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Abstract: Mechanically responsive materials are promising as next-generation actuators for soft
robotics, but have scarce reports on the statistical modeling of the actuation behavior. This research
reports on the development and modeling of the photomechanical bending behavior of hybrid
silicones mixed with azobenzene powder. The photo-responsive hybrid silicone bends away from the
light source upon light irradiation when a thin paper is attached on the hybrid silicone. The time
courses of bending behaviors were fitted well with exponential models with a time variable, affording
fitting constants at each experimental condition. These fitted parameters were further modeled using
the analysis of variance (ANOVA). Cubic models were proposed for both the photo-bending and
unbending processes, which were parameterized by the powder ratio and the light intensity. This
modeling process allows such photo-responsive materials to be controlled as actuators, and will
possibly be effective for engineering mechanically responsive materials.
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1. Introduction

The word “robot” was born in a play written by Karel Čapek nearly a hundred years ago [1]. Since
then, robots have been utilized in many industries owing to their automated and precise manipulations,
planting the impression that robots have hard bodies. More recently, in contrast to hard-bodied
robots, soft robotics has emerged as a research field, because soft-bodied robots, which are basically
made of polymers, are adaptable to their external environment, enabling safe human contact and grip
objects [2]. Currently, the working mechanism of soft robots is mostly based on pneumatic pressure due
to the advantage of large output force [3,4]. However, pneumatic actuation requires a large pressure
pump, and is sometimes difficult to downscale (especially valves). As expectations for soft robots are
increasing, the development of new soft actuation systems will lead to diversifying types of soft robots
working in different environments.

Mechanically responsive organic materials are expected as next-generation actuators, potentially
implemented in soft robots and flexible devices [5,6]. These materials actuate responding to external
stimuli, such as light, heat, magnetic field, voltage, and humidity [7]. Among them, photo-actuation is
attractive from the viewpoint of non-contact actuation in focused place and faster space transmission
of light. Many photomechanical materials have been developed thus far. For example, polymers
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and gels chemically bridged with photo-reactive molecules, such as typical photochromic compound
azobenzene, can deform upon light irradiation due to trans-cis photoisomerization [8–11]. In addition,
the past decade has witnessed mechanical responses of photo-responsive organic crystals, overturning
the stereotypic concept that crystals are solid and fragile materials [12–16]. The photo-actuation variety
of materials has motivated us to combine the flexibility of polymeric materials with the bendable
feature of organic crystals for the development of photo-responsive hybrid materials. Up to the
current status, hybrid materials have been fabricated based on the crystallization of photo-reactive
powders in polymers [17–20], the inclusion of photomechanical bulk crystals into polymers [21], and
the mixing of composites for photothermal actuation [22–28]. Such hybrid materials are promising
as photo-actuators due to the simplicity of the fabrication process and the ease of size and shape
control. With these advantages, it is crucial to describe actuation behavior in a mathematical model for
controlling the output. There have been reports on the theoretical models of photo-actuation [29–32];
however, there are scarce reports on the statistical modeling based on experimental results, which is
effective to optimize their photo-actuation behaviors.

This work reports on the strategy from the development of photo-responsive hybrid silicones
containing azobenzene compounds to the statistical modeling of photo-bending and unbending
behaviors. The hybrid silicones are fabricated by mixing photo-reactive compound azobenzene at
different weight contents into silicones. The fabricated hybrid silicones exhibit the photomechanical
responses; elongation if free to expand, and bending when constrained by a paper strip. The bending
behaviors are observed at various conditions, and then modeled by a statistical analysis of variance
(ANOVA). This strategy of modeling photo-actuation behavior should be applied to the optimization
of the other properties of photo-responsive hybrid materials.

