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Strip actuators have attracted tremendous attention in bionics due to the controllable deformation under various
stimuli. However, it is currently hard to compare their performance owing to the different approaches for
evaluating their actuation. Most of the studies determine the maximum or average value of the bending angle or
strain, the deformation profile of the entire actuator strip was not quantified. In this study, a versatile method
was proposed to evaluate the bending profile of typical strip actuators with bending deformation, thus analyzing

the actuation performance. This method has been verified by synthetic curves, and less than 2% of global error
was found. We have also demonstrated the implementation of this method for examining the actuation of typical
strip actuators and showed that it can also be used for comparing the performance of different actuators prepared

from other studies.

1. Introduction

Polymeric smart actuators have attracted a lot of research attention
due to their great potential in the fields of wearable flexible electronics,
artificial muscles, and advanced MEMS devices [1-3]. Generally, these
actuators are used as energy transducers that convert external physical
or chemical stimuli into large mechanical deformations such as
shrinkage, expansion, and bending [4-6]. The most typical actuation
behavior for strip- or flat-structural actuators is bending, which is a
two-dimensional deformation involving changes in the internal struc-
ture or composition of the actuators [6]. Evaluating the actuation per-
formance is of great importance to the structure or material optimization
and the design of the actuators, especially for the bending deformation
of strip actuators.

Many approaches have been taken to evaluate the bending perfor-
mance of strip actuators. Tip displacement or deflection, which is closely
related to the length of the actuator, is a common and simple method to
describe the bending of an actuator [7,8]. However, the magnitude of
the displacement is usually insufficient to describe the bending behavior
of the entire sample. The bending angle is also used to characterize the
deformation. Generally, the bending angle is defined as the angle be-
tween the starting point and the endpoint of the actuated sample relative

to the original position [9] or the tangent at the end of the strip actuator
bending section [10,11]. When the bending only involves a part of the
sample strip or when curling occurs, the measurement of tangent could
be a more reasonable approach [12]. Qu et al. [13] reported a porous
actuator composed of graphene oxide (GO) and cellulose acetate (CA)
that reached a maximum bending angle of 720°, with a helical shape in
acetone vapor. A similar strip actuator composed of carbon and CA was
also fabricated and showed a more irregular bending under the same
stimulation conditions. In this case, it is difficult to quantitatively
describe and compare the performance of these two actuators using the
bending angle. Similar problems were also found in oil-triggered actu-
ators composed of silicone rubber and graphene [14]. Lou et al. [15]
developed a polytetramethylene glycol-based double-layer strip actu-
ator that bent under chloroform vapor and a maximum angle of 180°
was reported, and the actuator could be cut and spliced into a more
complex strip owing to its self-healing function. A changeable
wave-shaped bending deformation was achieved. In this case, however,
the bending angle may not be accurate enough to present the defor-
mation of the entire sample strip.

Curvature (k) and bending strain (¢) are also widely used to char-
acterize the bending deformation of strip actuators in terms of different
parameters such as the bending angle, tip displacement, and thickness of
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Fig. 1. Typical approaches for calculating the
average curvature of strip actuators. (a) a moisture-
responsive actuator with a length of 15 mm, and an
average curvature of 3.1 em™! [16] (Reprinted
(adapted) with permission from Copyright (2017)
The Royal Society of Chemical); (b) a
potential-responsive actuator with a length of 25 mm,
and an average curvature of 0.38 cm ' [17]
(Reprinted (adapted) with permission from Copyright
(2021) Wiley-VCH). The equivalent arcs with the
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R L S referred to the Web version of this article.)
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the bent sample [16-18]. Generally, the approaches for calculating the Table 1
able

curvature of strip actuators are usually determined by assuming the bent
actuator fits an arc of a circle and thus calculating the bending strain by
the product of the sample curvature and its thickness [19]. Therefore,
obtaining accurate curvature data of a strip actuator is particularly
important when characterizing its bending deformation. Fig. 1(a)
demonstrates one of the approaches to calculate the curvature of a strip
actuator by dividing the tangent angle (¢) at the free end of the actuator
by its original length (L) [16,20]. One of the limitations for this calcu-
lation is that the actual length of the sample may vary during the
actuation process. This may lead to an inaccurate result of the actual
curvature of the sample [20]. Another approach, as illustrated in Fig. 1
(b), has been widely used to assess the performance of strip actuators
such as ionic electroactive polymers (iEAP) [21,22] and Bucky gel ac-
tuators [23,24]. By measuring the tip displacement (5) and the length of
the actuator (L), the curvature of the sample was calculated [17,18].
However, due to the different measurement methods of L in different
studies, the calculated bending strain between the same type of actuator
may still not be directly comparable. Moreover, as the bent actuator
does not always fit an arc of a circle perfectly, it may not satisfy the
initial assumption of the calculation. This results in a significant devi-
ation between the equivalent arcs of the calculated curvature (green arcs
in Fig. 1) and the sample.

