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Recent advances in fabrication techniques have enabled the production of different types of
polymer sensors and actuators that can be utilized in a wide range of applications, such as soft robotics,
biomedical, smart textiles and energy harvesting. This Special Issue focuses on the recent advancements
in the modeling and analysis of functional polymer systems.

The first paper published in the issue presents the work of Yu and colleagues in Shandong
University, China, in which they synthesized hydrogel materials that could respond to the surrounding
environment by a color change inspired by nature [1]. The researchers have presented an efficient
method to improve the photonic sensing properties of polymeric gels by using non-close-packed
monolayer colloidal crystals as the template. The authors developed an ultrathin photonic polymer gel
film which exhibited significant improvement in responsiveness and linearity towards pH sensing
compared to those prepared earlier, achieving fast visualized monitoring of pH changes with excellent
cyclic stability and a small hysteresis loop.

In the second article, a collaborative research team, including the University of Tartu, Estonia and
Ton Duc Thang University, Vietnam, developed software for driving and measuring ionic electroactive
material-based systems [2]. A set of functions, hardware drivers, and measurement automation
algorithms were developed in the National Instruments LabVIEW 2015 system to control synchronized
isotonic (displacement) and isometric (force) measurements over a single compact graphical user
interface called electro-chemo-measurement software (IIECMS). The suitability of the proposed
software was successfully tested on the two different materials representing high stress, strain and low
strain characteristics.

The Special Issue progresses to the third manuscript with the work of Park and colleagues from
Inje University, South Korea, on ionic electroactive polymer actuators (IEPAs) which are interesting for
their flexibility, lightweight composition, large displacement, and low-voltage activation [3]. They have
developed a graphene oxide–silver nanowire (GO–Ag NW) based IEPA with Triton X-100 nonionic
surfactant to transform the PEDOT:PSS capsule into a nanofibril structure. The fabricated actuator in
this work showed improvements in stability, electrical conductivity, and driving performance.

In the fourth article, in an international collaboration, Wang from Donghua University and
other colleagues from Texas Tech University and California State University, Fullerton, developed
a 3D-printed wearable strain sensor with promising conductivity and transparency suitable for
healthcare and soft robotics applications [4]. They combined agar and ionic thermo-responsive alginate
to improve the shape fidelity of the hydrogel for 3D printing. With the addition of agar, the rheological
characteristic of the 3D printing ink was enhanced for precision printing. In addition, alginate was
used to improve the mechanical characteristics of the sensor to a level required for the so-called
“electronic skin”.

The researchers in Prince of Songkla University presented the fifth article investigating
electrostrictive polymers with applications in biomedical sensors, actuators and energy harvesting

Polymers 2020, 12, 1569; doi:10.3390/polym12071569 www.mdpi.com/journal/polymers1
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devices [5]. The authors worked on increasing the dielectric properties and microstructural β-phase
in the poly(vinylidene fluoride-hexafluoropropylene) (P(VDF-HFP)) by optimizing electrospinning
conditions and thermal compression. The high electrostatic field in the electrospinning process caused
orientation polarization, which helped transform the non-polar α-phase to electroactive β-phase in the
formed fibers. Additionally, the increase in compression temperature of up to 80 °C resulted in an
increase in the crystallinity and the dielectric constant. The results showed the efficacy of the proposed
method to improve electrostriction behavior based on the dielectric permittivity and interfacial surface
charge distributions for applications in actuator devices, textile sensors, and nanogenerators.

The seventh contribution to the Special Issue focused on the bending problem of a piezoelectric
cantilever beam via theoretical and experimental methods. Due to the extensive applications of
piezoelectric polymers in the design of intelligent structures, including the sensors and actuators,
Yang and associates from Chongqing University, proposed a method to deal with the challenge of
solving the governing equations of these materials due to the force–electric coupling characteristics [6].
To do so, they derived the theoretical solution of the bending problem of piezoelectric cantilever
beams by the multi-parameter perturbation method, which is a general analysis method for solving
approximate solutions of non-linear mechanical problems. The solution of their proposed method was
successfully validated with the experimental results as well as existing solutions in the literature.

International researchers from Nottingham Trent University, University of Tehran, Deakin
University, and University of Glasgow conducted a new level of study in digital fabrication,
publishing their findings in harnessing variable bandgap regions by 4D printing via shape-adaptive
metastructures [7]. Focusing on how four-dimensional (4D) metastructures could filter acoustics and
transform filtering ranges, the authors used fused deposition modeling (FDM) printing with a single
printer nozzle to experiment with shape memory polymer (SMP) materials with self-bending features.
Additionally, the mechanism for the creation of metastructures capable of manipulating elastic wave
propagation to find bandgaps was demonstrated. The authors claim that the state of the art 4D printing
unlocks potentials in the design of functional metastructures for a broad range of applications in
acoustic and structural engineering, including sound wave filters and waveguides.

The eighth contribution to the issue is a review of polymer-based microelectromechanical systems
(MEMS) electromagnetic (EM) actuators and their implementation in the biomedical engineering field
written by a national collaboration of Yunas and colleagues among three universities in Malaysia [8].
The study highlighted the recent development of electromagnetically driven microactuators in terms
of the materials, mechanism of the mechanical actuation, and the state of the art of the membrane
developments for biomedical applications, such as lab-on-chip and drug delivery systems. The authors
envisaged that the polymer composites will eliminate the need for a conventional bulky permanent
magnet in electromagnetic actuators in the near future.

This issue finalizes with the work of researchers from the School of Engineering at Deakin
University on the development of the wearable strain sensors [9]. In this work, an electrically
conductive dynamic hydrogel was designed and produced by incorporating ferric ions and tannic
acid-coated chitin nanofibers (TA-ChNFs) into the hydrogel network. TA-ChNFs had a reinforcing role
as nanofillers and also acted as dynamic cross-linkers, thus imparting an outstanding self-healing ability
and high strength to the hydrogel. Moreover, the hydrogel displayed excellent stability with repeatable
self-adhesive properties, with the ability to attach to almost any surface. This electroconductive and
tough hydrogel with autonomous self-healing and self-recovery properties appeared to be an excellent
candidate for wearable strain sensing devices.

Funding: This research received no external funding.
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Abstract: Responsive polymer-based sensors have attracted considerable attention due to their
ability to detect the presence of analytes and convert the detected signal into a physical and/or
chemical change. High responsiveness, fast response speed, good linearity, strong stability, and small
hysteresis are ideal, but to gain these properties at the same time remains challenging. This paper
presents a facile and efficient method to improve the photonic sensing properties of polymeric gels
by using non-close-packed monolayer colloidal crystals (ncp MCCs) as the template. Poly-(2-vinyl
pyridine) (P2VP), a weak electrolyte, was selected to form the pH-responsive gel material, which was
deposited onto ncp MCCs obtained by controlled O2 plasma etching of close-packed (cp) MCCs.
The resultant ultrathin photonic polymer gel film (UPPGF) exhibited significant improvement in
responsiveness and linearity towards pH sensing compared to those prepared using cp MCCs
template, achieving fast visualized monitoring of pH changes with excellent cyclic stability and small
hysteresis loop. The responsiveness and linearity were found to depend on the volume and filling
fraction of the polymer gel. Based on a simple geometric model, we established that the volume
increased first and then decreased with the decrease of template size, but the filling fraction increased
all the time, which was verified by microscopy observations. Therefore, the responsiveness and
linearity of UPPGF to pH can be improved by simply adjusting the etching time of oxygen plasma.
The well-designed UPPGF is reliable for visualized monitoring of analytes and their concentrations,
and can easily be combined in sensor arrays for more accurate detection.

Keywords: polymer gel; colloidal crystals; optical film; pH sensor

1. Introduction

Developments in society have brought about renewed focus on environmental problems,
and a growing need for simple and accurate sensors that can respond to environmental changes has
emerged. In nature, there are various creatures that can smartly change color with the environment [1].
Chameleons, for example, can adjust the color of their skin to the color of their surroundings [2].
Zebrafish can change their appearance under light [3]. Some beetles respond to humidity. Inspired by
this phenomenon, researchers have synthesized a series of materials that can respond to the
surrounding environment by color.

Among various materials, responsive polymer gels are good candidates for mimicking the
responsive colors in natures because they are able to change their volume by swelling or deswelling
under the stimulation of external conditions and such change can be elaborately converted into optical
signals to achieve a visual response to the analyte [4–6]. Based on this mechanism, several colorimetric

Polymers 2019, 11, 534; doi:10.3390/polym11030534 www.mdpi.com/journal/polymers5
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sensors using polymer gels have been fabricated that respond to pH, temperature, humidity, glucose,
macromolecules, and metal ions, among others [7–9].

Photonic crystals, a class of most interesting optical materials, are usually constructed by two or
more media with different refractive indices arranged periodically in one, two, or three dimensions (1D,
2D or 3D, respectively) [10]. Because photonic crystals can produce band gaps for photons of a certain
frequency, various film colors can be generated. Considering the unique advantages of photonic
crystals in optical sensing, researchers have combined them with polymer gels to form advanced
response materials. In a pioneer work, Asher’s group synthesized a polymer colloid array (PCCA)
to quantitatively detect glucose by embedding polymer gel into 3D colloid crystals [11–14]; they also
fabricated a 2D hydrogel sensor by attaching a 2D colloid array to hydrogel, and this sensor could
change its lattice spacing by swelling of the gel to achieve a visual response to the analyte [15–19].
Polymeric 1D photonic crystals or so-called Bragg stacks have been fabricated by spin-coating of block
copolymer solutions [20,21]. Despite their many benefits, however, the problem of slow responses
greatly limits the development and application of these sensors. For example, the PCCA glucose sensor
requires over 90 min to respond to the analyte [13].