2. Materials and Methods

A rectangular plate-like mold made of polylactic acid (PLA) was prepared by using a three-
dimensional (3D) printer (Makerbot Replicator). The size of the mold was 40 mm long, 30 mm wide, and
1 mm thick. Silicone (Ecoflex 00-50, Smooth-on) was poured into the mold as the first layer, and then
cured at room temperature by overnight (Figure 1a). Next, 4-aminoazobenzene powder (as purchased
from Sigma-Aldrich) was mixed into raw uncured silicone with different weight ratios (0, 1, 5, and
10 wt%) to the weight of the second layer. Note that 0 wt% means pure silicone. The uncured silicone
containing azobenzene powder was coated as the second layer onto the cured silicone in the mold
(Figure 1b). After curing, the hybrid silicone containing azobenzene compound was detached from the
mold (Figure 1c). Here, the whole material has an orange coloration, which corresponds to the color of
the azobenzene compound, due to diffusion from the second layer. Then, the hybrid silicone was cut
along the length to prepare for samples with narrower width suitable for observations (Figure 1d, and
see supplementary information for more detailed procedure). We define the second layer surface as
the front side and the opposite side as the back side of the hybrid silicone.
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Actuators 2019, 8, 68 3 of 13

For observations, a strip-shaped hybrid silicone was fixed to hang down keeping straight shape by
its own weight. Ultraviolet (UV) light at 365 nm was irradiated to the front side of the hybrid silicone
with a certain distance by using a UV light emitting diode, UV-LED (EQ CL25, LOCTITE) without a
focusing lens. The net light intensity to a sample was 150, 300, 450, and 600 mW/cm2 by changing
the controller power 25, 50, 75, and 100%. The bending and unbending behaviors of hybrid silicones
(0, 1, 5, and 10 wt%) were observed by turning on UV light for 3 min and turning it off for 4 min. This
observation was repeated three times in each condition. Such repetitive observations were performed
at each light intensity (150, 300, 450, or 600 mW/cm2). The movies were recorded by a personal
smartphone (iPhone X, Apple). The bending deflection was calculated from the recorded movies by
using software ImageJ. The experimental results of deflections were fitted with an exponential function
for bending and unbending each by using solver function in excel ver. 16.16.2 (Microsoft), and then
modeled by using a statistical software DesignExpert ver. 11.1.2.0 (Stat-Ease). Model constructions are
tested by linear, two factor interaction (2FI), quadratic, cubic, and quartic functions. These functions
are represented as combinations of two variables x1 and x2 corresponding to the percentage of the
powder content and the UV intensity (Table 1).

Table 1. Combination of variables in model functions.

x1 x2 x1x2 x1
2 x2

2 x1
2x2 x1x2

2 x1
3 x2

3 x1
2x2

2 x1
3x2 x1x2

3 x1
4 x2

4

Linear Y Y - - - - - - - - - - - -
2FI Y Y Y - - - - - - - - - - -

Quadratic Y Y Y Y Y Y Y - - - - - - -
Cubic Y Y Y Y Y Y Y Y Y - - - - -

Quartic Y Y Y Y Y Y Y Y Y Y Y Y Y Y

(If a variable is considered, Y = yes, - = no).

3. Results & Discussions

3.1. Photo-Actuation Behavior

The sizes of fabricated hybrid silicones used for observations are summarized in Table 2. When a
strip-shaped hybrid silicone of 10 wt% free to expand was irradiated by UV light from the front side,
the hybrid silicone just elongated along the length and did not exhibit noticeable bending (Figure 2a).
In contrast, when the hybrid silicone of 10 wt% attached with a thin paper at the back side was
irradiated by UV light, the sample bent away from the light source, reaching almost a steady state for
3 min irradiation (Figure 2b). Such bending was also observed in a silicone homogenously mixed with
azobenzene powder when constrained by a paper (Supplementary Figure S1). The bending depends
on the light direction, the position of the photo-initiators in the structure and the paper strip. Therefore,
modifying these parameters would be used to adjust the bending direction.

These photo-responsive behaviors of both elongation and bending originate from the photothermal
effect. When a hybrid silicone is irradiated by UV light, the surface temperature of the hybrid silicone
rises due to heat generation from azobenzene compounds (Supplementary Figure S2). Without
any paper, the temperature on irradiated area rises due to the photothermal effect, and the heat is
transmitted into the silicone up to the non-irradiated opposite side, resulting in the elongation of
the length due to thermal expansion. By attaching a paper, the irradiated area on the front side also
elongates due to thermal expansion, but the elongation on the back side is restricted due to elongation
rigidity of the attached paper. This elongation difference between front and back sides results in
bending away from the light source, and will be measured here by the tip deflection δ (see Figure 2).
The photo-actuation behaviors, the elongation, if free to expand, and the bending when constrained by
a paper strip, were observed in all hybrid silicones due to the photothermal effect, indicating that pure
silicone (0 wt%) has photothermal effect but azobenzene compounds enhance the photothermal effect
owing to higher light absorption (Supplementary Figure S2).
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Furthermore, the unbending after the removal of UV light was observed to clarify the contribution
of photochemical isomerization on the actuation of hybrid silicones. If photochemical isomerization
contributes to actuation, the unbending under visible light irradiation should be faster than that
without visible light, because visible light accelerates cis-to-trans back-isomerization photochemically,
as reported for the photomechanical crystal of the same compound, 4-animoazobenzene [33]. As the
observation result, the unbending under visible light was slower than that without visible light
(Supplementary Figure S3). This result indicates that the photochemical isomerization is not dominant
effect to actuation; rather, the photothermal effect mainly contributes. The slower unbending under
visible light is due to the photothermal effect of azobenzene, which absorbs visible light and generates
heat to cause unbending slower. Thus, photo-actuation of these hybrid silicones is based on the
photothermal effect.