Evaluating the curvature distribution, or angular deflection per unit
length, along the entire length of the strip actuator, is a rational method
to estimate its bending performance [25]. By quantifying the curvature
distribution, other useful information such as the homogeneity of the
strip material could also be identified. However, it is mathematically
complicated to evaluate this parameter of a complex curve. Software
such as Kappa in ImageJ has been developed to calculate the curvature
of a given curve. Kappa is a semi-automatic curve fitting tool based on
the cubic Bézier curve, which subdivides the fitted curve through the de
Casteljau algorithm and uses a simple endpoint formula to evaluate the
curvature iteratively. However, this method is highly dependent on the
curve fitting process [26]. Therefore, problems such as over-fitting
usually occur for low-order and complex curves because the control
points used in curve fitting are usually added and moved manually,
which may lead to inaccurate results.

In this study, we proposed a consistent method for evaluating the
bending performance of strip actuators. By analyzing the image of the
bent actuator using Matlab, an accurate fitting of the curved actuator
can be undertaken and the corresponding curvature distribution of the
entire actuator is obtained. In addition, it is possible to compare the
overall actuation properties of the same type of actuator by calculating
their average curvature based on the curvature distribution results. With
the assistance of Matlab, the bending behavior of different iEAPs can be
calculated and compared. We also demonstrated a comparative study
between different actuators of the same type using the proposed method,

Common methods to evaluate the bending deformation of strip actuators.

= Bent actuator

- Original actuator

I

Parameters
Tip displacement 8 [7,8]
Bending angle 0191

¢ [10,11]
Average curvature @/L [16]

Bending strain 2d5/(L* +6%) [171

2ds/ (P +52) [18]

where d is the thickness of the strip actuator.

analyzing the effect of the controlling factors, such as actuator size,
stimulation voltage, ions type, and internal structure which is crucial for
the design and optimization of a strip actuator. The curvature distribu-
tion and average curvature would provide a reference for the improve-
ment of the structure and components of the actuators.

2. Experiment

A typical iEAP was prepared, and the proposed method was applied
to fit our samples and iEAPs from other reports. Thus, the actuation
response of those iEAPs with different sizes and components under
different voltages was compared.

2.1. Materials

Polyvinyl alcohol (PVA, polymerization degree 1750) was obtained
from Sinopharm Group, China. Ionic liquid (1-Decyl-3-methyl-
imidazolium Chloride, C;oMIMCI]) was purchased from IoLiTec, Ger-
many. The gold foil (thickness, 110 nm) was purchased from Ouci Metal,
China.

2.2. Preparation of iEAP

The electrolyte solution was prepared by mixing 0.5 g PVA and 0.25
g C1oMIMCl in 9.25 mL DI water and stirring for more than 5h at 95° C.
The electrolyte membrane was prepared by casting 2 g of the above
solution into a Petri dish and allowing the solvent to evaporate at room
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Step 3. B-spline interpolation in Matlab

Fig. 2. Procedure of the proposed evaluation method for the performance of strip actuators.

temperature. Gold foils were attached to both sides of the PVA/IL
electrolyte membrane to prepare an iEAP sample of a size of 30 mm x 3
mm x 0.1 mm.

2.3. Bending performance evaluation

Typical evaluation methods for the actuation performance of strip
actuators, which include the measurement of tip displacement, bending
angle, average curvature, and bending strain, are summarized in
Table 1. These evaluation results can be influenced by the bending
mechanism and size of the sample, even if the same method is used. For
example, neither the tip displacement (§) nor bending angle () can
accurately describe the deformation of an actuator that only deforms
locally. In addition, some reports used different measurements for
calculating the average curvature, such as the original length L or pro-
jected length [ after bending, leading to the results not being compara-
ble. Therefore, a consistent evaluation method for describing the
actuation behavior is crucial, so as to provide a comparable and accurate
bending performance of the same type of actuator, thereby improving
the component or structural design of the actuator.

