iriried applied
L sciences

Article

Smart Devices Based on the Soft Actuator with
Nafion-Polypropylene-PDMS/Graphite
Multilayer Structure

Yao Wei, Shihao Li, Xiaofan Zhang, Yanjun Fu and Kejian Chen *

Shanghai Key Lab of Modern Optical System, Engineering Research Center of Optical Instrument and System of
the Ministry of Education, School of Optical-Electrical and Computer Engineering, University of Shanghai for
Science and Technology, 516 Jungong Road, Shanghai 200093, China; weiya02024@163.com (Y.W.);
work.lish@gmail.com (S.L.); 19921895461@163.com (X.Z.); 18351923105@163.com (Y.E.)

* Correspondence: ee.kjchen@gmail.com

check for
Received: 11 February 2020; Accepted: 3 March 2020; Published: 6 March 2020 updates

Featured Application: This stimulus-driven, fast-response and large-scale deformation flexible
actuator provides a new alternative for bionic application, artificial skin, and soft sensor
development.

Abstract: The demand for multi-functional soft actuators with simple fabrication and fast response to
multiple stimuli is increasing in the field of smart devices. However, for existing actuators that respond
to a single stimulus, it is difficult to meet the requirements of application diversity. Herein, a type of
multi-stimulus responsive soft actuator based on the Nafion-Polypropylene-polydimethylsiloxane
(PDMS)/Graphite multilayer membranes is proposed. Such actuators have an excellent reversible
response to optical/thermal and humidity stimulation, which can reach a 224.56° bending angle in
a relative humidity of 95% within 5 s and a maximum bending angle of 324.65° in 31 s when the
platform temperature is 80 °C, and has a faster response (<0.5 s) to optical stimuli, as an asymmetric
structure allows it to bend in both directions. Based on such an actuator, some applications like
flexible grippers and switches to carry items or control circuits, bionic flytraps to capture and release
“prey”, have also been developed and studied. These provide potential applications in the fields of
soft sensors, artificial skin and flexible robots.
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1. Introduction

In recent years, the demand for smart actuators based on flexible intelligent driving materials
has increased [1-4]. The role of flexible intelligent driving materials is to convert external stimuli
(such as light, heat, humidity, magnetic field/electric field) into executable actions or signals needed
by processors through rapid, reversible and controllable structural/morphological changes [5-16].
Flexible smart actuators driven by these stimuli have significant advantages in the soft robot, electronic
skin, bionic technology and other fields [17-20]. For example, inspired by the flicking finger motions
for rapidly releasing elastic energy, a curled carbon nanotube (CNT)-polydimethylsiloxane (PDMS)
bilayer composite film actuator was designed and fabricated to simulate gymnastics tumbling in the air
under low voltage and light illumination [21]. The flexible material encapsulates the micro-fabricated
gold skeleton to replicate the fish’s morphology, driving the fish’s swimming and steering with optical
stimulation [22]. Reversible deformed graphene monolayer paper combined with polyvinylidene
fluoride (PVDF) film can stretch the PVDF film under light stimulation and produce open-circuit
voltage up to 4 V [23]. However, most flexible actuators have restrictions such as single stimulation,
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slow response and recovery. It is desirable to develop a kind of actuator with advantages such as
multiple stimulus-driven, fast-response and large-scale deformation for the multifunctional devices.

The flexible polymer Nafion has high ionic conductivity, and is commonly used to make ion
exchanged membranes for chlorine gas and alkali production, as well as for proton exchanged
membranes in fuel cell polymer electrodes [24,25]. However, the sulfonic acid groups in Nafion are
highly hydrating, absorb water and swell very quickly and efficiently, and the intrinsic connection
of sulfonic acid groups allows water to be removed quickly. Hence, the Nafion film has emerged
as an interesting candidate component for an actuator which exhibits fast response and large-scale
deformation under varying humidity [26]. PDMS, a transparent non-toxic organic polymer material,
has a high thermal expansion coefficient and excellent biocompatibility and hydrophobicity, good
chemical stability and commercial availability; these characteristics make it often and preferrably
used in flexible actuators, sensors, biomechanical systems, microfluidic systems, etc. [27-31]. Also,
traditional carbon-based material graphite has become a popular actuator component due to its
excellent optical, thermal, electrical and mechanical properties. It is able to convert light into heat
effectively because it can strongly absorb a wide range of light from ultraviolet to near infrared (NIR)
wavelengths [32-35].