Table 2. Sizes of silicone strips used for observations.

0 wt% 1 wt% 5 wt% 10 wt%

Length from irradiated center to the tip/mm 20.0 18.9 18.0 16.5
Width/mm 4.9 4.5 4.9 5.5

Thickness/mm 1.4 1.5 1.7 1.5
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Figure 2. Shape change of a hybrid silicone with azobenzene powder (10 wt%) before and after
ultraviolet (UV) light irradiation. (a) Elongation of the hybrid silicone when free to expand. (b) Bending
of the hybrid silicone when constrained by a paper. Dotted lines in panels show the initial position
before UV irradiation. In both cases, UV light (365 nm) was irradiated 3 min at 600 mW/cm2.

3.2. Bending Evaluation

The bending behavior is quantified from the tip deflection δ, which can be extracted from the
recorded movies (Figure 2b). The deflection δ can be described as the following equation:

δ =
Fl3

3EI

here, F is the bending force, l is the length of an object, E is Young’s modulus, and I is the moment of
inertia. The moment of inertia I of this beam is expressed as:

I =
bh3

12

where b is the width, and h is the thickness of the sample. By using these equations, the bending
deflection δ can be replaced as a non-dimensional value δ′ in the following:

δ′ =
δh2

l3
=

4F
Ebh
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In this paper, bending behavior was evaluated by this non-dimensional deflection δ′ for
regularization to compare the different samples with no influence of their dimensions. For l, b,
and h, the values in Table 2 were applied at calculations.

The bending and unbending behaviors of hybrid silicones of 0, 1, 5, and 10 wt% constrained by a
paper strip on back side were observed while turning on UV light for 3 min and then turning it off for
4 min. The real deflections δ of each observation were summarized in Supplementary Tables S1 and S2,
and then were converted into the deflections δ′. Figure 3 shows the time course of the deflection δ′ for
bending under light irradiation and consecutive unbending after the removal of UV light.

Regarding the photo-bending process, the deflection δ′ at each condition increased continuously
depending on irradiation time to reach a steady state for 3 min irradiation (Figure 3). Additionally,
the maximum deflection increased depending on the increase of light intensity (150, 300, 450, and
600 mW/cm2). The deflection δ′ in the photo-bending process at each condition was successfully fitted
by least square to an exponential model:

δ′(t) = A
{

1− exp
(
−

t
τb

)}
where A is the maximum bending deflection at steady state, t is time, and τb is the time constant of
bending. Constants A and τb are obtained from fitting the model, as summarized in Table 3. At a
glance, the value A of a hybrid silicone tended to increase for increasing light intensity and powder
ratio. For instance, the hybrid silicone of 10 wt% afforded A = 4.88 at the intensity 150 mW/cm2, and
increased up to A = 13.2 at the intensity 600 mW/cm2. This tendency is applied to other hybrid silicones
of 0, 1 and 5 wt%. As to the value of τb, it decreased for increasing light intensity, but there was no
clear relation with the amount of powder contents.