To improve the response speed of sensors, a reverse opal polymer gel was developed using
SiO2 or polystyrene (PS) microspheres as a template [20–28]. The presence of macropores in the film
structure enhanced not only the responsiveness of the resulting sensor by increasing its specific surface
area but also the transport of the analyte; the resulting response speeds were improved to a certain
extent. However, 3D hydrogel pH sensors with an inverse opal structure still require a response
time of 20 min to achieve equilibrium [23]. The response speed is proportional to the rate of volume
change of polymer gels, and the change rate of gel volume is inversely proportional to the size of
the gel [29]. An interfering gel film with a sub-micron size was synthesized by Zhang et al., and the
complete response of this film to glucose was achieved within 2 min [30]. Li et al. fabricated reverse
opal polymer gel thin films with sub-micron thickness by using MCCs as the template and achieved
a fast response to pH within 1 min [31]. However, the stability of these films was weak and the linear
relationship between the dip shift of the films and pH could not be maintained under the condition
of strong acidity. Recently, we fabricated ultrathin polymer gel films that are infiltrated into MCCs,
which show excellent stability in strongly acidic solution [32].

Besides response time, a good linear relationship between the stimulus and the response is of
great significance to a sensor. An ideal sensor has not only a simple calibration process but also
constant sensitivity and accuracy over the entire measurement range to enable reliable responses to the
environment. However, research on the linear relationships of polymeric gel-based sensors is limited.
2D-PCCA films could respond to the analyte by changing the spacing of colloidal crystals, but a poor
linear relationship among pH [15], antibiotics [16], and serum was found because the 2D structure of
the colloidal array limited lateral swelling to some extent [17]. Although the interfering gel film shows
a good linear relationship between the response and glucose concentration, it has very weak optical
signals. Thus, the visual response could not be achieved [30].

Hysteresis is another common issue for polymeric gel-based optical sensors. The Donnan
potential presents in low-ionic strength solutions and hinders protonation of gels by diffusion
and thermodynamic exchange limit elimination of swelling, thus most polymer gel sensors show
hysteresis [14]. Serpe’s group synthesized a PNIPAm-co-AAc microgel that could respond to pH
and temperature [33]. The hysteresis loop size of this sensor could be adjusted by using solutions of
various ionic strength and changing the concentration of AAc. Although the hysteresis was improved,
the phenomenon remained; in theory, however, hysteresis may be completely eliminated after a long
period. This problem seriously affects the practical applications of the film for continuous testing.

Targeted at above-mentioned issues, we present herein the fabrication of ultrathin photonic
polymer gel films (UPPGF) by using non-close-packed monolayer colloidal crystals (ncp MCCs) as
the template. Poly-(2-vinyl pyridine) (P2VP), a weak electrolyte, was chosen for this study because
of its pH-dependent swelling ability. Swelling of the polymer gel led to changes in film thickness
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and shifts in reflection peak. The responsiveness of the proposed sensor was directly related to the
volume change of the polymer gel. The filling fraction and total volume of P2VP in the film could be
adjusted by controlling the packing density of the ncp MCCs by varying the time of O2 plasma etching,
which was proven to play an important role in improving the responsiveness and linearity of the pH
sensor. The film had an overall sub-micron thickness, which promoted ion diffusion and swelling of
the gel, leading to fast response speed and small hysteresis loops. The good adhesion between the
ncp MCC and the substrate enabled the ordered structure of the film to be maintained, ensuring good
cycling stability of the sensor even after repeated testing. The well-designed UPPGF is simple and
reliable for visualized monitoring of analytes and their concentrations, and can be easily combined in
sensor arrays for more accurate detection by cross-sensing.

2. Materials and Methods

2.1. Raw Material and Reactants

Poly-(2-vinyl pyridine) (P2VP) (Mw: 159 kg mol−1, Fluka), 1,4-diiodobutane (DIB) (99%,
Alfa Aesar, UK), nitromethane (NM) (99%, Sinopharm, Shanghai, China), tetrahydrofuran (THF)
(99.0%, Guangcheng, Tianjin, China), diethyl ether (DE) (99.5% Fuyu), styrene (95%, Beijing Chemical
Co., Beijing, China, washed in NaOH before use), potassium persulfate (99.5%, Beijing Chemical
Co., Beijing, China), sodium dodecyl sulfate (SDS) (Mw: 288.38 kg mol−1, Kermel, Tianjin, China),
ethanol (99.7%, Sinopharm, Shanghai, China), and ultrapure water (≥18.2 MΩ, Milli-Q Reference,
Beijing, China) were used in this work.

2.2. Preparation of Close-Packed Monolayer Colloidal Crystals

First, polystyrene (PS) spheres (438 nm in diameter; standard deviation < 10%) were synthesized
by standard emulsion-free polymerization [34]. Si wafers (one side polished) were cut into 1 cm × 1 cm
squares, treated with piranha solution, rinsed with copious amounts of water, and dried under a N2

flow. The cp MCCs were then formed on the silicon wafer by the gas–liquid interface self-assembly
method [35]. The adhesive force between the colloidal crystals on the silicon wafers was strengthened
by annealing at 80 ◦C for 24 h. The cp MCCs were etched for different times (2, 4, 6, or 8 min) by O2

plasma etching with a 150 W power plasma cleaner (Beijing Huiguang Co., Beijing, China) to form ncp
MCCs. The oxygen flow rate was maintained at 200 mL/min and 20 ◦C.

2.3. Preparation of UPPGF

Quaternization of P2VP was carried out following the procedure reported by Tokarev et al. [36].
With some modifications. Briefly, 0.1 g of P2VP and 0.1 mL of DIB were dissolved in a mixture of NM
(4 mL) and THF (1 mL) under stirring at room temperature. Then, the solution was heated at 60 ◦C
with stirring for 80 h to accelerate the quarternization reaction between P2VP and DIB. An excess
amount of DE was added to the mixture, and centrifugation was performed to eliminate THF and the
residual DIB. Then, qP2VP was dissolved in 5 mL of NM to form a 3.25 wt % solution for subsequent
spin-coating. The qP2VP solution was spin-coated onto ncp MCCs at a speed of 1000 rpm for 1 min
using a spin coater (Laurell-WS650). Finally, UPPGF was obtained after thermal crosslinking at 120 ◦C
for 48 h.

2.4. Characterization

The morphology of the films was examined by a Hitachi SU8010 field emission scanning
electron microscope (FE-SEM), and the reflection spectra of the samples were acquired with an
Ocean Optics USB2000 fiber optic spectrophotometer coupled to a Leica DM2700 M optical microscope.
The reflectance spectra were consistently measured from the same spot of a UPPGF specimen by saving
the spot image to identify it in the following experiments. Optical micrographs were taken under
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white-light LED illumination by a Leica DFC450 digital color camera coupled to a microscope with
a 10× objective lens.

2.5. Sensor Test

Solutions of a certain pH were prepared from 0.1 M citric acid (aq.) and 0.1 M trisodium citrate
dihydrate (aq.), 0.05 M NaH2PO4 (aq.), 0.1 M Na2HPO4 (aq.), 0.05 M NaHCO3 (aq.), and 0.1 M NaOH
(aq.). The pH of the buffer solution was measured by a pH meter (INESA PHSJ-3F). Each UPPGF
sample was dipped into the buffer solution for 2 min and then blown using a N2 flow to eliminate
the excess solution on its surface. The reflectance spectra of the UPPGF samples were recorded before
and after the dipping process. The samples were recovered by soaking in pH 10 buffer solution for 2 s,
washing with deionized water, and then blowing with N2.

3. Results and Discussion

3.1. Preparation and Characterization of UPPGF

The synthesis of ultrathin photonic polymer gel films (UPPGF) is shown in Scheme 1. We obtained
close-packed (cp) monolayer colloidal crystals (MCCs) by gas–liquid interface self-assembly. As shown
in Scheme 1a, the polystyrene (PS) microspheres were stacked in a dense hexagonal manner on
the silicon substrate to form cp MCCs. The non-close-packed monolayer colloidal crystals (ncp
MCCs-x) (x = etching time in minutes) was obtained by O2 plasma etching of cp MCCs. P2VP swells
by protonation in acid solution.; thus, we selected P2VP as the responsive polymer in this study.
The P2VP precursor solution (3.25 wt %, in NM) was immersed into the ncp MCCs by spin-coating
(Scheme 1b). Finally, the P2VP was completely cross-linked with DIB in the vacuum drying oven at
120 ◦C to obtain UPPGF-x (x = etching time in minutes) (Scheme 1c).

Scheme 1. Steps to fabricate UPPGF. (a) Monolayer colloidal crystals of PS nanoparticles were etched
through oxygen plasma etching for different times. (b) The ncp MCCs was infiltrated with a polymer
precursor (qP2VP) solution by spin coating. (c) P2VP was crosslinked by annealing.