A method is proposed to evaluate the bending performance of a strip
actuator more consistently by calculating the curvature distribution
based on B-spline interpolation and the least-square method. The eval-
uation procedure, including the image acquisition, processing, and
shape fitting of a strip actuator, is illustrated in Fig. 2. First, an image
acquisition station is used to record the deflection of the strip actuator
with illumination (Fig. 2, step 1). The CCD camera is fixed above a
horizontal plane with reference grids and connected with a computer.
The real-time preview feature of the CCD camera allows the computer
screen to be used as a viewfinder for framing. The orientation of the
camera is adjusted to ensure the parallelism between the CCD sensor of
the camera and the horizontal plane. This can be done by aligning the
compositional grids displayed in the real-time computer preview with
the reference grids of the horizontal plane. To minimize drift or distor-
tion of the image, the strip actuator is required to be placed at the center
of the area of capture, and its cross-section in the thickness direction
should be orthogonal to both the horizontal plane and the CCD sensor. In
this way, the influence of gravity on its deflection output can be reduced,
and the image of true shape of the strip actuator can be captured. The

acquired image of the actuator is then imported into Matlab for shape
fitting.

In the image processing (Step 2), a Cartesian plane is first located.
The fixed end of the actuator is placed on the y-axis, and the original
shape of the actuator is along the positive x-axis of the Cartesian plane.
The orientation of the actuator does not influence the curvature distri-
bution results. The length scale of the Cartesian plane can be determined
using the reference grids with a known size. Then, the sampling points,
or knots, are allocated along the curved contour of the strip actuator for
the B-spline interpolation. The interpolation method used in the pro-
posed study is cubic B-spline, thereby a minimum of 4 knots is required
when fitting an unknown curve, which is demonstrated in detail in the
principle of fitting calculation. For curves with complex shapes, m + 1
knots are needed, where m is the number of the circular arc segments
taken to approximate the curve [27]. The positions of the knots are
recommended to select as a uniform knot vector [28,29], especially for
monotonic and symmetrical curves. In addition, for periodic curves, the
number and positions of nodes can be assigned periodically according to
the shape of the unit curve. The details of the influence of the number of
knots on the curvature fitting result can be found in the supporting in-
formation. After obtaining the knot coordinates, the cubic B-spline
interpolation method is applied to fit the curved shape of the entire
actuator (Step 3). B-spline interpolation method is an efficient fitting
tool that is commonly applied to obtain smooth fitted curves. It connects
the knots in a continuous second derivative to ensure the curve
smoothness and accuracy of the fitted results [30]. The coordinates of
the fitted curve are also generated with the B-spline fitting process.
Then, the angular deflection per unit length along the entire span of the
actuator can be calculated using the least-square method based on these
coordinates (Step 4). The circular regression equation is performed on
the continuous n fitting coordinates to calculate the corresponding
curvature. The influence of n value on the curvature fitting result is
mentioned in supporting information. This fitting process is
semi-automatic and only required users to determine the number and
position of knots. This can provide a reliable basis for the comparison
and analysis of actuator performance. For dynamic measurement, the
bending motion captured with an appropriate frame rate can be pro-
cessed similarly.

Extracting accurate and continuous points of the target strip actuator
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is important in evaluating its curvature through the least-square
method. B-spline interpolation was applied to fit points based on the
selected knots on the curve, to obtain smoothed curve and plane co-
ordinates. The B-spline interpolation is a numerical method that can
allow the interpolation function to show an overall smoothness without
relying on a known derivative [30]. The final fitted curve passes through
each knot to ensure fitting precision. The general B-spline interpolation
fitting and curvature calculation processes for a given curve are sum-
marized as follows:

1 The boundary with the size of the curve to be fitted is first deter-
mined, and n + 1 (n > 2) points are randomly selected on the curve
for interpolation calculation. Then, a spline function in each data
interval [x;,Xx;;1] can be defined as:

Si(x) =ai(x — x;)’ + bi(x —x:)* +ci(x—x;))+d;, i=0, 1, ...,n— 1 1)

Thus, a total of 4n known conditions are required to obtain the
corresponding. parameters of each function.