Thus, a new type soft actuator composed of Nafion-polypropylene-PDMS/Graphite is proposed in
this paper. The actuator has an excellent reversible response to humidity, optical and thermal stimulation,
as shown in Figure 1a. The humidity-driven actuation is due to the hygroscopic property of the Nafion
layer and the non-hygroscopic property of PDMS/Graphite. Once the relative humidity increased,
the absorption of water molecules resulted in the swelling of Nafion, while PDMS/Graphite layer
remained substantially, so the actuator bent towards the PDMS/Graphite side [36,37]. The light-driven
and thermal-driven actuations are a utilization of difference of thermal expansion coefficient between
PDMS/Graphite and Nafion layer. Also, graphite is able to convert photonic energy into thermal
energy, which can speed up the volume expansion of PDMS/Graphite [38—41]. Meanwhile, the increase
of temperature also leads to water desorption and shrinking of the Nafion layer. Hence, the actuator
has an extraordinary bending response to the Nafion side, and several smart devices based on it have
been demonstrated to be effective; thus, the soft actuator will have potential applications in bioinspired
applications, soft robots and so on.
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Figure 1. (a) Schematic diagram of multilayer membrane response to humidity, optical and thermal
stimulation. (b) Schematic illustration of the fabrication of Nafion-polypropylene-PDMS/Graphite
multilayer membrane actuator.



Appl. Sci. 2020, 10, 1829 30f11

2. Materials and Methods

2.1. Materials

Nafion N211 (17.78 um) and polypropylene (25.4 um) composite film was commercially purchased
from Kunshan Yi Erwei International Trade Co., Ltd., Kunshan, China. PDMS was obtained from
Huishan Bihui Electronic Products Co., Ltd., Wuxi, China (Sylagrd 184 silicone elastomer, Dow Corning,
Midland, Michigan, USA), graphite particle (800 nm) was provided by Dongguan xieli Co., Ltd.,
Dongguan, China. Infrared bulb (100 W, Philips E27) that provided NIR light source, was commercially
purchased from Shenzhen Dazhongyu Runxiang E-Commerce Co., Ltd., Shenzhen, China.

2.2. Fabrication and Measurement of the Multilayer Membrane-Based Actuator

The preparation process of the stimuli-responsive actuator can be seen in Figure 1b; PDMS was
comprised of A (silicone elastomer liquid base) and B (curing agent) viscous liquid components.
Initially, N-hexane was added into A (silicone elastomer liquid base) for dilution with a weight ratio of
3:10 and stirred vigorously for 5 min. Then, graphite particles were appended to A (silicone elastomer
liquid base) with a weight ratio of 1.5:10 and mixed for 5 min. Next, the viscose solution was degassed
in a conditioning mixer (THINKY AR-100) after adding B (curing agent) into A (silicone elastomer
liquid base) and thoroughly mixed (A:B = 10:1). After cleaning work, Nafion and polypropylene films
that had been stuck together were stripped from the purchased composite film, and cropped into a
suitable size and then attached to the slide. Then, the viscous PDMS mixture was coated onto Nafion
film on slide substrate by the spin-coating method (Rotation speed: 2000 r/min for 20 s) and cured in
the oven at a temperature of 80 °C for 2 h. Finally, the multilayer membrane was cooled and carefully
peeled from the substrate for further use.

The water contact angle (CA) was measured using a Contact Angle Meter DSA30S (KRUSS.
Germany). The sample was cut into a size of 0.5 cm X 1 cm, and pasted on the slide with double-sided
adhesive, then the CA analyzer was used to drop 1 mL deionized water into the sample, measured
the CA between the water drop and the film to analyze the hydrophilicity of the film. The actuation
performance is measured by the image processing software Picpick, which is automatically accurate
angle to two decimal places. The entire testing process was recorded, and then the software Picpick
was used to measure the bending angle of the sample at each moment in the response process.

