahman
[22] studied the lateral deflection of PLZT photodriver
cantilevers under different conditions using a light chopper
based on the photostrictive effect of PLZT films on silicon
wafers. Chen et al. [23] prepared a high-performance self-
powered ultraviolet photodetector based on the ZnO/PLZT
heterojunction by coupling the ferroelectric depolarization
field and the built-in potential of the heterojunction. Zhang
et al. [24] developed PLZT-TENG using antiferroelectric
ceramic with large polarization differences and proposed a
method to improve the output performance of triboelectric
nanogenerators through the polarization of inorganic ce-
ramic dielectrics. Chen et al. [25] synthesized PLZT films
by a low-cost sol-gel method and developed a self-
powered ultraviolet photodetector with an Au/PLZT/FTO
structure. Liu et al. [26] proposed a new closed-loop con-
trol method with a switching control strategy based on
PLZT ceramic photo actuators.

Despite extensive research on the photo-induced
characteristic of PLZT ceramic as energy conversion com-
ponents, studies on the IPMC composite driving energy
output performance under PLZT ceramic configuration
remain limited. Most of the existing theoretical models
primarily focus on the individual performance of either
PLZT ceramic or IPMC material itself, and the output en-
ergy performance of IPMC composite driving under the
excitation of light source is still relatively scarce. In this
paper, based on the IPMC optical-controlled composite
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driving method [27], an energy output model is constructed.

Then, for IPMC of different sizes, the corresponding pa-
rameters such as driving force and deformation are ob-
tained by using different voltages and light intensities as
excitation sources, and on this basis, the energy output
analysis is carried out to improve the previous research on
the composite driving theory.

2. Model Analysis

2.1. Electrical model of optical-controlled IPMC compo-
site driving method

When PLZT ceramic is exposed to UV light, a se-
ries of complex photoelectric physical processes occur
internally, generating photocurrent between the electrodes.
The electrical model of PLZT ceramic can be equivalently
represented as a circuit composed of a constant current
source. In this model, there is a parallel connection of re-
sistor Rp and capacitor Cp, while the resistor R, and capaci-
tor C; are connected in parallel at both ends of PLZT ce-
ramic. Therefore, the equivalent electrical model is depict-
ed in Fig. 1.

The driving voltage of this equivalent circuit
model is given by:
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where I, represents the constant current source current, U,/

represents the photogenerated voltage, and 7' represents
the time constant, which can respectively be expressed as:
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2.2. Deformation output model of IPMC

When PLZT ceramic is illuminated by high-
energy UV light, the photocurrent voltage is generated
within the material. The IPMC load mechanism can be
simplified to a cantilever beam fixed at one end and sub-
jected to uniformly distributed loads. The specific mechan-
ical simplification is shown in Fig. 2, L is the length of the
cantilever beam AB, g is the distributed force, and & is the
torsion angle.
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Fig. 2 Simplified mechanical model of IPMC load mecha-
nism

The angle equation and deflection equation of the
driving model can be obtained:

a@);é[(uxf -], 4)
w(x):ﬁ[(L—x)4 +arx-L']. )

Further simplifying to a cantilever beam model
subjected to tip load F,, and bending moment M, as illus-
trated in Fig. 3.

The maximum deflection angle and maximum
output deformation related to the photovoltage can be ex-
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Fig. 3 Equivalent mechanical model of IPMC load mecha-
nism: a — mechanical model of cantilever beam sub-
jected to uniformly distributed load, b — mechanical
model of cantilever beam with free - end subjected
to tip load and bending moment

pressed as:
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where « is the proportionality coefficient, £/ is the flexural
rigidity of the IPMC, ¢ is the driving time.

2.3. Energy output model

To thoroughly study the energy output character-
istic of IPMC composite driving method, the output energy
E of each IPMC under voltage excitation is defined. The
output energy represents the cumulative effect of the out-
put force acting on objects in space, and its magnitude is
equal to the product of the output force and the output de-
formation. Thus, the formula can be derived as:

E=Fxw, ®)
where F is the output force of the IPMC, and w is the max-
imum output deformation at the end of material.

3. Experimental Investigation and Analysis
3.1. Overview of the experimental setup and objectives

To verify the energy output characteristic of
IPMC under the configuration of PLZT ceramic, a series of
tests were conducted to examine the energy output perfor-
mance of IPMC under direct current and light excitation.
The variation trend of IPMC output energy is measured
with different IPMC dimensions, DC voltage and light
intensity as variables.

In this work, the metallic electrode layers of the
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IPMC are composed of platinum (Pt), which offers low
surface resistance and stable performance. IPMC samples
of varying lengths—20 mm, 30 mm, 40 mm, and 50 mm—
are selected and designated as 20-IPMC, 30-IPMC, and so
on, respectively. All samples have a width of 5 mm and a
thickness of 0.2 mm, as illustrated in Fig. 4. The dimen-
sional parameters of the PLZT ceramic are 10 mm x 5 mm
% 0.8 mm (length x width x thickness).