The packing density of the ncp MCCs can be controlled by adjusting the O2 plasma etching time.
The cp MCCs were treated at 80 ◦C for 12 h before etching to enhance the contact between PS and the
silicon wafer and ensure that the film did not fall off or fold during etching and response detection.
O2 plasma etching was then performed on the cp MCCs. Figure 1 reveals that the particle size of the PS
microspheres gradually decreased with increasing etching time (from 438 nm for the sample without
etching to 430 nm for ncp MCCs-2, 417 nm for ncp MCCs-4, 404 nm for ncp MCCs-6, and 395 nm for
ncp MCCs-8). However, due to the good contact between PS and the silicon wafer, the position of the
PS microspheres did not change during the etching process, and the gap between the microspheres
increased gradually. Thus, ncp MCCs with different packing density were formed. Low-magnification
SEM images reveal that the order of the array was not destroyed by plasma etching, and ordering of
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PS microspheres was maintained even after etching for 8 min. Such a characteristic is an important
condition enabling films to display color and achieve a visual response to pH.

 
Figure 1. SEM images of the ncp MCCs after etching: (a,f) top views of ncp MCCs-0; (b,g) top views
of ncp MCCs-2; (c,h) top views of ncp MCCs-4; (d,i) top views of ncp MCCs-6; and (e,j) top views of
ncp MCCs-8.

UPPGF was prepared by spin-coating a polymer precursor solution onto ncp MCCs and thermal
crosslinking. The qP2VP was spin-coated onto the surface of ncp MCCs. As shown in Figure 2,
the P2VP was coated uniformly on the surface of the PS microspheres but it did not completely fill
the voids between spheres. The viscosity of P2VP is such that rapid spin-coating does not allow
it to fully infiltrate the substrate structure. The thickness of the films decreased with increasing
etching time (478 nm for qP2VP-infiltrated ncp MCCs-0 to 462 nm for qP2VP-infiltrated ncp MCCs-2,
440 nm for qP2VP-infiltrated ncp MCCs-4, 430 nm for qP2VP-infiltrated ncp MCCs-6, and 414 nm
for qP2VP-infiltrated ncp MCCs-8) because the thickness of P2VP on the surface of the PS array was
determined by the speed of spin-coating and the concentration of the precursor solution. The thickness
of the films depended on the particle size of PS after etching when the speed of the spin-coating
and concentration of qP2VP were held constant. Figure 2 shows that the array maintained its good
order after thermal cross-linking. Although the temperature of thermal cross-linking was higher than
the glass transition temperature of PS, the protective effect of P2VP prevented serious deformation
of the microspheres. During thermal crosslinking, P2VP gradually infiltrated the gap between PS
microspheres, which grew larger with increasing etching time and allowed more P2VP to infiltrate into
the pores. Thus, waves were produced on the surface of the films. Compared with that before thermal
cross-linking, the thickness of the films decreased (from 478 to 440 nm for UPPGF-0, from 462 to 419
nm for UPPGF-2, from 440 to 397 nm for UPPGF-4, from 430 to 390 nm for UPPGF-6, and from 414 to
387 nm for UPPGF-8). This finding is related to the slight deformation of PS microspheres and the
infiltration of P2VP.

 
Figure 2. SEM images of the fabricated structures: (a–e) cross-sectional views of the qP2VP-infiltrated
ncp MCCs-x (x = (a) 0 min; (b) 2 min; (c) 4 min; (d) 6 min; and (e) 8 min); and (f–j) cross-sectional views
of UPPGF-x (x = (f) 0 min; (g) 2 min; (h) 4 min; (i) 6 min; and (j) 8 min) obtained after thermal annealing.
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3.2. Optical Properties of UPPGF

To better understand the effect of O2 plasma etching on the structure of the film, we studied its
optical properties. A high-refractive index silicon wafer (n ~ 3.5) was chosen as the substrate on which
to construct UPPGF. Fabry–Pérot fringes are formed by reflecting the interference between the beams
of the thin-film air and thin-film substrate interfaces [37]. Under normal conditions, the position of the
interference peak wavelength conforms to Equation (1) [38]:

mλ = 2nd, (1)

where n is the refractive index of the film, m is an integer, and d is the thickness of the film. Calculations
indicated that the peak of the cp MCCs was located in the visible region (585 nm; d = 438 nm, m = 2,
and n = 1.335) [39]. In the experiments (Figure 3a), the center of the reflection peak was found at
588 nm. The valley observed was the result of multiple scattering from a single sphere, and the
characteristic mode of 2D photonic crystals with hexagonal symmetry was found. The position of the
valley gradually shifted toward shorter wavelengths with increasing etching time (625 nm for ncp
MCCs-2, 617 nm for ncp MCCs-4, 611 nm for ncp MCCs-6, and 596 nm for ncp MCCs-8). This finding
could be attributed to the refractive index of the film gradually decreasing with increasing etching
time, because the distance between colloidal crystal microspheres did not change with the increase of
etching time, but the ratio of air in the array increased, resulting in the decrease of effective refractive
index of the film, consistent with the phenomena observed in the SEM images (Figure 1).

Figure 3. Optical properties of the fabricated structures:(a) reflectance spectra of the ncp MCCs-x
obtained at different etching times (x = 0, 2, 4, 6, 8 min); (b) reflectance spectra of the qP2VP-infiltrated
ncp MCCs-x; and (c) reflectance spectra of UPPGF-x obtained after thermal annealing.

We constructed UPPGF by spin-coating and thermal crosslinking. We found only one reflection
peak in the visible region after spin-coating of the qP2VP, and no valleys associated with the photonic
characteristic mode were observed. This is because of the refractive indices contrast was eliminated
when the P2VP was infiltrated into the films. In this case, the position of the reflection peak also moved
toward shorter wavelengths with increasing etching time (688 nm for qP2VP-infiltrated ncp MCCs-0,
653 nm for qP2VP-infiltrated ncp MCCs-2, 619 nm for qP2VP-infiltrated ncp MCCs-4, 584 nm for
qP2VP-infiltrated ncp MCCs-6, and 549 nm for qP2VP-infiltrated ncp MCCs-8; Figure 3b). Because the
thickness of the film decreased gradually, the UPPGF obtained by thermal cross-linking showed the
same trend (656 nm for UPPGF-0, 621 nm for UPPGF-2, 589 nm for UPPGF-4, 547 nm for UPPGF-6,
and 533 nm for UPPGF-8; Figure 3c). The reflection peaks of all films demonstrated a certain blue-shift
after thermal cross-linking, which was due to the decrease in film thickness. The above data are
consistent with the change in film thickness observed in the SEM images (Figure 2).

3.3. Responsiveness of the UPPGF to pH and Mechanism Research

We tested the responsiveness of the UPPGF sensors to pH by immersing them in buffers of
different pH. P2VP swells in acidic solution, and its degree of swelling is related to its degree of
protonation. Figure 4 illustrates that the reflection peaks of the films did not change significantly
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when the films were immersed in alkaline solution (pH ≥ 7). In acidic solution (pH < 7), however,
the reflection peaks of all films gradually shifted toward longer wavelengths with decreasing pH.
Even under strongly acidic (pH = 2.57) conditions, this response was maintained because the PS array
prevented the collapse of the film structure caused by the high degree of swelling. This phenomenon
is shown more intuitively in Figure S5. As shown in Figure 4f and Figure S5, in comparison with
that of UPPGF-0, the pH responsiveness of the UPPGF templated by non-close-packed monolayer
colloidal crystals was improved, and UPPGF-4 and UPPGF-6 showed the best responsiveness to pH.
The displacement of reflection peak of UPPGF-4 was 80 nm, about 30 nm longer than the wavelength
shift of UPPGF-0. However, compared with that of UPPGF-6, the responsiveness of UPPGF-8 was
reduced to a certain extent. It is well known that the sensing ability of polymer gel sensor is closely
related to the volume of polymer gel. Thus, we think that the responsiveness of the UPPGF was
determined by the volume of P2VP, and the volume change of P2VP in the UPPGF may be influenced
by etching.

Figure 4. (a–e) pH dependence of the reflectance spectra of the UPPGF-x (x = (a) 0 min; (b) 2 min; (c) 4
min; (d) 6 min; (e) 8 min) sensors after equilibration in pH buffer solution; and (f) the corresponding
shifts of the reflectance peak of UPPGF-x.

We further explained the variation of the pH responsiveness of the UPPGF with increasing etching
time through simple calculation based on geometric model. In Scheme 2, we set the diameter of the PS
microspheres as D and the total thickness of the film as H. The D of the PS microspheres decreased to d
after etching, assuming that the thickness of P2VP on the PS microspheres h is unchanged. We then
calculated the volume (VP2VP) of P2VP with decreasing d:

VP2VP = Vtotal − VPS =
3
√

3D2H − πd3

12
=

3
√

3D2(h + d)− πd3

12
(2)

V′
P2VP =

√
3D2 − πd2

4
(3)

Δλ =
2n · ΔH

m
=

2n · VP2VP · fP2VP
m

(4)
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Scheme 2. (a–e) Side views of UPPGF-0, UPPGF-4, and UPPGF-8; and (d–f) top views of UPPGF-0,
UPPGF-4, and UPPGF-8.