3. Results and Discussion

3.1. Multilayer Membrane of Humidity Responsive Deforming

Due to the polymer chain in Nafion, it can rapidly exchange with water and form a large number of
water transport channels. As the humidity increases, Nafion absorbs moisture and swells very quickly
and efficiently, and moisture can be quickly removed because of the intrinsic connection of sulfonic acid
groups when humidity is reduced [42,43]. As shown in Figure 2a, once the relative humidity in the box
was increased, Nafion layer absorbed moisture and swelled, while the middle polypropylene layer and
the PDMS/Graphite layer remained substantially as a hydrophobic layer, so the multilayer membrane
bent toward the PDMS/Graphite side, as shown in Figure 2b. Moreover, Figure 2¢,d illustrate the
Nafion film exhibits a water CA of 79.97°, which is less than that of mixed PDMS/Graphite layer
(123.64°), this obvious difference in hydrophilicity causes asymmetric deformation of the multilayer
membrane when the ambient humidity changes. When the humidity was lowered, the Nafion layer
lost water and shrank, so the multilayer membrane returned to its original state under the elastic
recovery force of the polypropylene layer and the PDMS/Graphite layer. Figure 2e shows the rising
tendency of the maximum bending angles of the multilayer membrane with the humidity increasing
from 30% to 95%. Furthermore, Figure 2f illustrates the multilayer membrane reached its maximum
bending angle of 224.56° within 5 s under conditions of 95% humidity. This fast, large-scale response
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to moisture and recovery characteristics indicates the multilayer membranes have great potential
applications in an environment of varied humidity.
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Figure 2. Humidity-responsive behavior of the multilayer membrane (the test ambient temperature was
25 °C). (a) Schematic diagram of the humidity deformation response testing. (b) Schematic illustration
of the reversible deformation behaviors when humidity changes. (c) Photo of water droplet CA for
Nafion film and (d) PDMS/Graphite film. (e) The maximum bending angle of the multilayer membrane
under different relative humidity. (f) The time-dependent bending angle of the multilayer membrane
under 95% (blue area) and 30% humidity stimulation.

3.2. Multilayer Membrane of Optical Responsive Deforming

To enable the multilayer membrane to respond to a wider range of electromagnetic spectrum,
graphite was selected as a light-absorbing material because of its broad-spectrum absorption properties.
The SEM image of the multilayer membrane’s cross-section in Figure 3a shows that in the layered
structure, graphite particles are uniformly dispersed in the PDMS layer, which is helpful to transfer
the photothermal more quickly and evenly. When the multilayer membrane was illuminated, the
PDMS/Graphite layer absorbed light efficiently, and the volume of the PDMS/Graphite layer began to
expand. Simultaneously, the NIR light will also made the ambient temperature around the membrane
rise and caused the local humidity to decrease, which finally led to the shrink of the Nafion layer by
losing water which enhances the bending tendency towards the Nafion layer as illustrated in Figure 3b.
When the light disappeared, the graphite particles began to dissipate heat. The PDMS/Graphite layer
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began to return to its original state, and then the multilayer membrane returned to its original state
quickly. At the same time, local humidity around the membrane increased rapidly to the level of
environment humidity after the light off, and the Nafion layer began to absorb moisture and swelled,
which enhanced the expanding tendency of the device towards the PDMS/Graphite side.
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Figure 3. Optical-responsive behavior of the multilayer membrane (the test ambient relative humidity
was 30%). (a) SEM image of the cross-section of the Nafion-polypropylene-PDMS/Graphite multilayer
membrane. (b) Schematic illustration of the reversible deformation behaviors under illumination.
(c) Bending angle of the actuator with different graphite particle concentrations under the NIR light
intensity of 0.88 W-cm~2. (d) Real-time process of light response of the multilayer membrane with 15%
graphite concentration.