Regarding the unbending process, the deflection δ′ at each condition decreased continuously
depending on time after the removal of UV light (Figure 3). The deflections δ′ in the unbending process
at each condition was successfully fitted by least square to a decreasing exponential model:

δ′(t) = A exp
(
−

t
τu

)
where A is the maximum deflection (i.e., initial deflection for unbending), τu is a time constant for
unbending, and t is the time after stopping light irradiation. The values of A and τu for unbending
are summarized in Table 4. Since the maximum deflection is determined in photo-irradiated process,
the values A for unbending are almost same with those for photo-bending in Table 3, although there
are slight differences due to fitting. Thus, the unique parameter in the unbending process is the time
constant τu only. The value τu tended to become larger depending on the irradiated light intensity.
For example, the hybrid silicone of 10 wt% afforded τu = 69.0 s after irradiated at 150 mW/cm2 and
increased up to τu = 74.4 s after irradiated at 600 mW/cm2. This tendency was almost observed in
the other hybrid silicones (with different powder content), although some conditions of the hybrid
silicones of 0 and 1 wt% did not match with the trend. When comparing the samples at the same light
intensity, the trend is that higher powder contents lead to higher τu values, although the maximum
appeared at 5 wt%.
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Figure 3. Time dependence of deflection δ′ of hybrid silicones under UV light illumination at different
light intensities and after stopping the irradiation. Panels show the results of hybrid silicones of
(a) 0, (b) 1, (c) 5, and (d) 10 wt%. Plots drawn by small circle indicate the average value of deflection
repeatedly observed three times, with standard deviations. Solid lines are the results of fitting to
exponential models for photo-bending and unbending processes.

Table 3. Summary of A and τb obtained by fitting to the exponential model for photo-bending.

Light
(mW/cm2)

The Value of A The Value of τb

0 wt% 1 wt% 5 wt% 10 wt% 0 wt% 1 wt% 5 wt% 10 wt%

150 0.57 1.78 3.41 4.88 66.7 43.6 70.7 60.1
300 1.23 3.57 6.61 8.56 61.6 46.9 65.8 49.8
450 2.04 5.32 9.54 12.0 58.0 45.6 62.1 47.0
600 2.48 6.07 11.5 13.2 52.9 41.8 53.6 40.2



Actuators 2019, 8, 68 7 of 13

Table 4. Summary of A and τu obtained by fitting to the exponential model for unbending.

Light
(mW/cm2)

The Value of A The Value of τu

0 wt% 1 wt% 5 wt% 10 wt% 0 wt% 1 wt% 5 wt% 10 wt%

150 0.62 1.78 3.69 5.05 48.7 52.5 70.9 69.0
300 1.28 3.59 6.97 8.60 49.9 50.9 72.4 67.6
450 2.18 6.97 9.91 12.0 51.4 55.5 74.7 71.2
600 2.60 8.60 11.8 13.1 44.7 52.8 85.7 74.4

3.3. Model Construction

3.3.1. Model Construction for Photo-Bending

In order to model the influence on A of the UV power and the percentage of powder, an ANOVA
study has been performed according to Fisher’s statistical test. As a result of a comparison of some
models (linear, 2FI, quadratic, cubic, and quartic), a cubic model is representative as the p-value of this
model is 2.18 × 10−6 (significant) and the related lack of fit has a p-value of 0.228 (not significant, which
means that the cubic model is adequate enough) as shown in Table 5. For instance, a linear model
presents a p-value of 7.49 × 10−19 (also significant), but a lack of fit of 4.86 × 10−15 (significant, which
means that this model is not suited to fit the data). A quartic model scores comparable adjusted R2 and
predicted R2, but has a p-value of 0.0871 (not significant), showing this quartic model is aliased.

The ANOVA result for A value calculated for the cubic model is summarized in Table 6,
indicating the significance of variables. The complete cubic model for the A parameter is given by the
following equation:

A = 1.73 + 1.54P% − 1.87× 10−2PUV + 4.71× 10−3P%PUV − 0.362P%
2 + 7.70× 10−5PUV

2

− 1.96× 10−4P%
2PUV − 1.99× 10−6P%PUV

2 + 2.19× 10−2P%
3

−7.19× 10−8PUV
3

where P% is the weight percentage of powder (in %) and PUV the intensity of UV light (in mW/cm2).
For any parameter to be significant, its F-value should be higher than 0.05 and its p-value should be
lower than 0.05. Among variables in the full cubic model, the terms of P% and PUV

2 are not significant
due to p-value larger than 10%, while all the other parameters of the cubic model have a p-value lower
than 4.0% (Table 6). This is how the cubic model can slightly be simplified by removing the variables
that are not significant. The new proposed model is, therefore:

A = 0.315 + 4.79× 10−3PUV + 6.37× 10−3P%PUV − 3.29× 10−2P%
2
− 2.89× 10−4P%

2PUV

−2.87× 10−6P%PUV
2 + 2.71× 10−3P%

3
− 7.13× 10−10PUV

3

All the coefficients of the reduced cubic model have p-values lower than 5.0% and the model
it-self has a p-value of 8.72 × 10−35. The two-dimensional (2D) contour plot and 3D response surface
of the reduced cubic model is represented in Figure 4. The response surface shows that the value A
increases depending on the increase of both the UV intensity and the powder contents.