2. Each S;(x) is continuous in each interval, that is:

Si(xi) =yi, Si(Xis1) =Yir1, i=0, 1,...,n—1; 2,3)
S ) =S(x), i=1,2, ...on—1; 4
S () =8 (x), i=1,2, ...on— 1. (5)
with natural boundary conditions:

So(x0) =y =0, Sy(x,) =y, =0 (6)

3. The second derivative value of the piecewise spline function S;(x) is
assumed as:

M, =S/(x),i=0,1, ...n—1 @

Then, M; is a linear function in each interval. Each S;(x) can be ob-
tained after integrating twice with two boundary conditions:

( 7x)3M (xfx,v,l)3M M h2\ x—x
Si(x) = on, i + on, Yi-1 3 I,

M2\ x—x;_,
= 8
+ (y 3 ) I (€)]

where h; = x; — x;_1 is the step size.

4. For all intervals, the equations about M; ;, M;, M;, ; are obtained after
sorting:

M +2M; + M =g, i=1,2,...,n—1 (C)]
Here,
h;
Q= 10
hi + hiyy (10)
pi=1-a, 1D
6 Yie1r = Yi Vi *,VH)
. _ , 12
& hi + hit ( hit h; (12)

5. The coefficient matrix is strictly diagonally dominant and invertible,
and can be solved with a unique solution:
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21 My 8o
a2 p M, 8
a2 fp M, 8
— 13)
A1 2 By M, 8&n—1
12 1LM, 1 L&

6. For N points P; € (X;, Y;), i=1, 2, 3,..., N fitted by B-spline inter-
polation, the least-square circle fitting calculation is performed for
every consecutive 3 points (Fig. S1), that is,

i+2 )
minS(a,b,c) =Y [X} + Y] + aX; + bY; + ] a4

i

where minS(a, b, c) is the minimized sum of the squared differences on
both sides of the equal sign. By solving equation (15), the curvature of
the fitted circle can be obtained as:

1 2

P — 15
R Va*+b*—4c s
and the average global error E is computed as:
o — Pr) Wi
Ek:Z}(Pz(A)IQ‘PA) k} (16)

where p,, and p; are the theoretical and fitted curvature at each point,
Wy is the. weight for each point, and |Q| is the number of data points
collected in Matlab.

7. The average curvature is calculated by the following equations.
Thus, the overall deformation of iEAPs with different lengths is
comparable.

1 d
K=z = d_i a7
L
dL
AveK:foz (18)

where ¢ is the deflection angle, and L is the length of the iEAP sample.

B-spline interpolation is a common fitting tool for computer-aided
design, image processing, and signal processing. It was reported as a
useful and effective method for fitting low-resolution images with a
better Peak Signal-to-Noise ratio [31]. It was utilized for fitting noisy
spectrum data to produce a smoother result and minimize data distor-
tion, which is more reliable as compared to the convolution method
[32]. In this work, the curved actuator image was captured by a
high-resolution CCD camera (a pixel resolution of 4032x3024), and
then the knots were taken on the curve for interpolation calculation. To
verify the accuracy of B-spline interpolation, synthetic curves with a
minimum pixel resolution of 360x300 were used, and the error in the
fitting results did not exceed 2%. Therefore, the image resolution has
minimal effect on the accuracy of the curve fitting and curvature results,
which ensures the reliability of the proposed method. In addition, the
proposed method offers a quantitative way to describe the bending
deformation of strip actuators by calculating curvature distribution and
average curvature, and also considering the length difference before and
after actuation.



Y. Dong et al.

—y=0.3x"2
— Fitted curve

= 006
[
=
> 0044
0.02 4
0.00 4
T T T r T T r
0.0 0.1 02 03 04 0.5 06
X (unit)
0.12
€ ool —y=0.5x"3
—— Fitted curve
0.08 4
= 0064
=
=
> 004+
0.02 4
0.00 4
OIO DI1 O‘Z 0‘3 0‘4 0‘5 O'E
X (unit)
e o —— y=sin2x
—— Fitted curve
054
% 0.0 4
2
>
0.5 4
-1.04
T v T v v v v
-0.5 00 05 10 15 20 25 3.0 35
X (unit)
60| r=4e0
g — Fitted curve
40
20 4
5 o
>
20
-40 -
60 T T T z T T T T
60 -40 20 ] 20 40 60 80 100
X (unit)

