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Abstract: The effective treatment of the surface electrode is the core technology of an ionic polymer–
metal composite (IPMC), and its preparation significantly affects the driving performance of the IPMC.
Copper, which is inexpensive and has excellent electrical conductivity, was selected as the surface
electrode material, and copper electrode IPMCs (Cu-IPMCs) were prepared via magnetron sputtering.
Orthogonal experiments were performed to optimize the parameters of the preparation process. The
indices of the deformation angle and surface resistance were used, and the sample electrodes’ surface
morphology and elemental content were analyzed. The results showed that sputtering pressure was
the major factor affecting two indices. The Cu-IPMC, prepared at a sputtering pressure of 0.9 Pa,
sputtering time of 35 min, argon flow rate of 30 sccm, and sputtering power of 150 W, had a more
minor surface resistance and a larger deformation angle under continuous direct current boosting. It
required a sputtering time of 1.2 h, which was more than 10 times shorter than its chemically plated
counterpart. It exhibited surface resistance in the 2–3 Ω/cm range, which was 23 times smaller than
chemically plated platinum.

Keywords: magnetron sputtering; orthogonal experiment; Cu-IPMC; surface resistance; flexible
surface

1. Introduction

Smart materials have promising applications in different fields of modern industry,
such as soft robotics [1–3], biomedicine [4,5], actuators, sensors [6,7], and microelectrome-
chanical systems (MEMS) [8,9], owing to their unique properties of sensing external stimuli
and their actuation capabilities. Ionic Polymer–metal Composite (IPMC) is one type of
smart material that has three layers and where the middle layer is an ion-exchange mem-
brane, while the upper and lower layers are layers of metal electrodes or non-metallic
electrodes with a specific thickness, deposited via physical or chemical methods [10–12]. It
can undergo significant size and shape changes under low-voltage excitation [13,14] and
can be used to fabricate displacement actuators and make them lightweight and minia-
turized [15,16]. The IPMC contains anionic ends dominated by a fluorocarbon backbone,
hydrated cations dominated by sodium ions, and free water molecules capable of bending
under an applied electric field [17–20]. When a voltage is applied to the two electrodes
of the IPMC, the cations in the matrix membrane drag the water molecules to form hy-
drated cations and migrate together to the cathode under the stimulation of the voltage.
Due to the effect of migration, there is a difference in the distribution of the hydrated
cations on the anode side and the cathode side, resulting in a different pressure within
the substrate membrane, which leads to the bending and deformation of the IPMC. In
addition, the deformation mechanism of IPMCs involves electrochemical reactions. When
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hydrated cations migrate, charge transfer occurs, which causes current flow, leading to
electrochemical responses [21,22].

IPMCs are typically fabricated by chemically plating platinum electrodes on both
surfaces of an ion-exchange membrane [23]. Several studies on IPMCs have recently
focused on electrode fabrication to improve driving performance. Electrodes with low
resistance and chemical stability are guaranteed to enhance IPMC drive performance.
Generally, the lower the surface electrode resistance of the IPMC, the stronger its driving
ability [24]. To reduce the surface electrode resistance, L. N. Hao et al. doped multiwalled
carbon nanotubes into the base membrane to prepare IPMCs with dimensions of 30 mm ×
5 mm × 0.4 mm. The resistance of the entire length was 104.5 Ω, which was 48.9 Ω lower
than that of traditional IPMCs [25]. Scientists used the material with the best electrical
conductivity, Ag, for doping. For instance, Chung et al. chemically plated Ag onto
the surface of an Ag-doped nanopowder-based film [26], which improved the driving
performance to some extent; Fu et al. used magnetron sputtering for plating Ag onto a
substrate film to prepare an Ag-IPMC for application in the real-time monitoring of human
movement using wearable devices [6]; however, this method is primarily used for sensors
and does not address performance testing related to actuators. The traditional Pt-IPMC
has a relatively high surface resistance. Someone attempted to remedy this by doping
with other electrodes. For instance, Kim et al. first coated Pd metal particles onto the
substrate membrane as a buffer layer before chemically plating with Pt. The Pd metal
particles of the metal electrode IPMC penetrated the Nafion polymer film up to a depth
of 30 µm. Such an IPMC structure can form a bilayer capacitor [27,28]; however, it is
difficult to accurately control the chemical process for the thickness of the two coatings.
The magnetron sputtering coating process is simple; the preparation efficiency is high.
Compared to silver, copper is very inexpensive and has excellent electrical conductivity.
However, there is a gap in IPMC research on magnetron-sputtered copper electrodes,
and the basic process flow and influencing factors are ambiguous. This study explored
the magnetron sputtering method for preparing IPMCs by plating copper onto substrate
films, and orthogonal experiments were performed to optimize the process parameters.
The electrode surface topography, surface resistance, elemental content, and deformation
angle of the Cu-IPMCs were analyzed, and the specimen with the best performance was
determined. A Cu-IPMC prepared by magnetron sputtering exhibits a smoother surface
and better surface reflectivity. The preparation process is simple, and the preparation time
is significantly reduced, making it more suitable for mass production. Moreover, copper’s
electrical conductivity is second only to silver, and the price of copper targets is more than
ten times cheaper than those of platinum and silver, making copper more cost-effective.
Finally, we used optimization software to mathematically fit the deformation surface of
IPMC, which allows us to determine the type of deformation surface. This is of significant
importance for the preliminary exploration of flexible surface deformation concentrators.