Table 5. Summary of comparison between models for A obtained from the photo-bending.

Source Sequential p-Value Lack of Fit p-Value Adjusted R2 Predicted R2

Linear 7.49 × 10−19 4.86 × 10−15 0.837 0.820
2FI 1.42 × 10−4 4.62 × 10−13 0.880 0.864

Quadratic 1.09 × 10−12 4.66 × 10−5 0.966 0.960
Cubic 2.18 × 10−6 0.228 0.983 0.977

Quartic 0.0871 0.619 0.985 0.977
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Table 6. ANOVA results for A value in the complete cubic model for photo-bending.

Source Sum of Squares df Mean Square F-Value p-Value

Model 739. 9 9 82.2 311.4 9.14 × 10−33

P% 0.69 1 0.69 2.6 0.113
PUV 60.6 1 60.6 229.4 1.09 × 10−17

P%PUV 22.7 1 22.7 86.1 2.62 × 10−11

P%
2 35.6 1 35.6 134.8 4.60 × 10−14

PUV
2 0.026 1 0.026 0.099 0.755

P%
2PUV 5.4 1 5.4 20.4 5.98 × 10−5

P%PUV
2 1.5 1 1.5 5.6 0.0229

P%
3 4.5 1 4.5 17.0 1.93 × 10−4

PUV
3 1.3 1 1.3 4.8 0.0345

Residual 10.0 38 0.26 - -
Lack of Fit 2.1 6 0.36 1.45 0.228
Pure Error 7.9 32 0.25 - -
Corrected

Total 749.9 47 - - -
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In order to model the influence of the UV intensity and the weight percentage of powder on τb,
a similar statistical ANOVA study, applied to the τb parameter, was performed. A cubic model has also
been validated by the statistics as the p-value for this model is 1.76 × 10−11 (significant) and the lack
of fit has a p-value of 0.107, meaning not significant (Table 7). For instance, the p-value of the linear
model is 1.40 × 10−3 (significant), but the lack of fit is 3.84 × 10−10 (significant) and cannot be used.
A quartic model also scores comparable adjusted R2 and predicted R2, but is aliased.

The complete cubic model for the τb parameter is given by the following equation:

τb = 71.2− 19.7P% − 8.29× 10−2PUV − 8.15× 10−3P%PUV + 6.83P%
2 + 2.45× 10−4PUV

2

+4.20× 10−5P%
2PUV + 6.99× 10−6P%PUV

2
− 0.479P%

3
− 2.56× 10−7PUV

3

with PUV the power of UV light and P% the percentage of powder. This model can be simplified by
removing the coefficients that are not significant. The terms of PUV

2, P%
2PUV, P%PUV

2, and PUV
3 are

not significant (p-value larger than 30%), while all the other parameters of the cubic model have a
p-value lower than 4.5% (Table 8). The new proposed model is, therefore:

τb = 67.2− 20.6P% − 1.94× 10−2PUV − 2.49× 10−3P%PUV + 6.84P%
2
− 0.479P%

3
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All the coefficients of the reduced cubic model have p-values lower than 4.5% and the model it-self
has a p-value of 3.33 × 10−16. The response surface of the new model is presented in Figure 5. The 3D
surface shows that the value τb at a certain powder content decreases depending on the increase of the
light intensity, but the value τb is susceptible to the percentage of powder in a not monotonous manner.

As such, both A and τb are expressed by the mathematical models, affording the description of
the photo-bending behavior of hybrid silicones.

Table 7. Summary of the comparison between models for the τb parameter for photo-bending.

Source Sequential p-Value Lack of Fit p-Value Adjusted R2 Predicted R2

Linear 0.00140 3.84 × 10−10 0.220 0.156
2FI 0.202 3.75 × 10−10 0.232 0.157

Quadratic 0.0253 1.51 × 10−9 0.324 0.225
Cubic 1.76 × 10−11 0.107 0.824 0.761

Quartic 0.0186 0.837 0.856 0.785

Table 8. ANOVA results for the τb parameter in the complete cubic model for photo-bending.