Polymer Testing 106 (2022) 107463

b - — Theory 1R
—— Fitting 1/R
058
E: 0.28%
- 0564
.‘é
2 054
x
0.524
0.50 4
0'0 0'1 O!Z 0f3 0‘4 075 016
X (unit)
14
d 1.2
1.04
Theory 1/R
= Ll —— Fitting 1/R
5 05| E: 1.98%
x
; 044
024
0.0
0!0 OII D'Z DIJ 0!4 0‘5 DI6
X (unit)
5 —— Theory 1/R
f —— Fitting 1/R
& E: 1.66%
e
.‘é
32 5]
x
14
04
0‘0 0?5 |'0 1'5 2?0 275 3?0 35
X (unit)
h ° —— Theory 1/R
el —— Fitting 1/R
& izl E,: 0.04%
,‘:::’
-
x
014
004

Angle (rad)

Fig. 3. Curve and curvature fitting results of typical curves including (a-b) y = 0.3x? (x € [0,0.06]); (c-d) y = 0.5x° (x € [0,0.06)); (e-f) y = sin2x (x € [0, =]); (g-h)

r =46 (0< [0,5n]).
3. Results and discussion
3.1. Validation of the proposed method

To demonstrate the applicability of the proposed method, it was
implemented to calculate the curvature distribution of different syn-
thetic curves, including the power function, trigonometric function, and
Archimedes spiral, which showed a similar shape with the bending
response of most strip actuators [33,34]. The typical synthetic curves
and their curve fitting results, curvature, and average global error are
illustrated in Fig. 3. It can be observed that the B-spline interpolation
results in a good fitting with an average global error of less than 2% for

the curves without periodicity on the abscissa, such as power functions
and wave functions. For different power functions with similar shapes,
their theoretical curvatures might be completely different. For example,
as shown in Fig. 3(a-d), similar curve shapes but different curvature
distributions were found in the segments of
¥ =0.3x? and y = 0.5x° (x € [0,0.6]). The spline interpolation results in
well fitting for curves with different orders only according to the knots
(Fig. 3(a, c)), and the minimum fitting accuracy was only 0.28% for the
low-order curve. Trigonometric functions also provide good verification
cases because of the uniqueness of the periodicity of the curve. As
illustrated in Fig. 3(e), the shape of the sine curve was generally fitted

with only a slight difference within the interval [0, g] . Correspondingly,
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the main difference in the curvature fitting results was also observed in
the same interval, and the final error was 1.66%. Spiral deformation is
common for vapor responsive actuators with long free lengths [13,14].
Due to the uneven point density of the spiral, an additional spiral fitting
algorithm is required to obtain a smooth curve. The fitted spiral was
found to almost overlap with the original spiral curve, and the average
global error of the fitted curvature was only 0.04% (Fig. 3(g and h)).
As mentioned above, Kappa exhibits large errors when calculating
low-order curves. For instance, as shown in Fig. 4(a), the resulting
curvature distribution as calculated using Kappa significantly deviated
from the theoretical value for the segment of y = 0.3x2 (x € [0, 0.6]),
with an error of 31.51%. When fitting a cubic curve y = 0.5x® (x € [0,
0.6]), the curvature distribution calculated by Kappa also showed an
increasing trend. However, the corresponding error was shown to be as
high as 11.84% (Fig. 4(b)). Moreover, the accuracy of Kappa in fitting
the trigonometric function is related to the image resolution. More ac-
curate curvature fitting results can be obtained from an image with a
higher resolution after Kappa processing [19]. One of the advantages of
fitting the curve directly through the B-spline is that the number of
interpolation points can be adjusted according to the actual curve
length, and it does not rely on the image resolution. Although the fitted

curvature result of the sine curve in Kappa showed a similar shape to the
theoretical curvature, the value had shifted, resulting in a much greater
error (54.47%) as compared to the B-spline interpolation processing
(error of 1.66%) (Fig. 4(c)). The large errors of Kappa curve fitting can
be ascribed to its automatic connection of the control points with cubic
Bézier curves, resulting in over-fitting. Compared with Kappa curve
fitting, B-spline interpolation offers a more reliable and robust approach
for fitting curves without considering their orders or resolution.