We found that the VP2VP did not always increase with decreasing d. Using Equations (2) and
(3), we calculated that VP2VP increased gradually as D decreased from D to 0.74D but decreased
gradually with further decreases in particle size beyond 0.74D, i.e., VP2VP reached its maximum value
at 0.74D. According to Equation (4) (where Δλ is the displacement of the reflection peak, ΔH is the
change in thickness of the film, n is the refractive index of the film, m is an integer, and fP2VP is the
swelling rate of P2VP), the displacement of the reflection peak is proportional to the variation in VP2VP.
Therefore, the law of responsiveness of UPPGF to pH is well explained. In the actual tests, however,
maximum volume was achieved even if the particle size was not reduced to 0.74D, likely because P2VP
did not completely cover the film, as assumed, to form a smooth surface (Figure 2). Thus, VP2VP in the
actual experiments decreased at a faster rate than predicted by the calculations.

We monitored the change in film thickness with decreasing pH through SEM to confirm our
hypothesis. In Figure 5, the thickness of UPPGF-4 increased from 397 to 408, 419, 440, and 449 nm
in response to immersion in pH 5.08, 4.20, 3.39, and 2.57 buffer solutions, respectively; the thickness
of the UPPGF would still increase when pH is 2.57 with no structural collapse. Other films showed
the same trend with decreasing pH (Figures S1–S4). UPPGF-4 also showed the maximum thickness
variation, which explains why UPPGF-4 had the best pH responsiveness.
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Figure 5. SEM images of UPPGF-4 after equilibration in buffer solution at: pH 5.08 (a); pH 4.20 (b); pH
3.39 (c); and pH 2.57 (d).

3.4. Linearity of the UPPGF to pH and Mechanism Research

Sensors with good linearity can detect analytes more accurately in the whole range of
measurement. As shown in Figure 6a, we found that the linearity towards pH was gradually enhanced
with increasing etching time. The coefficient of determination (R2) of the sensor gradually increased
from 0.95684 (UPPGF-0) to 0.9816 (UPPGF-8). This phenomenon can also be explained by Scheme 2.
The relationship between the filling fraction of P2VP (NP2VP) and PS particle size (d) is in accordance
with Equation (5):

NP2VP = 1 − πd3

3
√

3D2(h + d)
(5)
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Figure 6. (a) Linear relation between UPPGF-x (x = 0, 2, 4, 6, 8 min) and pH; (b) response kinetics of
UPPGF-x to a pH 3.39 buffer solution; (c) reversibility of UPPGF-x over 10 cycles of exposure to pH
9.17–3.39; and (d) hysteresis loops of the UPPGF-x sensors between pH 9.17 and 2.57.

Equation (5) reveals that NP2VP always increase with decreasing d. We thus considered that NP2VP
is an important factor affecting the linearity of response. Although the PS array provided the necessary
optical signals for the film, it could restrain the regular swelling of the polymer gel. Therefore, the
linearity of UPPGF increased with increasing etching time. Considering response degrees and linearity
of response, UPPGF-6 exhibited the best properties among the synthesized films.

3.5. Response Speed of the UPPGF to pH

Fast response speeds are widely favored in practical applications. We measured the response
speed of the UPPGF by immersing them in buffer solution of pH = 3.39 and recording the change
in reflection peak over time. Approximately 90% of the total response could be achieved within 10 s
by the films, and stable responses could be achieved within 2 min (Figure 6b). The response speed
of UPPGF was faster than that of the inverse opal hydrogel pH sensor (20 min) reported by Braun
et al. [23] and the 2D-PCCA pH sensor (30 min) reported by Asher et al. [15], and comparable with
our previously reported inverse opal monolayers of P2VP gels [31] and ultrathin P2VP gel-infiltrated
MCCs films [32]. This fast response speed was due to the structural characteristics of the UPPGF,
which included submicron thickness. The response speeds of UPPGF did not decrease with increasing
volume of P2VP. Although the volume of P2VP increased after etching, the thickness of the whole
film decreased.

3.6. Stability of the UPPGF to pH

We tested the stability of the UPPGF samples. Folding or shedding was not found in the
SEM images when the UPPGF responds to the pH buffer solution (Figure 5 and Figures S1–S4).
Then, the films were immersed in buffer solution of pH = 3.39 and then recovered in a solution of
pH = 9.17. Figure 6c reveals that the position of the reflection peak remains basically unchanged
after 10 cycles, thereby indicating good cyclic stability. Although more P2VP was in contact with the
substrate with increasing etching time, the contact force between PS and the silicon substrate was
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improved through heat treatment of the cp MCCs at 80 ◦C prior to etching. Thus, the UPPGF sensors
showed good stability.

3.7. Hysteresis Loops of the UPPGF to pH

Sensors with low hysteresis loops can accurately detect the environment regardless of their input
history. The peak shifts of the UPPGF samples observed under two approaches of pH input, i.e.,
from pH 9 to 2 and from pH 2 to 9, were recorded, and film recovery was found to be unnecessary for
detecting different pH solution. As shown in Figure 6d, all UPPGF exhibited small hysteresis loops
with short test times (2 min), likely because of the submicron thickness of the film. Ions could diffuse
rapidly through the film, and the polymer gel could swell and shrink quickly. Thus, UPPGF can be
used to test the environment continuously.

3.8. Visual Response of the UPPGF to pH

Importantly, the UPPGF achieved visual response to pH. In Figure 7, we can see that the color of
the film changed with the change of pH. Compared with UPPGF-0, the color change of the UPPGF
templated by ncp MCCs was more obvious. This phenomenon is consistent with the change of the
redshift of the reflection peak with the etching time (Figure 4). Moreover, other responsive materials
(for example, other responsive polymer gels, MOF, etc.) can be combined with ncp MCCs to improve
their sensing capabilities. A sensor array could be obtained by the combination of the films etched at
different times to achieve more accurate analysis.

 

Figure 7. Optical micrographs showing the pH dependence of the different response colors of UPPGF-x
(x = 0, 2, 4, 6, 8 min) (the size of each optical micrograph: 1.2 mm × 0.9 mm).

4. Conclusions

In summary, UPPGF using non-close-packed monolayer colloidal crystals (ncp MCCs) as template
were prepared by spin-coating of qP2VP and subsequent thermal cross-linking. The UPPGF showed
bright structural colors depending on the thickness of the film. The swelling of P2VP gel in
acidic solution caused changes in the film thickness, thus resulting in a change in the visible color.
Compared with those templated by cp MCCs, the UPPGF not only increased the wavelength shift of
the reflection peak upon pH changes, but also improved the linearity of response, while maintaining
the advantages of fast response speed, high cycle stability and small hysteresis loop. The packing
density of ncp MCCs could be adjusted by controlling the time of oxygen plasma etching to effectively
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regulating the volume and filling factor of P2VP, which could be used to improve the responsiveness
and linearity. The present strategy of fine-tuning the volume of filling fraction of polymeric gel
in a sensor device can be feasibly extended to other responsive materials/systems to improve the
responsiveness and linearity, as well as makes it simple to construct sensor arrays to enable more
accurate detections.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/3/534/s1,
Figure S1: SEM images of UPPGF-0 after equilibration in pH 5.08, pH 4.20, pH 3.39, and pH 2.57 buffer solution;
Figure S2: SEM images of UPPGF-2 after equilibration in pH 5.08, pH 4.20, pH 3.39, and pH 2.57 buffer solution;
Figure S3: SEM images of UPPGF-6 after equilibration in pH 5.08, pH 4.20, pH 3.39, and pH 2.57 buffer solution;
Figure S4: SEM images of UPPGF-8 after equilibration in pH 5.08, pH 4.20, pH 3.39, and pH 2.57 buffer solution;
Figure S5: Corresponding shifts of the reflectance peak of UPPGF-x (x = 0 min, 2 min, 4 min, 6 min, 8 min) after
equilibration in pH buffer solution.
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Abstract: An inseparable part of ionic actuator characterization is a set of adequate measurement
devices. Due to significant limitations of available commercial systems, in-house setups are often
employed. The main objective of this work was to develop a software solution for running isotonic
and isometric experiments on a hardware setup consisting of a potentiostat, a linear displacement
actuator, a force sensor, and a voltmeter for measuring the force signal. A set of functions, hardware
drivers, and measurement automation algorithms were developed in the National Instruments
LabVIEW 2015 system. The result is a software called isotonic (displacement) and isometric (force)
electro-chemo-measurement software (IIECMS), that enables the user to control isotonic and isometric
experiments over a single compact graphical user interface. The linear ionic actuators chosen as sample
systems included different materials with different force and displacement characteristics, namely
free-standing polypyrrole films doped with dodecylbenzene sulfonate (PPy/DBS) and multiwall
carbon nanotube/carbide-derived carbon (MWCNT-CDC) fibers. The developed software was
thoroughly tested with numerous test samples of linear ionic actuators, meaning over 200 h of
experimenting time where over 90% of the time the software handled the experiment process
autonomously. The uncertainty of isotonic measurements was estimated to be 0.6 μm (0.06%). With
the integrated correction algorithms, samples with as low as 0 dB signal-to-noise ratio (SNR) can be
adequately described.