Source Sum of Squares df Mean Square F-Value p-Value

Model 4075.7 9 452.9 25.5 1.77 × 10−13

P% 1988.5 1 1988.5 112.1 6.84 × 10−13

PUV 79.1 1 79.1 4.5 0.0413
P% PUV 116.7 1 116.7 6.6 0.0144

P%
2 508.5 1 508.5 28.7 4.38 × 10−6

PUV
2 9.8 1 9.76 0.55 0.463

P%
2 PUV 0.24 1 0.24 0.01 0.907

P% PUV
2 18.4 1 18.4 1.0 0.315

P%
3 2158.7 1 2158.7 121.7 2.09 × 10−13

PUV
3 16.1 1 16.1 0.9 0.346

Residual 674.2 38 17.7 - -
Lack of Fit 178.7 6 29. 8 1.92 0.107
Pure Error 495.5 32 15.5 - -
Corrected

Total 4749.9 47 - - -

Actuators 2019, 8, 68 9 of 13 

 

All the coefficients of the reduced cubic model have p-values lower than 4.5% and the model it-
self has a p-value of 3.33 × 10-16. The response surface of the new model is presented in Figure 5. The 
3D surface shows that the value 𝜏  at a certain powder content decreases depending on the increase 
of the light intensity, but the value 𝜏  is susceptible to the percentage of powder in a not monotonous 
manner.  

As such, both A and 𝜏  are expressed by the mathematical models, affording the description of 
the photo-bending behavior of hybrid silicones. 

Table 7. Summary of the comparison between models for the 𝜏  parameter for photo-bending. 

Source Sequential p-Value Lack of Fit p-Value Adjusted R² Predicted R² 
Linear 0.00140 3.84 × 10-10 0.220 0.156 

2FI 0.202 3.75 × 10-10 0.232 0.157 
Quadratic 0.0253 1.51 × 10-9 0.324 0.225 

Cubic 1.76 × 10-11 0.107 0.824 0.761 
Quartic 0.0186 0.837 0.856 0.785 

Table 8. ANOVA results for the 𝜏  parameter in the complete cubic model for photo-bending. 

Source Sum of Squares df Mean Square F-Value p-Value 
Model 4075.7 9 452.9 25.5 1.77 × 10-13 

P% 1988.5 1 1988.5 112.1 6.84 × 10-13 
PUV 79.1 1 79.1 4.5 0.0413 

P% PUV 116.7 1 116.7 6.6 0.0144 
P%² 508.5 1 508.5 28.7 4.38 × 10-6 

PUV ² 9.8 1 9.76 0.55 0.463 
P%² PUV 0.24 1 0.24 0.01 0.907 
P% PUV ² 18.4 1 18.4 1.0 0.315 

P%³ 2158.7 1 2158.7 121.7 2.09 × 10-13 
PUV ³ 16.1 1 16.1 0.9 0.346 

Residual 674.2 38 17.7 - - 
Lack of Fit 178.7 6 29. 8 1.92 0.107 
Pure Error 495.5 32 15.5 - - 

Corrected Total 4749.9 47 - - - 

 
Figure 5. The value 𝜏  in the photo-bending process, drawn by the reduced cubic model. (a) Contour 
plot in 2D and (b) surface plot in 3D. The dots represent the experimental data (i.e., the fit of the 
exponential model). The cubic model gives satisfying fit with these experimental data. 

Figure 5. The value τb in the photo-bending process, drawn by the reduced cubic model. (a) Contour
plot in 2D and (b) surface plot in 3D. The dots represent the experimental data (i.e., the fit of the
exponential model). The cubic model gives satisfying fit with these experimental data.



Actuators 2019, 8, 68 10 of 13

3.3.2. Model Construction for Unbending

Unbending behavior is modeled in the same way. The values of A and τu obtained by fitting are
summarized in Table 4. The unique parameter in the unbending process is τu only, because the value A
is determined in the photo-bending process. In order to model the influence of the UV intensity and
the weight percentage of powder on τu, a statistical ANOVA study, compared to the τu parameter, has
been performed. Among tested models, a cubic model has also been validated by the statistics as the
p-value for this model is 3.64 × 10−4 (significant) and the lack of fit has a p-value of 0.263, meaning not
significant (Table 9).