3.2. Bending performance of iEAPs

The iEAP usually exhibits an uneven bending response due to its
composition, internal structure, size, and actuation voltage. Here, we
demonstrate the application of the proposed method as an evaluation
tool for the bending performance of strip actuators. The deformation
images of the as-prepared iEAP composed of PVA/IL electrolyte mem-
brane and gold electrodes were collected, processed, and calculated in
Matlab to analyze the bending response along the length of the sample
using the proposed method.

As shown in Fig. 5(a), the free end length of this iEAP was 20 mm.
Due to the high continuity and low resistivity of the gold foil electrodes,
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Elsevier) and (b) PVDF/C¢MIMCI [35] with gold electrodes under 10 V (Reprinted (adapted) with permission from Copyright (2016) Elsevier); (c) curvature dis-
tribution of two kinds of iEAPs along their lengths. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

the iEAP showed obvious bending under a voltage of only 2 V. The
largest curvature was as high as 52.7 m™!, which was found in the part
close to the contact electrode, that is, the starting position of the bent
sample. The average curvature at 2 V also reached 29.650 m™.. As the
actuation voltage was increased to 4 V, the corresponding maximum
curvature was up to 101.1 m’!, which was almost twice that under 2 V
stimulation. In addition, the average curvature reached 58.280 m?t,
showing an increase of 96.56% as compared to the result with 2 V
stimulation (Fig. 5(b)). The difference was that the highest curvature of
the sample at 4 V was observed at the position about 10% of the length
from the contact electrode. This can be ascribed to the effect of accu-
mulating deformation under a slightly higher actuation voltage. The
sample length was also one of the factors influencing actuation perfor-
mance. As shown in Fig. 5(c and d), the highest curvature was 33.2 m!
at 4 V when the length of the iEAP of the same composition was only 10
mm. And the average curvature was 29.198 m}, which is much smaller
than that of iEAP with a length of 20 mm.

We also employed our method to evaluate the bending performance
of the reported strip actuators using the imidazole-type IL. For example,
Mejri et al. [35,36] prepared two kinds of blended electrolyte mem-
branes composed of polyvinylidene fluoride (PVDF) and ionic liquids
1-hexyl-3-methyl  imidazolium  bis(trifluoromethylsulfonyl)imide
(CeMIMNTf5), and (1-hexyl-3-methylimidazolium chloride (CeMIMCI),
respectively, with sputter-coated gold contact electrodes on the surfaces
to fabricate iEAPs. The anion of the ionic liquid was reported to be ad-
vantageous for adjusting the phase and crystallinity of the PVDF,
thereby reducing the mechanical properties of the electrolyte membrane
[37]. The PVDF/C¢MIMNTTf, iEAP with lower crystallinity showed a
maximum bending curvature of 147.8 m™ under 10 V and a 0.1 Hz
square wave voltage stimulation (Fig. 6(a)). A short-term superimposing
effect of the bending behavior emerged close to the contact electrode,
which resulted in a slow increase in its curvature distribution. Similar to
the bending behavior of the iEAP as-prepared in our work, as the
resistance of the surface gold electrodes increased, the curvature dis-
tribution decreased rapidly along the direction of the iEAP away from
the contact electrode. The curvature of the ends of both iEAPs was only
around 30 m . The average curvatures of the two iEAPs also exhibited a
large difference. The PVDF/C¢MIMCI iEAP sample with higher me-
chanical properties showed an average curvature of 31.537 m™ (Fig. 6
(b)), which was only 34.71% of the PVDF/C¢sMIMNTf, iEAP sample. The
results show good agreement with those reported in the literature [35,
36].
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Fig. 7. Bending deformation of iEAPs constituted of electrolyte membrane (a)
PVDF/IL (EMIBF,), (b) Nafion/Li*, and (c) IL-IPMC (PVDF/PVP/EMIBF,) with
graphite electrodes under 15 V [9] (Reprinted (adapted) with permission from
Copyright (2019) American Chemical Society); (d) curvature distribution of
iEAPs along their lengths.