2. Materials and Methods
2.1. Materials

The materials used in this study were Nafion117 film (DuPont, Wilmington, DE, USA),
a copper target (High-purity copper, 99.9995%, Φ76.2 mm × 5 mm, Beijing Zhongnuo
New Material Technology Co., Ltd., Beijing, China), Ar (99.99%, Beijing Lvyang Tiangang
Technology Development Co., Ltd., Beijing, China), dilute hydrochloric acid (2 mol/L), and
deionized water (Shenzhen Bida Environmental Protection Technology Co., Ltd., Shenzhen,
China).

The experimental instruments mainly included dual-chamber high-vacuum mag-
netron sputtering thin-film deposition equipment (PVD500, Chinese Academy of Sciences
Sky Technology Development Co., Ltd., Shenyang, China), laser displacement sensors (MS-
LC100RS, Measurement range 65–135 mm, Shenzhen Opei Technology Co., Ltd., Shenzhen,
China), an optical stage (600 mm × 600 mm × 13 mm, Wuhan Guangyu Trading Co., Ltd.,
Wuhan, China), a three-axis micro-adjustment stage (LD60-L, Dongguan Changan Shang
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Pneumatic Hydraulic Co., Ltd., Dongguan, China), a triple-channel programmable DC
power supply (GW Instek GPP-6030, Good Will Instrument Co., Ltd., Suzhou, China, a
low-resistance tester (TH2512B, Changzhou Tonghui Electronics Co., Ltd., Changzhou,
China), an electric heating furnace (Changde Beekman Biotechnology Co., Ltd., Changde,
China), an electric sanding machine (#1200 sandpaper, Yiwu Xianger E-commerce Co.,
Ltd., Yiwu, China), scanning electron microscopy (SEM) testing equipment and energy-
dispersive X-ray spectroscopy (EDS) testing equipment (Sigma, Carl Zeiss, Jena, Germany),
and an ultrasonic cleaner (Beijing Lean Ronghua Equipment Co., Ltd., Beijing, China).

2.1.1. Pretreatment of the Substrate Membrane

The Nafion substrate membranes were pretreated before the magnetron sputtering
process used to prepare the Cu-IPMCs. This ensured that each substrate membrane had
the same water content and roughness. The preparation process is as follows: The two
surfaces of the Nafion film were first sanded using an electric grinder to increase the
surface roughness. The electric sander was used at 800 r/min. The machine’s sanding
head was fitted with #1200 abrasive paper, and the surface of the substrate film was
sanded horizontally and vertically 50 times for 5 min on each side, for a total of 10 min for
the two surfaces. This was followed by ultrasonic cleaning to remove sand and residue.
Subsequently, the matrix membrane was boiled in a 2 mol/L dilute hydrochloric acid
solution at 80 ◦C for 30 min to remove additives and ions from the matrix membrane.
Finally, it was rinsed in deionized water, boiled at 80 ◦C for 30 min to remove the acid
and to make it absorbent and swell, and then stored in deionized water. The pretreatment
process for the substrate membrane is illustrated in Figure 1.
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Figure 1. Pretreatment process for the substrate membrane.