For the purpose of investigating the effect of the light absorption efficiency on the deformation of
the multilayer membrane under illumination, we changed the graphite concentrations (0%, 5%, 10%,
15%, 20%) in the PDMS layer, as shown in Figure 3c. Under the same NIR light intensity of 0.88 W-cm™2,
the sample with 0% graphite concentration needed the longest time to reach its peak bending angle
47.64° within 20 s, which means its photothermal conversion efficiency is the lowest. When the graphite
concentrations increased, the maximum bending angle and response speed of the multilayer membrane
also rose. When the graphite concentration was 15%, the multilayer membrane could quickly reach its
maximum bending angle of 251.97°. However, it is worth noting that when the graphite concentration
rose to 20%, the stress of the multilayer membrane increased and the strain decreased, resulting in a
decrease of multilayer membrane in responding speed and the maximum bending angle. Although
the photothermal conversion efficiency of the multilayer membrane benefits from the increase of the
graphite concentrations, the bending trend is limited by the flexibility of the device as well. Within
a certain range, in order to obtain the best overall response, a multilayer membrane with a graphite
concentration of 15% was selected for further use. Figure 3d shows the response process of the
multilayer membrane with 15% graphite concentration under NIR light intensity of 0.88 W-cm™2.
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3.3. Multilayer Membrane of Thermal Responsive Deforming

The principle of the multilayer membrane’s deformation when the temperature rises is similar to
the optical response deformation. The PDMS/Graphite layer with a large thermal expansion coefficient
expanded after being heated, the Nafion layer shrank due to water loss, and the middle layer remained
unchanged. Due to asymmetric deformation, it caused the membrane to bend towards the Nafion
side. During the temperature test, once the multilayer membrane began to gradually deviate from
the heating platform, the multilayer membrane was mainly heated by the air between the multilayer
membrane and the heating platform. As shown in Figure 4a, when the temperature of the heating
platform was between 30 °C and 80 °C, the maximum bending angle of the multilayer membrane
increased with increasing temperature.
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Figure 4. Thermal-responsive behavior of the multilayer membrane (test ambient relative humidity
was 30%). (a) The maximum bending angle of multilayer membrane upon various temperatures.
(b) Bending images of the multilayer membrane under different temperatures. (c) Bending angle of
the multilayer membrane with 15% graphite particle concentrations upon various temperatures. (d)
Schematic diagram of the multilayer membrane’s BS.

Figure 4b shows bending images of the actuator under different temperatures, when the platform
temperature is 80 °C, the multilayer film can reach a maximum bending angle of 324.65° in 31 s. Such
large-scale deformation can meet the stimulation response requirements of most scenes. Figure 4c
shows the bending angle of the actuator with 15% graphite particle concentrations upon various
temperatures, and as the bending angle became larger, we could use the bending speed (BS) to
characterize the process before the bending angle of the multilayer membrane reached the peak. The
bending angle (BA) increases with time (T), the increased bending angle (ABA) and time interval (AT)
can be used to indicate BS, BS = ABA/AT, as shown in Figure 4d; the illustrated bending speed BS
decreases with time, which indicates the rate of thermal conversion decrease, and the efficiency of
heating by air is lower than heating through the platform directly.
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4. Multiple Stimulus-Driven Smart Devices