Fig. 4 IPMC samples

Through the experimental platform, deformation
and driving force were tested and analyzed under both DC
power supply and light excitation. In the DC electrical ex-
periments, the input voltage value was incrementally ad-
justed, and the energy output changes of IPMC with differ-
ent dimensions were observed and recorded. For the light
driving test, the intensity of light was varied, and similarly,
the energy output conditions of IPMC with different di-
mensions were recorded.

3.2. Experiments under direct current driving

For the DC driving test, an experimental setup is
established as depicted in Fig. 5. A multi-channel function
generator capable of producing signals ranging from 0.1
Hz to 10 MHz at voltages between 0 and 20 V is utilized.
The measuring range of the strain gauge sensor is £15mm
and the detection accuracy is 30 um. The deformation of
IPMC is indirectly reflected by measuring the strain gener-
ated during the driving process. The data acquisition card
has the function of eight-channel single-end input, which
can connect multiple sensors at the same time to realize

Fig. 5 Diagram of the DC driving experimental setup:
1 — data acquisition module, 2 — specialized fixture,
3 — displacement sensor, 4 — signal generator,
5 — computer
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Fig. 6 Deformation curves of various IPMC sizes under different voltages:a—2 V,b-2.5V,c-3V,d-35V,e-4V

synchronous acquisition of multiple physical quantities.
Each IPMC sample is securely fastened to a custom fixture.
In this experiment, the function generator outputs 2 ~ 4V
DC as the input driving signal of IPMC. The output strain
of IPMC is measured by the strain gauge sensor in real
time, and the measured data is collected by the data acqui-
sition card, and transmitted to the computer for analysis
and processing. After each experiment, IPMC is immersed
in water for 5-10 minutes to maintain its hydration level
and ensure accurate results for subsequent test.
Deformation curves for IPMC of varying sizes at
different voltages are depicted in Fig. 6. It can be observed
that all IPMC samples exhibit similar trends under identi-
cal voltage conditions. Within a 240-second timeframe, the
output deformation increased over time until it stabilized.
This trend indicates a good response characteristic of the
IPMC to applied voltage. As shown in Fig. 6, d, when the

driving voltage is 3.5 V, the maximum output deformation
of all IPMC samples is achieve, with relatively steady
changes and minimal fluctuation. Notably, the 40-IPMC
reaches its peak output deformation after 125 seconds,
providing significant deformation in the initial phase,
which is about 20 to 40 seconds faster than the 20-IPMC
and 50-IPMC, respectively.

From the above experimental results, different
sizes of IPMC exhibit similar performance characteristics
for a given voltage input. In the experiment, the 40-IPMC
can not only achieve a large output deformation, but also
has a faster response speed, and maintain a relatively stable
output characteristics throughout the experiment period.

As shown in Fig. 7, it describes the output force
of IPMC of the same size under different voltages. From
Fig. 7, it can be observed that all sizes of IPMC follow an
identical gain pattern: as the voltage increases, the output
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Fig. 8 Energy output of various IPMC sizes under DC elec-
tric driving

force of the IPMC significantly rises until reaching a satu-
ration point. When the input voltage is gradually increased
from 2 V to 3.5 V, the output force of the same-sized
IPMC continuously climbs, reaching its maximum value at
3.5 V. Compared to other sizes, the driving force of the 40-
IPMC is notably enhanced. The comprehensive study of
the driving force of IPMC of different sizes indicates that
the change trends are consistent with the characterization
results of output deformation.

As illustrated in Fig. 8, it shows the output energy
of IPMC of different sizes driven by DC power. From Fig.
8, it can be seen that when the input voltage is 3.5 V, each
size of IPMC has reached its respective maximum output
force. Under this voltage excitation condition, the output
energy of the 40-IPMC is significantly higher than that of
other size IPMC. Moreover, the 40-IPMC demonstrates
greater output deformation, faster response speed, and
longer stable operating time, further validating the superior
output performance of the 40-IPMC under 3.5 V voltage
excitation.

3.3. Experiments under UV light driving

To investigate the energy output performance of
IPMC optical-controlled composite driving method, an
experimental setup is constructed as illustrated in Fig. 9.
High-energy UV light source irradiates the PLZT ceramic
surface vertically, the generated photovoltage is measured
by a high-impedance voltmeter sensor and the transmitted
to the voltmeter controller and finally to the computer for

Fig. 9 Diagram of the optical driving experimental setup:
1 — data acquisition module, 2 — light source,
3 — PLZT ceramic, 4 — specialized fixture, 5 — dis-
placement sensor, 6 — high-resistance voltmeter sen-
sor head, 7 — UV light source controller, § — com-
puter, 9 — high-resistance electrostatic voltmeter

processing. After each test, IPMC is again hydrated to pre-
vent dehydration-induced performance degradation.