Keywords: IIECMS; MWCNT-CDC fibers; PPy/DBS linear films; uncertainty measurements

1. Introduction

Ionic actuators are an interesting class of materials which can change their shape over
electrochemical stimuli [1]. “Ionic” means that these materials rely on ions (from electrolyte) to
carry out their shape change. These materials are also called “artificial muscles” [2] due to relative
similarity to the behavior of natural muscles. Applications can be found in soft robotics [3,4], smart
textiles [5], energy harvesters [6,7], and biomedical applications [8]. From the variety of materials
belonging to this class, conducting polymers [9] and multiwall carbon nanotube/carbide-derived carbon
(MWCNT-CDC) fibers [10] were chosen, which differ in their actuation mechanism and formation.
Conducting polymers, such as polypyrrole, are a class of materials that follow redox-active processes
(Faradaic actuators) [11]. During oxidation a positive charge is formed on the PPy network, in
order to maintain the electroneutrality, counterions (anions with solvent) move into the PPy film [12].
Consequently, the polymer film swells (shape change), and during reduction those anions leave the film
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(anion-driven actuator). The whole process is reversible. Alternatively, if the anions are too large or too
strongly interacting, like dodecylbenzene sulfonate (DBS), they become immobile inside the PPy film,
while during reduction the charge of DBS- anions is compensated by the ingress of cations into the film
(cation-driven actuators, like PPy/DBS [13]). MWCNT-CDC fibers are formed by dielectrophoresis [14],
where the fiber is drawn from a droplet of mixed MWCNT and CDC solution over a sharp needle
under AC voltage. The MWCNT-CDC actuation mechanism follows the electrical double layer (EDL)
processes (non-Faradaic actuators [15]), where the charging of the double layer results in C-C bond
length change [16], but the actuation is mostly explained by ion migration [17,18].

For the development and characterization of actuator materials, an accurate measurement setup is
an important tool. There have been several hardware constructions using different sensors, for example
isometric transducers to measure force, and isotonic transducers to measure strain. For each sensor
system, an individual experimental setup is required [19,20]. Recently, a unique hardware setup based
on linear variable distance transducers [21] was reported for the measurement of the length change
(strain) of conducting polymer devices. The setup consisted of a beam balance with constant weight on
one side and the PPy helix tube on the other side. The disadvantage of this setup is the absence of any
isometric (force) measurements. Some other constructions have been proposed based on optical signals
(lasers) [22], whereas on the end of the hung film a thin wire suspends a reflecting plate through a
pinhole of the cell and the up and down movement can be measured by laser displacement. In general,
the combination of an isometric transducer with a linear actuation stage (LAS) has been shown to be
capable of strain and stress measurements without changing the setup [23–25]. The main problem
with all these hardware setups is the neglect of synchronization between the driving potentiostat and
the linear actuation device.

Our main interest, therefore, was to focus on a suitable software solution to perform synchronized
isotonic and isometric measurements at the same time scale. Here, we want to demonstrate the suitability
of the software solution on two different materials: one having high strain and stress—the conducting
polymer (PPy/DBS), the other pushing the limitations of the software solution with low strain—the
MWCNT-CDC fiber. Numerous manufacturers of stress and strain measurement equipment have
advertised various software solutions, which provide isotonic or isometric measurement functionalities
with driving signal generation possibilities [26–28]. The primary drawback of these systems, which
in general are composed of two different devices (a potentiostat, a linear muscle analyzer with force
sensor), is that the devices start and run independently from each other, [29] leading to disconnected
time scales/time frames of the measurements— meaning poor synchronizability. Aurora Scientific [27]
does provide a complete set of hardware (isotonic/isometric sensor, signal generator, data acquisition
device) with a LabVIEW-based software (named dynamic measurement control (DMC)) that controls
the hardware resources, executes experiments, and analyzes measured data [27,30,31]. Despite the
apparent suitability of the DMC software and other similar products, these solutions are rarely available
as open source. Even if they were, the isotonic/isometric measurement software solutions are directly
designed for a specific hardware setup [28,32]. Another drawback is the amount of data, collected in
binary format and in MB sizes, as the lowest sampling rates available are in the order of 1000 points/s,
which make the data analysis rather complicated. Therefore, our interest was to obtain a flexible isotonic
and isometric measurement solution that can be composed of devices from different manufacturers
and handle data in a manageable text file format in kB scale. The most resource-efficient solution was
to develop a custom software for running the desired experiments meeting the requirements.

Here, we present the resulting measurement system and demonstrate its performance on two
model ionic actuator systems—a conducting polymer film and a carbon composite fiber.
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2. Material and Methods

2.1. Materials

Solvents: propylene carbonate (PC, 99%) and ethylene glycol (EG, 99.8%) were purchased
from Fluka (Bucharest, Romania). Pyrrole (Py, ≥ 98%, Sigma Aldrich, Taufkirchen, Germany)
was vacuum-distilled prior to use and stored at a low temperature in the dark. Sodium
dodecylbenzene-sulfonate (NaDBS, technical grade) and bis(trifluoromethane) sulfonamide lithium salt
(LiTFSI, 99%), polyvinyl pyrrolidone (PVP, average mol. wt. 40,000) were acquired from Sigma Aldrich
(Taufkirchen, Germany). MilliQ+ water was used for aqueous solutions. Amorphous titanium carbide
(TiC)-derived carbon (CDC TiC-800) was purchased from Skeleton Technologies Ltd (Großröhrsdorf,
Germany). Multiwall carbon nanotubes (MWCNT) were purchased from Sigma Aldrich(Taufkirchen,
Germany) (O.D. × I.D. × L = 7–15 nm × 3–6 nm × 0.5–200 μm).

2.2. Formation of Ionic Electroactive Materials

2.2.1. Multiwall Carbon Nanotube/Carbide-Derived Carbon (MWCNT-CDC) Fiber

The MWCNT and CDC material were dispersed in deionized water containing PVP as the
surfactant and sonicated with a UPS200S (Hielscher, Teltow, Germany) ultrasonic processor for 30 min
at 50% amplitude. PVP, CDC, MWCNT, and water were mixed at a ratio of 1:2 and: 4:1500 (wt %),
respectively. The surfactant was added to stabilize the dispersion for extended periods. Fibers were
prepared according to the method described recently [14]. Briefly, the tip of a chemically etched
(diameter 0.1 μm) tungsten needle was inserted into a droplet of MWCNT-CDC suspended in deionized
water deposited onto a stainless-steel plate. Then, an AC voltage was applied between the tungsten tip
and the metal plate (0–350 Vpp, 2 MHz), and the tungsten tip was withdrawn until a MWCNT-CDC
fiber of the desired length was formed. The initial spacing between the needle and the plate electrode
(i.e., the height of the droplet) was 3 mm. The retraction of the needle was performed with an
M-413.3PD precision stage (Physik Instrumente, Karlsruhe, Germany). MWCNT-CDC fibers with
embedded CDC particles in the range of 25% were obtained (with an average diameter of 150 μm) and
dried in an oven at 100 ◦C.

2.2.2. Polypyrrole Doped with Dodecylbenzene-Sulfonate (PPy/DBS)

PPy/DBS was polymerized galvanostatically at 0.1 mA cm−2 (40,000s) in a 2-electrode cell with a
stainless-steel mesh counter electrode and a stainless-steel sheet working electrode (18 cm2) in a 0.1 M
NaDBS, 0.1 M Py, in EG/Milli-Q (1:1) mixture. The temperature of the polymerization was −40 ◦C.
The obtained PPy/DBS films were washed in ethanol to remove excess of pyrrole with additional
washing steps in MilliQ+water to remove excess of NaDBS, and dried in an oven. The film, in thickness
of 18.5 μm, were then stored in LiTFSI propylene carbonate (0.2 M) electrolyte.

2.3. Linear Muscle Analyzer Set up

To measure strain and stress without changing the test setup, a Linear Actuation Staging (LAS)
with an isometric transducer (force sensor) were combined. The setup is shown in Figure 1a and the
connection hierarchy in Figure 1b.
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Figure 1. a: Stress and strain measurement (linear muscle analyzer) setup [10]. (1) Linear Actuation
Staging (LAS), (2) beaker with electrolyte, (3)(4)(5) electrodes of the potentiostat, (6) ionic electroactive
material sample, (7) force sensor. b: Connection hierarchy of the devices used for measurement setup.

Figure 1a shows that the sample (6) is attached between two clamps. The lower clamp is static
and is fixed to the chassis (1) of the LAS (Linear actuation stage). The upper clamp is attached to a
force sensor (7) which is mounted on a plate of the LAS (Physik instrumente M-414.3PD, min step
size 0.5 μm, Karlsruhe, Germany) that enables it to perform linear movements. Figure 1b shows the
hierarchy of the devices. The signal of the force sensor (Panlab TRI202PAD, Barcelona, Spain) is read
by a voltmeter (Keithley 2182A, Beaverton, United States) which exchanges data with the computer
over a General-Purpose Interface Bus (GPIB) to Universal Serial Bus (USB) converter (Prologix Rev
6.4.1, Asheville, North Carolina). The LAS (Physik Instrumente M-414.3PD, Karlsruhe, Germany) is
controlled by a controller (Physik Instrumente C-863, Karlsruhe, Germany), which accepts commands
from the computer via a serial port. Lastly, the potentiostat (Biologic PG581, Göttingen, Germany) is
connected to the computer using a USB interface.