The complete cubic model for the τu parameter is given by the following equation:

τu = 55.6 + 3.30× 10−2P% − 7.02× 10−2PUV + 3.15× 10−3P%PUV + 1.33P%
2

+2.38× 10−4PUV
2
− 1.09× 10−3P%

2PUV + 1.30× 10−5P%PUV
2
− 0.104P%

3

−2.45× 10−7PUV
3

with PUV the power of UV light and P% the percentage of powder. This model can be simplified by
removing the coefficient that are not significant (Table 10). The terms of P%PUV, PUV

2 and PUV
3 are not

significant (p-value larger than 25%), while all the other parameters of the cubic model have a p-value
lower than 3.5%. The new proposed model is, therefore:

τu = 49.8− 1.28P% − 2.82× 10−3PUV + 1.21P%
2
− 7.72× 10−4P%

2PUV + 1.30× 10−5P%PUV
2

−0.104P%
3

All the coefficients of the reduced cubic model have p-values lower than 3.5% and the model itself
has a p-value of 1.18 × 10−21. The response surface of the new model is presented in Figure 6, showing
that the value τu increases depending on the percentage of powder. Thus, the unbending behavior of
hybrid silicones has also been expressed as an experiments-based mathematical model.

Table 9. Summary of the comparison between models for the τu parameter for unbending.

Source Sequential p-Value Lack of Fit p-Value Adjusted R2 Predicted R2

Linear 2.26 × 10−9 1.85 × 10−10 0.569 0.531
2FI 0.277 1.54 × 10−10 0.571 0.528

Quadratic 5.88 × 10−12 0.00260 0.869 0.844
Cubic 3.64 × 10−4 0.263 0.915 0.888

Quartic 0.144 0.493 0.921 0.884

Table 10. ANOVA results for the τu parameter in the complete cubic model for unbending.

Source Sum of Squares df Mean Square F-Value p-Value

Model 6718.9 9 746.5 57.05 2.53 × 10−19

P% 311.3 1 311.3 23.79 1.95 × 10−5

PUV 159.7 1 159.7 12.21 0.00123
P% PUV 0.010 1 0.010 0.0 0.978

P%
2 1313.2 1 1313.2 100.34 3.26 × 10−12

PUV
2 27.3 1 27.3 2.08 0.157

P%
2 PUV 168.3 1 168.3 12.86 9.44 × 10−4

P% PUV
2 64.0 1 64.0 4.89 0.0331

P%
3 101.8 1 101.8 7.78 0.00823

PUV
3 14.8 1 14.8 1.13 0.294

Residual 497.3 38 13.1 - -
Lack of Fit 100.7 6 16.8 1.35 0.263
Pure Error 396.6 32 12.4 - -
Corrected

Total 7216.2 47 - - -
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4. Conclusions

We fabricated hybrid silicones mixed with azobenzene powder, and enabled them to bend under
UV light illumination due to the constraint by a paper. The photo-bending behavior of hybrid silicones
was fitted with an exponential function, and then described by cubic models for A and τb with variables
of the weight percentage of powder and the UV power, at least in the experimental range conducted
in this work. Based on the constructed models, the amplitude A increases by both effects of the light
intensity and the percentage of powder, and the time constant τb decreases by the light intensity but is
susceptible to the percentage of powder in a not monotonous manner. The unbending behavior after
turning off UV light was also observed, fitted with an exponential function, and then described by
a simplified cubic model of the time constant τu. The model for unbending indicates that the value
τu increases mainly due to the effect of the powder contents. This strategy from the experimental
observations of actuation behavior to the description as a mathematical equation can be utilized for the
optimization of the desired output, and for the programmed control by a computer. As for applications,
the use and environment depend on the material properties. In order to use the presented solutions
in real-life applications, a specific design has to be performed. Preferable use of the photo-bending
property would be very gentle touch and grip of, for example, fragile objects. The actuation force is
also an interesting parameter to be characterized, and this work will promote the development and
implementation of photo-responsive materials for innovative actuators.
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of real deflection on three repetitions for photo-bending under light irradiation, Table S2: Time dependence of the
average of real deflection on three repetitions for unbending after stopping light irradiation.
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