2.1.2. Preparation of Cu-IPMCs via the Magnetron Sputtering Method

The preparation process is as follows: First, a high-purity copper target, which is
the material used for preparing the IPMC electrodes, was installed in the magnetron
sputtering equipment. The pretreated substrate film was placed in the feed chamber of
the magnetron sputtering equipment. Subsequently, a high vacuum environment was
maintained by vacuum pumps. Ar gas was passed through the sputtering chamber, and
process parameters, such as the gas flow rate, target pressure, target power, and process
time, were varied. After that, an automatic processing program was initiated to plate the
copper electrodes onto the substrate film. Finally, the Cu-IPMC sample was removed at
the end of the process, its shape was processed and assembled using copper metal sheets
and copper conductors, and the assembled parts were subjected to subsequent testing. A
schematic of the Cu-IPMC preparation via magnetron sputtering is shown in Figure 2.
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Figure 2. Images showing the (a) magnetron sputtering equipment, (b) sputtering deposition process,
(c) polished Nafion117 sample, (d) Cu-IPMC uncut sample, (e) Cu-IPMC sample, (f) schematic of the
Cu-IPMC “sandwich” structure, (g) strip-shaped Cu-IPMC assembly test structure, (h) strip-shaped
Cu-IPMC without voltage, and (i) strip-shaped Cu-IPMC with voltage.

In magnetron sputtering equipment, a vacuum environment was maintained by a
vacuum pump. The vacuum chamber was filled with the inert gas argon and, under high
pressure, the Ar atoms ionized into Ar+ and electrons, producing a plasma glow discharge.
Electrons, while accelerating towards the substrate, were deflected by a magnetic field
perpendicular to the electric field, confining them within a plasma region close to the target
surface. Electrons, in the process of movement, constantly collided with the Ar atoms,
ionizing a large number of Ar+. Ar+ was accelerated under the action of the electric field,
impacting the target surface and releasing energy, resulting in the surface of the target
atoms absorbing the kinetic energy of Ar+. This caused the target atoms to break away from
their original crystal lattice binding, and neutral target atoms escaped from the surface
of the target material to fly to the substrate, where they were deposited to form a thin
film [29].

2.2. Cu-IPMC Test Methods and Principles

An electrically excited response-driven test setup was used to measure the electrome-
chanical drive performance of the Cu-IPMC, as shown in Figure 3. The electrically excited
response-driven test rig consisted of an optical stage, a three-axis fine-tuning stage, a
programmable power supply, a displacement test device (i.e., a laser displacement sensor),
a transducer, and a sample fixture. Among these, the laser displacement sensor is primarily
used to measure the change in the deformation displacement accurately when the Cu-IPMC
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samples are deformed and to store the collected deformation displacement, voltage, current,
and other related data in the computer using the data acquisition software.
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Figure 3. Electrically excited response-driven test setup for measuring the drive performance of the
Cu-IPMC.

The size of the Cu-IPMC sample was 25 mm × 5 mm, and the sample was fixed to test
the drive performance. The LabVIEW 2018 (Laboratory Virtual Instrument Engineering
Workbench 2018) software was used to control the programmable power supply signal
applied to the test Cu-IPMC samples. The deformation displacement of the Cu-IPMC
samples was tested using the laser displacement sensor. In the experiments in which the
drive performance was tested, the same deformation displacement test was repeated three
times for each sample, and the peak displacements of these three tests were averaged.

3. Orthogonal Experiments

To improve the driving performance of the IPMC, the influence of the magnetron
sputtering process parameters on the performance was studied in a relevant manner. These
parameters include the argon inlet flow rate A (sccm), magnetron sputtering pressure B
(Pa), magnetron sputtering power C (W), and magnetron sputtering time D (min). Owing
to the many influencing factors, an orthogonal test method was adopted, with deformation
angle and electrode surface resistance as the indicators. It was used to investigate the
effects of these parameters. Three levels of the four aforementioned influencing factors
were considered, and orthogonal experiments were designed.