To examine the samples, PPy/DBS films and MWCNT-CDC fibers were cut in strips of
1.0 cm * 0.1 cm and fixed between the force sensor and on the fixed arm with gold contacts that
served as a working electrode in the linear muscle analyzer setup (Figure 1). The initial length of the
films between the clamps was 1 mm. The strain, ε, was calculated from the formula ε = Δl/l, where
Δl refers to l –l1 with l as the original length of the film (1 mm) and l1 the change of length obtained
from isotonic measurements. The load applied on PPy/DBS films was 6 g (58.8 mN, 3.2 MPa) and
the load on MWCNT-CDC films was 60 mg (0.6 mN, 33.2 kPa). For isometric (force) measurements,
the stress, σ, was calculated using the formula σ = F/A, where F is the force in N acting on an object
(F = m*g with m the mass and g means acceleration due to gravity as a constant 9.8 m s−2) and A
represents the cross-sectional area of the object (width * thickness). A platinum sheet was used as
the counter electrode in the measurements cell and Ag/AgCl (3M KCl) as the reference electrode. For
PPy/DBS films and for MWCNT-CDC fibers, 0.2 M LiTFSI propylene carbonate solution was applied.
For isotonic and isometric measurements, cyclic voltammetry (scan rate 5 mV s−1) was used for driving
in the potential range of 0.65 to −0.6 V.

Characterization of the Materials

PPy/DBS films and MWCNT-CDC fibers were examined by scanning electron microscopy (Helios
NanoLab 600, FEI, Hillsboro, OR, USA). The electrical conductivity of the fibers was measured by a
simple two-point probe method.
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2.4. Linear Muscle Analyzer Software Description

The software of the measurement system was developed [33] in the LabVIEW 2015 environment,
and it provides different control modes (Figure S1), which allows it to calibrate the force sensor, test
sample elasticity, run electrochemical analysis with the potentiostat (real time measurements), and
measure weight change (stress) and length change (strain). For real time measurement requirements,
the shortest data acquisition period must be 1s, and after the user has activated an experiment, the
devices must be initialized in 10s.

2.4.1. Calibration of the Force Sensor

Calibration of the force sensor is necessary for converting the force sensor’s output voltage into
values, which represent milligrams. To operate the software, the measurement called “bias” will
calibrate the force sensor by measuring the baseline voltage arising from no load on the force sensor.
In the next step, the signal arising from different known weights is measured. Equation (1) gives the
voltage-to-milligram transition coefficient C:

C =
mw

Uw −UB
(1)

where, mw is the weight of the calibration load in milligrams, Uw is the voltage of the force sensor’s
output which is measured by voltmeter when the calibration load is applied, and UB is the bias voltage.
The coefficient is stored in a .txt file. In order to calculate the force from raw voltage measurements,
Equation (2) is presented:

F = C(U −UB) (2)

where, F is the calculated force, and U is the potential measured from the force sensor’s output.

2.4.2. Elasticity Measurements

Elasticity determination is essential to obtain linear length change (strain) results. In all available
commercial muscle analyzers, only the calibration of the force sensor is performed by a defined weight,
which will provide uncertainties in real measurements due to the fact that the elastic modulus of
an ionic actuator changes during charging/discharging cycles [34,35]. The elasticity estimation of an
artificial muscle is based on Hooke’s law (Equation (3)):

F = −kX (3)

where, F is the force needed to extend or compress an object by some distance X and k is a constant
factor characterizing object elasticity. If a derivative of the force is taken with respect to distance,
Equation (4) is obtained:

k = − ∂F
∂X

(4)

The idea was to perform a known movement with LAS and measure the changes of force. Figure
S2 shows the block diagram of the software with the respective steps in the description of the algorithm.

2.4.3. Initialization and Experiments with the Potentiostat

The potentiostat controls the electrochemical processes of ionic actuators, which translate the
electrical signal (potential, current) to shape change, which is measured as force (weight change) or
strain (length change).

The initialization process of the potentiostat is based on three steps: (a) reading the variables
describing how the experiment will be performed, (b) setting up the potentiostat for the experiment,
and (c) starting the experiment. The setup variables are directly read from the user interface from
user-controllable variables. The experiment type is selected by the user from a set of three: cyclic
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voltammetry (CV), chronoamperometry (CA), and chronopotentiometry (CP). The block diagram for
the potentiostat is shown in Figure S3a, strain and stress measurements have the same basic structure.

2.4.4. Strain and Stress Measurements

Strain experiments also include an additional muscle length controlling logic, as the upper clamp
is moved by the LAS plate to maintain constant force during the scan. The magnitude of the required
movement by the LAS constitutes the isotonic strain. In order to keep a constant force, a proportional
controller (P controller) is implemented, as presented in Equation (5), which derives from Equation (4):

ΔX = −k′ΔF (5)

where, the gain k´= (k + uk), and uk is the uncertainty of k. The addition of uk to k assures that no
faulty steps are done in a case when k � uk. The input (ΔF) is the difference between the measured
force and the set state (force value which the P controller is intended to track). The output is a step size
(ΔX) needed to maintain the muscle in the set state of force. The gain (k) for the P controller is the
elasticity coefficient of a muscle, whose strain is to be measured. The minimum steps size that the LAS
can carry out is Δlmin = 0.5 μm. In case the ΔF is smaller then:

ΔFmin =
Δlmin
−k′ (6)

No movement is carried out since it would require a step size < Δlmin. In such cases, the
electroactive material has linear displacement below the resolution of the LAS, the actual force can
differ from the set value and is equal to ΔFmin. The detailed description of the block diagram for strain
measurement is given in Figure S3b.

The automated multiple stress or strain measurement process is shown in Figure 2a and the user
interface of the isotonic (displacement) and isometric (force) electro-chemo-measurement software
(IIECMS) [33] is presented in Figure 2b. The IIECMS program is designed for measurement automation
with the additional function of avoiding user errors in mislabeling or accidentally selecting wrong
settings for the experiments.

 

Figure 2. a: Block diagram of the automated multiple stress or strain measurement processes, and b:
Layout of the graphical user interface (single force experiment) of the developed software.
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The block diagram of the automated measurement process (Figure 2a) reads the experiment list
and coefficients from a previously generated .txt file. Coefficients, which describe the experiments, are
extracted and placed into a temporary array. The program enters into a for-loop, where the potentiostat
is initialized and the user-selected measurement is executed. The number of cycles in the for-loop is
equal to the amount of experiments on the list.

The graphical user interface (GUI) in Figure 2b shows three main sections. Section 1 includes
all controls, such as general settings, file direction and names, potentiostat settings, and motor
controls/elasticity measurement. Section 2 includes a set of indicators of experiment progress, such
as ongoing experiment and experiment list info’s. In Section 3, four graphs are included that plot
measurement data.

3. Results on Model Systems and Discussion

The IIECMS program was adapted on real sample measurements. Two different types of test
samples were measured (conducting polymers PPy/DBS and MWCNT-CDC fibers) to show isotonic
and isometric measurement results. In the case of the conducting polymer, the isotonic length change
or displacement amplitude was more than 20 times higher (referred to as high signal-to-noise ratio ca.
20 dB) than the actuation resolution of the LAS (Δlmin = 0.5 μm). The second measurement represents
a situation where the displacement amplitude is comparable to Δlmin (referred to as low signal-to-noise
ratio) and a measurement resolution refining technique is described.

Over 50 different isometric and istotonic measurements were made on ionic material samples,
meaning about 200 h of measurement time. The minimum data acquisition period of this measurement
setup was 160 ms.

3.1. Characterization of Ionic Actuator Materials

In the case of PPy/DBS, the DBS- counterions are immobilized during electropolymerization [36]
and upon discharging, their negative charge is compensated by (solvated) cations, as shown
before [37,38]. In the case of MWCNT-CDC fibers, the actuation mechanism is based on the charging of
the electric double layer (non-Faradaic actuator) [10]. Figure 3 shows the scanning electron microscopy
(SEM) images of the two different electroactive materials applied in this work.

 

Figure 3. Scanning electronic microscopy (SEM) images of a: Polypyrrole Doped with
Dodecylbenzene-Sulfonate (PPy/DBS) surface (scale bar 30 μm) with inset—the cross-section (scale bar
10 μm), and b: MWCNT-CDC fiber surface (scale bar 5 μm) with inset—cross-section (scale bar 50 μm).

The surface of the PPy/DBS film (Figure 3a) showed a typical cauliflower structure [39], with the
cross-section showing a thickness of 18.5 μm. The diameter of the MWCNT-CDC fiber, as measured
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from the cross section (inset in Figure 3b), was 149.6 μm, the solid particles partly seen represent
CDC surrounded by MWCNT material [10] (marked in Figure 3b). The conductivity of the PPy/DBS
films was 0.5 ± 0.04 S cm−1 while MWCNT-CDC fiber had 13.5 ± 7 S cm−1, in line with those shown
before [10]. When it comes to linear actuation measurements, the mechanical properties, such as
brittleness and elasticity, are important [13]. PPy/DBS films were easy to handle for fixing them on
the force sensor and the upper clamp (Figure 2a), while the MWCNT-CDC fiber was very brittle and
required extremely delicate handling.