The IL-based iEAP usually faces the problem of ions migration. Due
to the large molecular size and high viscosity of ILs, this type of iEAP
generally exhibits slower and lower saturation bending under DC
voltage as compared to the iEAPs containing inorganic ions. Guo et al.
[9] reported three different iEAPs based on Li* and IL (1-Ethyl-3--
methylimidazolium tetrafluoroborate, EMIBF,) in studying the effect of
ions mobility on the bending angle. The bending behavior and curvature
distribution of the iEAPs are presented in Fig. 7. It was found from the
curvature analysis that these iEAPs exhibit completely different bending
performances. Although the initial curvature of the PVDF/IL iEAP (Fig. 7
(a)) was the largest (99.8 m'l), it decreased quickly along its length until
the end (20 m ™). Inorganic ions migrated more easily in the electrolyte
because of their smaller size and lower viscosity, and the corresponding
curvature showed a trend that increased and then decreased (Fig. 7(b)),
and its largest curvature was close to 110 m™!. By sacrificing a
water-soluble template (PVP) in the PVDF membrane to increase the
internal migration channels of ILs, the new iEAP (Fig. 7(c)) exhibited a
bending behavior like Li-IPMC and was ascribed to more ions migrate to
the corresponding electrode, resulting in an iEAP with a gradually
increasing curvature. Although IL-IPMC (Fig. 7(c)) with inner migration
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Table 2
Average curvature of iEAPs with different compositions and sizes.
iEAP Electrolyte membrane Electrode Length (mm) Actuation voltage (V) Average curvature (m ') References
Polymer Tons
PVA C1oMIMCI Gold 20 2 29.650 This work
4 58.280
10 4 29.198
PVDF CeMIMCI Gold 10 10 31.537 [35]
CegMIMNTTf, 90.860 [36]
PVDF EMIBF,4 Graphite 20 15 52.495 [9]
Nafion Lit 80.265
PVDEF/PVP EMIBF,4 55.330

channels had a larger bending angle and a different curvature distri-
bution as compared to the original sample (Fig. 7(a)), their average
curvature differed only by 2.835 m™. Moreover, they were both much
smaller than the Li* containing iEAP samples.

By implementing the proposed method, the overall actuation per-
formance of iEAPs with different sizes and compositions can be ob-
tained, which is very beneficial when employing the proposed method
for comparative studies. The material composition, actuation condition,
actuator size, and the average curvature of the above-mentioned works
are summarized in Table 2. In general, the bending performance of an
iEAP with the same material composition increases with the increase in
its length, which is consistent with the results reported by Guo et al.
[38]. In the works reported here, as the length of PVA/C;oMIMCI iEAP
decreased from 20 mm to 10 mm, the corresponding average curvature
at 4 V was reduced by 49.9% to only 29.198 m™. The PVDF/C¢MIMCI
iEAP with a length of 10 mm had an average curvature of 31.537 m ™' at
10 V. As compared to the PVA-based iEAP, its curvature was only
increased by 8.01% but the actuation voltage was increased by 150%. In
addition, as NTfy™ showed a larger effect on reducing the crystallinity
and mechanical properties of the PVDF membrane [36], a 2.88 times
increase in the average curvature was calculated for the
PVDF/C¢MIMNTf, iEAP as compared to PVDF/CeMIMCI] iEAP. As
compared with the work reported by Guo et al. [9], even though the ion
migration channel was enhanced by the novel fabrication method, the
average curvature of the PVDF/PVP/EMIBF, iEAP at 15 V (55.330 m™)
was lower than that of the PVA-based iEAP at 4 V (58.280 m™). In
addition, the IL used in this work has longer alkyl chains, thus a higher
viscosity compared with EMIBF4. The advantages of the PVA/IL iEAP
may be attributed to the low crystallinity of the polymer matrix, the
hygroscopicity of the ionic liquid, and the large difference in ion sizes.
Further investigation is required for a better understanding of the un-
derlying actuation mechanism. Thus, we have demonstrated the
implementation of the proposed method as an effective tool for
comparing the bending behavior of different strip actuators.

4. Conclusions

In this paper, we have presented a consistent method based on B-
spline interpolation and least squares regression analysis, to calculate
the bending behavior of a strip actuator with the aid of Matlab. The
proposed method was verified by synthetic curves and was showed to
effectively overcome the limitations of the other curvature calculation
software, such as Kappa in ImageJ. A low fitting error of less than 2%
was achieved for fitting low-order and wave curves. The bending pro-
files of different iEAP actuators were obtained by using the proposed
method, and their bending performances were analyzed. In addition,
this method can also be used for the comparison of different strip ac-
tuators, providing a consistent methodology for testing.
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