As an IPMC electrode material, conductivity is a fundamental property, and copper is
second only to silver in terms of conductivity. However, there is no documented information
on using copper electrodes plated on the surface of Nafion membranes by magnetron
sputtering. In addition, the level selection of the four parameters, namely, the magnetron
sputtering power, argon flow rate, magnetron sputtering pressure, and sputtering time, was
also referred to the relevant studies on the preparation of silver and platinum–copper thin
films [6,26], as well as the experimental results of the pre-experiments in the preliminaries
of this paper. When analyzing the factors affecting the performance of the layer, the
three levels of the argon flow rate (A) were set to 20, 30, and 40 sccm, while those of
the magnetron sputtering pressure (B) were set to 0.5, 0.9, and 1.3 Pa, and those of the
magnetron sputtering power (C) were set to 50, 100, and 150 W. The magnetron sputtering
time (D) levels were 15, 25, and 35 min [6].

The design scheme and results of the Cu-IPMCs orthogonal experiments are listed in
Table 1. The Cu-IPMCs were prepared according to the process parameters corresponding
to experimental numbers 1–9, and samples were cut from each Cu-IPMC for the drive
response testing. Usually, the driving voltage for samples like Pd-IPMC was 1–5 V [30,31].
Since there was no literature showing the specific driving voltage for Cu-IPMC, coupled
with the fact that the deformation angle remained unchanged when the previous pre-
experiments drove Cu-IPMC at a DC voltage of 1–5 V. This test used a continuous voltage
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boost to drive the Cu-IPMC, on the one hand, to observe the change of the deformation
angle of the samples with the increase of voltage and, on the other hand, it could explore
the suitable driving voltage of the Cu-IPMC. The continuous boost started at 0 V and
ramped up to 60 V with a ramp rate of 1 V/1 s and a test time of 60 s. The horizontal
distance between the emitting point of the laser displacement sensor and the sample under
test was 120 mm, and the laser point on the sample’s surface was 10 mm from the bottom
of the sample strip. In general, when the strip Cu-IPMC sample bent more than 60◦, it
exceeded the test range of the laser displacement sensor. Therefore, when the sample bent
beyond the test range, the bending displacement could be converted to the bending angle
as an indicator. As shown in Figure 4, L was the length of the sample, 25 mm, D was the
deformation displacement obtained from the laser displacement sensor test, H was the
height of the laser point from the bottom of the sample, 10 mm, and θ was the deformation
angle.

Table 1. Orthogonal experimental design scheme and results.

EXP. A
sccm

B
Pa

C
W

D
min

Deformation Angle
◦

Surface Resistance
Ω/cm

1 1 (20) 1 (0.5) 3 (150) 2 (25) 16.1 34.0
2 2 (30) 1 (0.5) 1 (50) 1 (15) 30.3 17.1
3 3 (40) 1 (0.5) 2 (100) 3 (35) 8.4 83.9
4 1 (20) 2 (0.9) 2 (100) 1 (15) 34.1 3.8
5 2 (30) 2 (0.9) 3 (150) 3 (35) 90.0 2.2
6 3 (40) 2 (0.9) 1 (50) 2 (25) 17.3 31.1
7 1 (20) 3 (1.3) 1 (50) 3 (35) 30.1 17.6
8 2 (30) 3 (1.3) 2 (100) 2 (25) 10.6 44.8
9 3 (40) 3 (1.3) 3 (150) 1 (15) 25.7 25.5
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Figure 4. Schematic diagram of Cu-IPMC deformation displacement and deformation angle.

The surface resistance of the copper electrode layer significantly affects the deformation
of the IPMC. To understand the surface resistance of the IPMC material, a low-resistance
tester was used to test the surface resistance of the Cu-IPMC with copper electrodes. Six
equally spaced points were marked on the sample at an interval of 5 mm to test the
resistance between distances of 5, 10, 15, 20, and 25 mm and to determine whether the
coating on the film’s surface was uniform based on the change in resistance [31]. The data
were measured at 1–2, 2–3, 3–4, 4–5, and 5–6, as shown in Figure 5. The surface resistance
metrics in Table 2 were the total resistance from point 1 to point 6 in Figure 5.
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Table 2. Results of deformation angle range analysis.