3.2. High Signal-to-Noise Ratio Isotonic and Isometric Measurements

The performance of the setup was demonstrated on PPy/DBS samples in LiTFSI-PC solution
in the potential range of 0.65 to −0.6 V under isometric (Figure 4a) and isotonic (Figure 4b) modes.
This relates to case one, where isotonic length change or displacement amplitude is about 2 orders of
magnitude larger than the minimal step size of the LAS (Δlmin = 0.5μm).

 
Figure 4. Cyclic voltammetry measurements (scan rate 5 mV s−1, 3 cycles) of PPy/DBS films in LiTFSI-PC
electrolyte in voltage potential (dashed) range 0.65 to -0.6V showing in a: isometric (measured force,
black line), and b: isotonic (measured displacement, black line) results against time.

Figure 4a shows the force (weight change) results of the isometric measurements of PPy/DBS
films driven by cyclic voltammetry. The maximum stress for this film was found in range of 0.9 MPa.
In the case of PPy/DBS, which in general is a typical cation-driven actuator due to the immobile DBS-

ions left in the PPy network, the actuation in LiTFSI-PC is a special phenomenon where the DBS-Li+

ion pairs partly become undissociated in propylene carbonate solvent due to its aprotic nature [13,40].
Therefore, new places of the PPy/DBS film are oxidized and the solvated counter ions TFSI- can enter
the film and swell the film at oxidation (expansion, seen in Figure 4b). Our setup was easily able to
detect and distinguish between the two processes taking place during one charging cycle. During the
first scan (Figure 4a), the potential went from 0.65 to −0.6 V and the force decreased, then increased and
finally showed a small decrease at −0.65 V. The contraction corresponds to a small cation involvement
during reduction (seen in Figure 4b of displacement measurements, maximum strain in range of
0.6%). During the next cycles, the force was reduced, corresponding to increased displacement (strain).
In both displacement and force graphs, creep [24] can be detected, which means that the “neutral”
position of the linear PPy/DBS actuator changes, a relatively common behavior for ionic electroactive
materials [41]. The phase shift (Figure 4b) of displacement in respect to the driving signal voltage is
due to the participation of cations, which in the initial phase of a cycle lead to volume contraction,
before the anions take over [13].

Upon very careful observation, one can see some noise appearing in Figure 4b, for example
at position 200 s, 700 s, and 1200 s. The noise is introduced when the actual elasticity coefficient,
which is used for P controller, temporarily differs from the measured value. This is due to the
ion–matrix interactions. In extreme cases, when the elasticity coefficient is measured to be much
lower, the P controller (Equation (6)) starts to generate. The elastic coefficient, k, was calculated from
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Equation (3), giving for PPy/DBS, before charging/discharging, the value of 239 mg/μm and after
charging/discharging (50 actuation cycles), the value of 134 mg/μm. As it has been shown previously,
the elastic modulus of conducting polymers changes during actuation cycles [42] was also effected by
the nature of the solvent applied [43]. Therefore, as seen from the above results, the determination of
the elastic coefficient to operate isotonic measurements is needed in order to measure meaningful data.

3.3. Low signal-to-Noise Ratio (SNR) Isotonic Measurements

To examine materials which have very low displacement amplitude, comparable to Δlmin (near
0 dB, SNR) MWCNT-CDC fibers were applied in isotonic displacement measurements conducted with
cyclic voltammetry (scan rate 5 mV s−1) but with the same electrolyte and potential range seen in
Figure 4b. The results are presented in Figure 5.

 

Figure 5. MWCNT-CDC fiber under cyclic voltammetry (scan rate 5 mV s−1 (3 cycles), potential
range 0.65 to −0.6 V) in LiTFSI-PC electrolyte. a: Near 0 dB SNR isotonic displacement measurement
results (black line) and force sensor data fused with measurements data (red points) with voltage
(dashed, blue). b: Fused and shifted isotonic measurements (red points) after being processed by slack
correction algorithm with voltage (dashed, blue) compared to isotonic displacement (original LAS
position measurements). c: Near 0 dB SNR strain measurement data correction algorithm. LAS and
force sensor data (inputs) are fused via Equation (7). Then 0.5 um and 0.7 um gaps are eliminated, and
resulted data is outputted.

Figure 5 shows the case where the displacement (isotonic measurements) of the ionic electroactive
material is in the limitation of the measurement setup. Figure 5a shows the raw measurements of
MWCNT-CDC actuators under the cyclic voltammetric technique, which shows a rough estimate about
the specimen’s isotonic actuation properties. The graph in Figure 5a in the present form cannot be used
in further data analysis. To give a better interpretation of the results, the force sensor data can be fused
with isotonic displacement measurements. We know from the elastic coefficient measurements that the
change in force is proportional to the change of length, therefore the fusion can be implemented as
Equation (7):

L f usedn = LLASn + k(Fn − Fset) (7)
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where, n is the index of the measurement data sample, LLASn is the isotonic displacement measured
by LAS’s controller, Fn is the measured force, and Fset is a set force which is constant throughout the
experiment. Taking a closer look at the fused measurements shown in Figure 5a, there is some sort
of ambiguous slack in the LAS actuation system, for example in the range of 310 s to 320 s, in the
form of a 0.5 μm gap (comparable with Δlmin) between the measurement points, whereas similar gaps
appear at other time steps as well. We assume that the slack might be a combination of the slack in
the muscle samples clamping system, the internal properties of the samples, and the LAS controller
position measurement or actuation errors. We assume that since the combined slack is comparable
with Δlmin, it is most likely caused by the LAS controller error. Figure 5b shows the fused isotonic
displacement (red points) after being processed by a slack correction algorithm in comparison to the
original LAS position measurements. Figure 5c gives the data correction algorithm in the near 0 dB
SNR displacement measurements by using two cycles, where the first removed the 0.5 μm gaps and the
second the 0.7 μm gaps. After applying this algorithm, the results of the displacement measurements
of MWCNT-CDC fibers can be interpreted.

Figure 5a,b results in expansion at discharging (−0.65 V) in the propylene carbonate solvent, which
was explained [10] by the anions being nearly immobile, whereas at discharging the (solvated) cations
(Li+) balance the negative charge bringing along the length change of the actuator [44]. In the case of
the MWCNT-CDC fiber studied in this research, the main expansion also appeared at discharging with
displacement in the range of 2 μm (equivalent to 0.2% strain). It was also found that small expansion at
oxidation in the range of 0.3 μm appeared, which we assume relies on a small expansion accompanying
the charging process of the EDL formed [45].

3.4. Uncertainty Evaluation

The uncertainty of force measurements depends on the components [46] which are used in the
force calculations. Since force is calculated based on Equation (2), the combined uncertainty is shown
in Equation (8):

μ =

√
(
∂F
∂C

uc)
2
+ (
∂F
∂UB

uUB)
2
+ (
∂F
∂U

uU)
2
+ u2

Fd (8)

where, uC is the uncertainty of the voltage-to-milligram coefficient, uUB is the uncertainty of the
bias voltage, uU is the uncertainty of the potential measured from the force sensor, and uFd is the
uncertainty caused by the drift of force measurements. The expanded uncertainty of stress and strain
measurements is stated as the standard uncertainty of measurement multiplied by the coverage factor
k = 2, which for a normal distribution corresponds to a coverage probability of approximately 95%.
The uncertainty of the force measurements is proportional to the voltage values measured from the
force sensor, which can be seen from Equation (2). This means that small force amplitude signals have
higher accuracy, whereas with the growth of signal amplitude, the measurement uncertainty increases.
Figure 6 shows the case of small amplitudes in force (mg) for MWCNT-CDC fibers.
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Figure 6. Cyclovoltammetric (scan rate 5 mV s−1, 3rd cycle) isometric measurement results of
MWCNT-CDC fibers in LiTFSI-PC electrolyte at potential range 0.65 to -0.6V, showing the force
measurements (mg) (black line) and the uncertainty (B type) of the force measurements (mg) (red dotted).

The MWCNT-CDC fiber (Figure 6) showed change in force in the range of 30.5 mg, which is
translated to stress in the range of 17 kPa. There is a small decrease in force from the starting point
of 33 mg to the end point (22.8 mg) of 10.2 mg. The decrease in maximum force belongs to the creep
effect, which can appear if mixed ion involvement appears, which is also seen in recent research [47].

The discharging, therefore, leads to the decrease in force which is translated into displacement
knowing the elastic coefficient of the MWCNT-CDC fiber (k= 13.5 mg/μm). According to the uncertainty
measurement in Figure 6 based on Equation (8), the coefficient uc was estimated to be 16.8 g/V and
uUB = uU = 0.005 mV. The most important contributor to displacement measurement error is the
resolution of the LAS position estimation system, which is 0.5 μm, therefore, the B type uncertainty of
strain measurements without the assistance of data fusing (Equation (8)) is k 0.5 μm√

3
� 0.6 μm. The data

fusion contributes marginally (usually <0.05 μm) to the uncertainty of strain measurements, but it
clarifies the interpretation of the results.