Multilayer membranes experience a rapid and large-scale deformation under a variety of stimuli,
making them a basis for actuators with multiple functions. As a simple example of application,
we designed a flexible gripper possessing a multilayer film with a graphite concentration of 15%.
The switching of the NIR light was controlled so that the multilayer membrane gripper could achieve
the action of grabbing-releasing objects. As shown in Figure 5a—d, in a normal environment with a
humidity of 35%, the simple gripper was controlled to grab foam cubes and transport them to the shelf
under the illumination. Furthermore, in order to test the grasping ability of the gripper on irregularly
shaped objects, medicinal capsules (0.06 g) were used as transport objects; Figure 5e—h show the ability
of the gripper to pick and release capsules, indicating that the multilayer membrane will have potential
applications in areas such as fragile items and drug delivery. Also, because the multilayer membrane
has different bending directions under different stimuli, a single-pole double-throw switch based on
the multilayer membrane was fabricated. As shown in Figure 6a,d, the circuit where the membrane
was located serves as an input channel. When the ambient humidity rose to 70%, Figure 6b,c show the
membrane bent upward, the input signal was calculated by the microprocessor, the microprocessor
output lighted up the blue Light Emitting Diode (LED), and the Liquid Crystal Display (LCD) displayed
“Moist, Moist!”. On the contrary, when the NIR light illuminated the switch, Figure 6e—f show the
membrane bent downward to light the red LED, and the LCD displayed “Hot, Hot !”. This provides
good inspiration for us to develop flexible sensors.

Figure 5. Optical-responsive flexible gripper. (a—d) Images showing a multilayered membrane-based

gripper driven by infrared light to grab and transported foam cubes. (e-h) Gripper transfer medicinal
capsules (0.06 g) in 11 s.

Inspired by the Venus flytrap, which can control-blade opening and closing, membrane actuators
can be also applied to biomimetic devices, as shown in Figure 7a,b, a bionic flytrap was fabricated to
achieve the function of prey capture and release. Figure 7c shows the schematic diagram of the proposed
bionic flytrap with the multiple stimulus-driven membrane, and wipe papers (KIMTECH34155) have
been adopted to absorb moisture (or water) from “prey” and worked as the trigger sensor. The ambient
humidity around the actuator will be increased fast by the wetted wipe paper and finally trigger the
actuator to bend towards the center and catch “prey”. Figure 7d—f show the capturing process that a
“prey” (wet paper ball) fell into the bionic trap and was gradually captured. The grasping performance
of the bionic trap is also verified in Figure 7g by flipping the whole device. The paper ball was wrapped
up well, which means the “prey” was captured and locked by the bionic flytrap. It should be noted
that the “prey” paper ball could not fall off until the ambient humidity around the actuator decreases
to a certain low level of humidity and was not strong enough for bionic flytrap to keep the “prey”.
As the bionic flytrap was manufactured with the multiple stimulus-driven membrane, one can speed
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up the process and release the “prey” immediately by illuminating the bionic flytrap with infrared
light, as shown in the inset of Figure 7g.

Figure 6. Optical and humidity-responsive switches. (a) Schematic of the membrane-based switch

circuit. (b—c) The response of LED and LCD in a humid environment. (d) The original state of the switch
based on actuator in the circuit. (e—f) The response of LED and LCD in the photothermal environment.

(c) actuator

ipe [éper Prey fall in \
wetted wipe

Bionic flytrap absorb ~ paper
moisture

Figure 7. Bionic flytrap. (a—b) Schematic diagram of a flytrap in its open and closed state. (c) Schematic

illustration of the structure and operation principle of bionic flytrap. (d—f) The process of bionic flytrap
captured a wet paper ball and top view of bionic flytrap. (g) Bionic flytrap in inverted place and
released “prey” paper ball under high energy infrared light.

5. Conclusions

In summary, a multi-stimulus response soft actuator was fabricated with multilayer membrane
(Nafion-Polypropylene-PDMS/Graphite). This soft actuator exhibits rapidly reversible bending in
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a humid environment or under optical/thermal conditions, and the asymmetric structure enables it
to bend in both directions. When the graphite concentration is 15%, the soft actuator has a faster
response (<0.5 s) to optical stimuli. Also, it can reach a maximum bending angle of 324.65° in 31 s when
the platform temperature is 80 °C and reach a 224.56° bending angle in a relative humidity of 95%
within 5 s. Furthermore, smart devices that designed and prepared based on the soft actuator, such
as light-controlled grippers, light/humidity-driven switches, and the bionic flytrap, have also been
demonstrated in this paper. This stimulus-driven, fast-response and large-scale deformation flexible
actuator provides a new alternative for bionic application, artificial skin and soft sensor development.
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