Level A B C D

Ij 80.3 54.8 77.7 90.1
IIj 130.9 141.4 53.1 44.0
IIIj 51.4 66.4 131.8 128.5
kj 3 3 3 3
E1 26.8 18.3 25.9 30.0
E2 43.6 47.1 17.7 14.7
E3 17.1 22.1 43.9 42.8
Fj 26.5 28.9 26.2 28.2

Rank 3 1 4 2

4. Results and Discussion
4.1. Effect of Sputtering Parameters on the Deformation Angle of Cu-IPMC

The parameters in Table 2 are described below: Ij, IIj, and IIIj are the sum of the values
of the test indicators corresponding to the “1, 2, and 3” levels in column j (j = A, B, C, and
D), respectively. kj is the number of occurrences of the same level in the jth (j = A, B, C, and
D) column and is equal to the number of trials (n) divided by the number of levels in the jth
column; in this case 9/3 = 3. E1 = Ij/kj, E2 = IIj/kj, and E3 = IIIj/kj are the average values of
the test indices corresponding to the levels “1, 2, and 3” in column j (j = A, B, C, and D).
Fj is the extreme deviation of the jth column (j = A, B, C, and D), equal to the maximum
minus the minimum average of the test indicators corresponding to each level in the jth
column. The rank ranks the four influencing factors according to the indicator.

According to the results of the deformation angle range analysis in Table 2, the varia-
tion of the influence of different factors on the deformation angle was obtained. The results
showed that the values corresponding to the four factors of argon gas flow rate, sputtering
pressure, sputtering power, and sputtering time were 26.5, 28.9, 26.2, and 28.2, respectively.
As shown in Figure 6, the order of influence of different factors on the deformation angle
of Cu-IPMC was sputtering pressure > sputtering time > argon gas flow rate > sputtering
power. In other words, sputtering pressure was the factor with the most significant degree
of influence.
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On comparing the mean E1, E2, and E3 sizes of each column of the test index, it was
concluded that: for column A, E2 > E1 > E3, which indicates that this factor is the best at
bit level 2 (30 sccm), the second best at bit level 1 (20 sccm), and the worst at bit level 3
(40 sccm). Similarly, for column B, E2 > E3 > E1 indicates that bit level 2 is the optimum
for this factor. For column C, E3 > E1 > E2 indicates that bit level 3 is the optimum for this
factor. For column D, E3 > E1 > E2 indicates that bit level 3 is the optimum for this factor.
Thus, the order of the four parameters from major to minor is B2D3A2C3; at this point,
the corresponding sample is sample 5. Calculations to determine the optimum process
parameters via the optimization experiments on the magnetron sputtering process showed
that the as-prepared Cu-IPMC exhibited optimal driving performance when the magnetron
sputtering pressure was 0.9 Pa, the magnetron sputtering time was 35 min, the argon flow
rate was 30 sccm, and the magnetron sputtering power was 150 W. More importantly,
sample 5 was prepared via magnetron sputtering within a sputtering time of 1.2 h; this
duration is significantly shorter than the time required for chemical plating, which is more
than 10 h [31].

A scanning electron microscope (SEM) was used to observe the surface micromorphol-
ogy of five samples, as shown in Figure 7, to observe the surface morphology of Cu-IPMC
materials. The magnetron sputter-plated copper metal layers exhibited no significant visi-
ble defects, but some cracks appeared, a phenomenon similar to that which was observed
with platinum and silver electrodes [28,31].
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Figure 7. SEM images show the as-prepared Cu-IPMC’s surface morphology (sample 5).

4.2. Effect of Sputtering Parameters on the Surface Resistance of Cu-IPMC

According to the results of the surface resistance range analysis in Table 3, the variation
of the influence of different factors on surface resistance was obtained. The results showed
that the values corresponding to the four factors of argon gas flow rate, sputtering pressure,
sputtering power, and sputtering time were 28.4, 32.6, 23.6, and 21.2, respectively. As
shown in Figure 8, the order of influence of different factors on the surface resistance of
Cu-IPMC was sputtering pressure > argon gas flow rate > sputtering power > sputtering
time. In other words, sputtering pressure was the factor with the most significant degree of
influence. The effects of different factors on the surface resistance and the effects on the
deformation angle discussed above had similar patterns of change.
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Table 3. Results of surface resistance range analysis.