The photovoltaic voltage graphs for PLZT ceram-
ic under UV light intensities of 150 pW/cm?, 300 pW/cm?
and 600 pW/cm? are shown in Fig. 10. The UV light inten-
sity significantly affects the photovoltaic voltage of the
PLZT ceramic; higher intensity yields higher photovoltaic
voltage. With increasing light intensity, the saturation val-
ue of photovoltaic voltage increased rapidly, reaching satu-
ration points of 3 V, 3.5 V and 4 V respectively. Higher
light intensities lead to saturation value of photovoltaic
voltage, faster response time and shorter duration to reach
saturation.

The output deformation curves for differently
sized IPMC under uniform light intensity are presented in
Fig. 11. Over 240 seconds, all curves show the consistent
deformation trend: the driving voltage increases with the
increase of light intensity, and the output deformation
gradually increases before stabilizing. In terms of response
rate, the output deformation of IPMC of all sizes experi-
ences rapid growth, slow down and steady state. Specifi-
cally, under light intensity of 300 pW/cm?, all PLZT sam-
ples reach their maximum output deformation within 90 to
120 seconds, which demonstrates rapid response capability.
In this experiment, the 40-IPMC shows the largest output
deformation and fastest response compared to other sizes
at the same light intensity.

Fig. 12 depicts the output force of IPMC of the
same size under different light intensities. As the light in-
tensity increases, the driving force of IPMC shows a no-
ticeable enhancement trend. When the input light intensity
rises from 150 uW/cm? to 600 pW/cm?, the output force of
the same size of IPMC continuously increases, indicating
that the light-controlled IPMC exhibits high sensitivity and
good response characteristics to UV light excitation. At an
input light intensity of 300 pW/cm?, each size of the IPMC
reaches its maximum output force, with the 40-IPMC
demonstrating more stable driving force, which indicates
that under different light intensities, the driving force and
output deformation of IPMC exhibit similar change trends.

Fig. 13. presents the energy output of IPMC of
different sizes under light driving. When the light intensity
is 300 uW/cm?, the output motion performance of IPMC is
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Fig. 10 Photovoltage graph under different light intensities:
a— 150 pW/cm?, b — 300 pW/cm?, ¢ — 600 pW/cm?

optimal. From the output deformation and output force
results, the energy output conditions of different sizes of
IPMC under light excitation are shown in the energy dia-
gram. As depicted in Fig. 13, the energy output of 40-
IPMC is significantly higher than that of other sizes, high-
lighting its superior performance under the light intensity
of 300 pW/cm?.

In summary, it can be seen from the driving force
and energy output experimental results of IPMC optical-
controlled composite driving that IPMC of different sizes
presents similar changing trends under different light in-
tensity. At the same time, the experimental results of IPMC
driven by light and direct current show a high degree of
consistency, verifying that IPMC driven by light also has
good driving force and energy output characteristics.
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Fig. 11 Deformation curves of various IPMC sizes under
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rent light intensities
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4. Conclusions

Based on the previously proposed IPMC optical-
controlled composite driving method that utilizes the pho-
toelectric characteristic of PLZT ceramic, this study further
deepened the understanding of this innovative driving ap-
proach, the energy output model of IPMC driven by light
source is established, and the driving force and energy out-
put are analyzed through a series of experiments. The re-
sults show that compared with the traditional direct current
drive method, under different light intensity conditions, the
IPMC driven by light source can not only respond faster
and reach a stable output state, the change trend of its driv-
ing force is consistent with the change trend of output de-
formation, but also shows good energy output characteris-
tic, which further verifies the rationality and accuracy of
the proposed IPMC optical-controlled composite driving
method. This study not only improves the IPMC optical-
controlled composite driving theory based on PLZT ceram-
ics, but also provides a guiding basis for the wide applica-
tion of this drive method, and is expected to promote the
development of intelligent driving system to a higher level.
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INVESTIGATION ON ENERGY OUTPUT PERFORMA
NCE OF IPMC OPTICAL-CONTROLLED COMPOSITE
DRIVING BASED ON PLZT CERAMIC

Summary

Ionic polymer-metal composite (IPMC), as an in-
telligent material, exhibits advantages such as rapid re-
sponsiveness, large deformation angles, and high flexibil-
ity, leading to its extensive application in biomimetic ma-
chinery, biomedicine and other fields. In this paper, based
on the previous proposed IPMC optical-controlled compo-
site driving method under lanthanum-modified lead zir-
conate titanate (PLZT) ceramic configuration, the output
energy characteristic is analyzed by establishing a novel
model and conducting a series of experiments. The analy-
sis and experimental results show that under different light
intensities, the driving force and output deformation of
IPMC with varying dimensions exhibit similar trends, both
increasing gradually and reach a maximum value. Fur-
thermore, the deformation curves of IPMC driven by light
source are consistent with those driven by direct current,
confirming that IPMC under light excitation also possesses
stable and excellent energy output properties. Therefore,
the research on the energy output of IPMC optical-
controlled composite driving not only provides deeper the-
oretical guidance for its application in flexible driving area,
but also promotes the vigorous development of IPMC in
other innovative technological fields.

Keywords: IPMC, PLZT ceramic, optical-controlled com-
posite driving, energy output.
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