Level A B C D

Ij 55.4 135.0 65.7 46.3
IIj 64.1 37.1 132.5 109.8
IIIj 140.5 87.8 61.7 103.8
kj 3 3 3 3
E1 18.5 45.0 21.9 15.4
E2 21.6 12.4 44.2 36.6
E3 46.8 29.3 20.6 34.6
Fj 28.4 32.6 23.6 21.2

Rank 2 1 3 4
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The surface resistance of Cu-IPMC in nine sets of orthogonal experiments was signifi-
cantly different, indicating that the process parameters significantly affected the electrical
conductivity of Cu-IPMC. As shown in Figure 8, the results indicated that Cu-IPMC
with small surface resistance could be prepared by using the optimal level combination
B2A1C3D1; the corresponding process combination parameters were a sputtering pressure
of 0.9 Pa, argon flow rate of 20 sccm, sputtering power of 150 W, and sputtering time of
15 min. Compared with the optimal parameters obtained from Table 2 and Figure 6, the
sputtering pressure (B) 0.9 Pa and sputtering power (C) 150 W were the same for both
B2A1C3D1 and B2D3A2C3, and the difference lay in the sputtering time and argon flow rate.
The sputtering pressure was the most influential factor affecting the deformation angle
and surface resistance. B2D3A2C3 corresponded to sample 5, the resistance was relatively
low, and the whole IPMC resistance was also only 2.2 Ω/cm. The resistance was 23 times
lower than the traditional IPMC and 15 times lower than that of the IPMC with added
multi-walled carbon nanotubes [25]. Under the comprehensive comparison, the optimal
level combination B2D3A2C3 was finally obtained under the experimental conditions in this
paper, and the optimal process parameters were a sputtering pressure of 0.9 Pa, sputtering
time of 35 min, argon flow rate of 30 sccm, and sputtering power of 150 W.
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The resistance test results for each segment of the experiment, sample 5, and the change
in resistance with increasing distance were plotted as an image, as shown in Figure 9. From
the bar graph in Figure 9, it was seen that the resistance increased as the test distance
increased. This was similar to the principle of electrical resistance of metals, so the entire
surface electrode could be considered a piece of intact, homogeneous copper metal, whose
resistance increased linearly with increasing length for a constant cross-section. As seen
from the line graph in Figure 9, there was not much difference in the resistance value
of each section, reflecting the relatively homogeneous copper layer plated by magnetron
sputtering.
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4.3. Copper Electrode Deposition on the Surface of the Best Sample 5

Energy-dispersive X-ray spectroscopy (EDS) was used to analyze the copper content
in the IPMC; sample 5 was selected from multiple sets of Cu-IPMC samples and placed in
a sealed plastic bag for one week. After the sample was placed into the sealed bag, a gas
exclusion operation was performed, and the sealed bag was approximately in a vacuum
state. The energy spectrum was scanned at three regional locations; the results are shown
in Figure 10. Scanning the area of the Cu-IPMC surface can reflect the composition of the
material elements and their average content in the area and, to a certain extent, reflect the
typical material composition characteristics of the surface of the Cu-IPMC samples. Area
scanning can reflect the subtle characteristics of the material components on the surface of
the Cu-IPMC samples more accurately than point scanning. Therefore, areas 1, 2, and 3
were randomly selected for the scanning test.

The elemental content of the Cu-IPMC surface material was obtained by analyzing
the energy spectra of the sample, as shown in Figure 10. As shown in Table 4, the mass
percentages of Cu on the sample surface in the randomly selected areas 1, 2, and 3 were
approximately 92.5%, 94.1%, and 94.0%, respectively, and its atomic number percentages
were 76.7%, 80.6%, and 80.8%, respectively. The mass percentages of O in the selected areas
1, 2, and 3 were 1.2%, 0.5%, and 0.4%, respectively, and its atomic number percentages were
4.0%, 1.6%, and 1.4%, respectively. The surface of the Cu-IPMC samples was firmly plated
with Cu, whereas O was sparse, with only approximately two out of a hundred atoms of O
on average.
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Table 4. Elemental content of the surface material of the Cu-IPMC sample.

Elemental

Selected Area 1 Selected Area 2 Selected Area 3

Mass
/%

Atomic Number
/%

Mass
/%

Atomic Number
/%

Mass
/%

Atomic Number
/%

C 1.4 6.2 1.5 6.9 1.2 5.4
O 1.2 4.0 0.5 1.6 0.4 1.4
F 4.5 12.5 3.6 10.3 4.2 12.0
S 0.4 0.7 0.3 0.6 0.3 0.5

Cu 92.5 76.7 94.1 80.6 94.0 80.8

The above analysis shows that almost no Cu-oxide is present in the surface coating of
the Cu-IPMC and that the Cu electrode has excellent electrical conductivity, which provides
a stable electric field environment for the movement of ions within the base film.

4.4. Multi-Point Displacement Surface Fitting

In this study, a fixed DC voltage was applied to the Cu-IPMC sample, a three-axis fine-
tuning platform was used to test the long-term multi-point displacement of its deformed
shape, and the surface type was determined. The specific procedure is as follows: The
Cu-IPMC sample was mounted onto a horizontal rod, and the DC power supply was
turned on as a pair of channel outputs for the laser displacement sensor power supply
such that the laser light path was parallel to the axis of the Cu-IPMC sample. The point of
incidence and the center of the face shape of the Cu-IPMC sample was at a certain distance.
The Cu-IPMC sample was connected to the other pair of channels of the direct current
power supply using a copper piece, and the LabVIEW software was used to edit and send
commands to provide the driving voltage for the Cu-IPMC. The power supply output was
set to a direct current voltage of 15 V for 1800 s. The spatial coordinates of each point were
measured before the end of the direct current power supply output. The measurement of
the spatial coordinates (x, y, and z) of 10 points on the Cu-IPMC surface was used to fit the
surface, as shown in Figure 11a.
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Figure 11. (a) Displacement test system for the Cu-IPMC and (b) surface fitting diagram.

The curve-fitting tool (cftool) of MATLAB R2021awas used for surface fitting based on
the coordinate data, and the equations were fitted to obtain the equations of the surface
formed by the long-term deformation of the Cu-IPMC.

z = −0.0107x2 + 0.0003y2 + 0.0019xy + 0.0973x + 0.3696 + 122.03 (1)

The invariants I1, I2, I3, I4 were computed with the semivariants K1 and K2.
The correlation coefficient R2 = 0.9982 > 0.99 was fitted, and I3 = 0 and I4 > 0 were

obtained; the surface represented by this equation is a hyperbolic paraboloid, as shown in
Figure 11b.

5. Conclusions

In this study, four influencing factors were set using theoretical calculations and
orthogonal experiments, and the L9 (34) orthogonal table was selected to design experiments
for optimizing the parameters of the magnetron sputtering preparation process for the
Cu-IPMC and for improving the stability of the driving performance.

The experimental results showed that the magnetron sputtering parameters affected
the magnitude of the Cu-IPMC deformation angle in the following order: magnetron
sputtering pressure, magnetron sputtering time, argon flow rate, and magnetron sputtering
power. The magnetron sputtering parameters affected the magnitude of the Cu-IPMC
surface resistance in the following order: magnetron sputtering pressure, argon flow
rate, magnetron sputtering power, and magnetron sputtering time. For both deformation
angle and surface resistance, sputtering pressure was the factor that most affected them.
A comprehensive analysis of the influence of process parameters on the indexes was
conducted, and the optimal level combination B2D3A2C3 was obtained. The process
parameters were a sputtering pressure of 0.9 Pa, sputtering time of 35 min, argon flow rate
of 30 sccm, and sputtering power of 150 W.

Compared with chemical plating, the Cu-IPMC sample prepared via magnetron
sputtering shortened the fabrication cycle time from more than 10 h to 1.2 h; surface
resistance was 2–3 Ω/cm, more than 23 times smaller than the resistance of chemical
plating. Moreover, it can be used over a wider range of driving voltages and can help avoid
the failure problem caused by excessive voltages, to a certain extent.

The deformation angle of the Cu-IPMC under continuous boosting was analyzed,
and single-point and multi-point deformation displacement tests at different direct current
voltages were conducted. Surface fitting of the long-term deformation of the Cu-IPMC was
performed using the optimization software, and the result was a hyperbolic paraboloid.

However, the surface of Cu-IPMC can also develop some cracks, and oxidation may
occur over time if exposed to humid air. In the next step, we will add a protective layer to
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the copper electrode surface to address the lifespan issue. Additionally, we can refer to the
method in [23], where the base membrane is soaked in a copper sulfate solution in advance
to reduce bending cracks and increase lifespan.
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