4. Conclusions

A custom software solution was designed and implemented for driving and measuring ionic
elelctroactive material-based systems. The hardware setup combined separately acquired commercial
off-the-shelf devices like a force sensor, a voltmeter, a linear actuation stage, and a potentiostat.
To operate the electro-chemo measurement system in a synchronized manner, a new software with
graphical interface was developed in LabVIEW. The IIECMS was made by combining software
development kits of the implemented devices, creating algorithms for the execution of isotonic and
isometric measurements, and automating the measurement and user input processes in LabVIEW. The
maximum user-selectable measurement frequency for IIECMS was 160 ms. In order to operate the
potentiostat in the LabVIEW, a respective set of software drivers were created with ActiveX-based
SDK of the potentiostat. The IIECMS program was applied on PPy/DBS linear actuators revealing
the first case of 20 dB high signal-to-noise ratio isotonic and isometric measurements with maximum
force of 3 g (stress of 0.9 MPa) and strain in the range of 4.3% at oxidation. The system was easily
capable of detecting mixed-mode driving and distinguishing between the cation and the anion flux
induced actuation. The MWCNT-CDC fibers belonged to the second case of 0 dB low signal-to-noise
ratio isotonic measurements. Partial discontinuity of the data indicated that the IIECMS setup has an
occasionally appearing slack of approximately 0.7 μm, which can be eliminated with post experiment
data processing. The displacement of the MWCNT-CDC fibers was found in the limitation of Δlmin
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(0.5 μm) with maximum displacement at a discharging of 2 μm (0.2 % strain). The accuracy of isotonic
measurement was estimated to be in the range of 0.6 μm, with the largest contributor relying on the
measurement error of the position estimation resolution of LAS. Fusing the output of different channels
allows for successful operation even at such challenging conditions.

Future perspectives for the IIECMS program will be to fully automate the isotonic and isometric
experiments. This means that the user has an option to run both experiment types in an automated
sequence, thus eliminating the need for a user to measure sample elasticity. In principle, any type of
voltage- or current-driven linear actuators in the form of strips, fibers, etc., could be studied with the
IIECMS program.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/6/1054/s1.
Figure S1 General structure of the developed software, Figure S2 Block diagram of the elasticity measurement
process, Figure S3 Block diagram of potentiostat and strain measurement.
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Abstract: Ionic electroactive polymers (IEAPs) have received considerable attention for their
flexibility, lightweight composition, large displacement, and low-voltage activation. Recently,
many metal–nonmetal composite electrodes have been actively studied. Specifically, graphene
oxide–silver nanowire (GO–Ag NW) composite electrodes offer advantages among IEAPs with
metal–nonmetal composite electrodes. However, GO–Ag NW composite electrodes still show a
decrease in displacement owing to low stability and durability during driving. Therefore, the
durability and stability of the IEAPs with metal–nonmetal composite electrodes must be improved.
One way to improve the device durability is coating the electrode surface with a protective layer. This
layer must have enough flexibility and suitable electrical properties such that it does not hinder the
IEAPs’ driving. Herein, a poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT:PSS)
protective layer and 4-(1,1,3,3-tetramethylbutyl)phenyl-polyethylene glycol (Triton X-100) are applied
to improve driving performance. Triton X-100 is a nonionic surfactant that transforms the PEDOT:PSS
capsule into a nanofibril structure. In this study, a mixed Triton X-100/PEDOT:PSS protective layer at
an optimum weight ratio was coated onto the GO–Ag NW composite-electrode-based IEAPs under
various conditions. The IEAP actuators based on GO–Ag NW composite electrodes with a protective
layer of PEDOT:PSS treated with Triton X-100 showed the best stability and durability.

Keywords: graphene oxide; silver nanowires; ionic electroactive polymer; poly(3,4-
ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT:PSS); 4-(1,1,3,3-Tetramethylbutyl)phenyl-
polyethylene glycol

1. Introduction

Ionic electroactive polymers (IEAPs) are among the most functional materials-based actuators.
IEAPs have useful properties, such as a lightweight composition, a large working displacement
under a low driving voltage, and a high energy density [1]. Electrodes are an important component
of IEAPs. When sufficient, they provide high electrical conductivity, mechanical durability, and a
smooth surface morphology [2]. The electrodes of IEAPs are categorized as metallic or nonmetallic.
Noble metals (e.g., platinum, gold) with high electrical conductivity and electrochemical stability are
often used as the metallic electrode of IEAPs. However, most metallic electrodes exhibit microcracks
on the electrode surface, thus diminishing their surface electrical conductivity during long-term
actuation [3,4]. Meanwhile, most nonmetallic electrodes are fabricated using transition metal oxides or
carbon materials [1,5–9]. These materials can be assembled into electrodes via a physical hot-pressing
method, which is simpler and faster than other fabrication methods [10,11]. However, nonmetallic
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electrodes are less conductive than metallic electrodes. To resolve such challenges, recent studies
have increasingly investigated metallic–nonmetallic composite electrodes. Composite electrodes can
solve both the occurrence of microcracks on the metallic electrode surface during driving and the
low electrical conductivity of nonmetallic electrodes [12]. However, composite electrodes have a high
contact resistance on their surfaces, which can instigate electrode burn out and decrease electrode
durability during actuation.

Poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT:PSS), a conductive polymer, is
applied in various fields for its advantages of electrical conductivity and transparency. Particularly,
PEDOT:PSS has been actively studied as a protective layer coated onto electrode materials such as
carbon nanotubes (CNTs), graphene, and metal nanowires (NWs) with high contact resistance [13–16].
PEDOT:PSS is composed of a PEDOT phase and a PSS phase. The PEDOT phase is electrically
conductive, but it is not suitable for solution processing because of its low solubility. On the other hand,
the PSS phase is electrically insulating and water soluble. Because of these combined properties, the
PEDOT:PSS is both electrically conductive and water soluble. However, the PEDOT phase’s tendency
to aggregate can make electrodes brittle.

Triton X-100 (4-(1,1,3,3-tetramethylbutyl)phenyl-polyethylene glycol) is composed of hydrophilic
polyethylene oxide and hydrophobic 4-(1,1,3,3-tetramethylbutyl)-phenyl. This composition imparts
it with amphiphilic properties owing to its hydrophilic “head” and hydrophobic “tail” and is thus
a nonionic surfactant. It is widely used for mixing polar and nonpolar materials or lysing cells to
extract proteins or organelles in biological fields through its surfactant property [17]. Moreover, Triton
X-100 can lead to the formation of PEDOT nanofibrils in a viscoelastic medium due to its amphiphilic
molecular structure of Triton X-100. Additionally, it can solve the PEDOT phase aggregation problem.
Through this mechanism, the structure of PEDOT:PSS can be modified to have a flexible morphology.
In addition, it enables improving the electrical conductivity by removing the PSS phase, which acts an
insulator, through post-treatment [18–20].

In this study, Triton X-100-PEDOT:PSS-coated graphene oxide and silver NWs (TP/GO–Ag NWs)
were fabricated as composite-electrode-based IEAPs. Herein, it is demonstrated that Triton X-100
can transform the aggregated structure of PEDOT:PSS into a nanofibril structure and thus improve
electrical properties. Furthermore, the Triton X-100/PEDOT (TP) mixture coated on GO–Ag NW
composite electrodes is used as a protective layer for the GO–Ag NW electrode. The improved
characteristics of TP/GO–Ag-NW-based IEAPs were observed with a focus on electrical conductivity
and driving properties.

2. Materials and Methods

2.1. Materials

PEDOT:PSS, Triton X-100, GO, and Ag NWs were used to fabricate the composite electrodes
of the IEAPs. PEDOT:PSS (1.3 wt %) and Triton X-100 were purchased from Sigma-Aldrich, St.
Louis, MO, US. GO was synthesized using Hummer’s method [21]. The Ag NW solution was
purchased from Duksan Hi-Metal, Ulsan, Korea. Nafion 117 (N117) and 20 wt % Nafion resin (Nafion
solution) were purchased from the DuPont Company, Midland, MI, US. 1-Ethyl-3-methylimidazolium
trifluoromethylsulfonate (EMIM-Otf), an ionic liquid (IL), was purchased from Merck KGaA, Darmstadt,
Germany. A polyvinylidene difluoride (PVDF) membrane filter with a pore size of 0.20 μm and a
diameter ∅ 47 mm was purchased from Hyundai Micro., Ltd, Seongnam, Korea.

2.2. Fabrication of IEAP Actuators Based on TP/GO–Ag NW Electrode

GO powder (330 mg) and deionized water (5 mL) were stirred at 250 rpm for 5 min in a beaker
to prepare the GO solution. The GO and Ag NW solutions were mixed in a 1:2.5 volume ratio. This
GO–Ag NW mixture was used to fabricate a composite paper electrode using a vacuum filtration
system. This paper electrode was dried at 100 °C for 5 min in a vacuum oven. We performed ion
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exchange on the purchased Nafion following a previously-reported method [19]. The Nafion resin was
painted directly onto both surfaces of the N117 membrane as an additive solution to paste the GO–Ag
NW composite electrode to the Nafion membrane, forming an electrode/membrane/electrode structure.
This structure was then hot-pressed at 0.1 MPa and 100 ◦C for 2 min. Thus, we obtained IEAPs based
on GO–Ag NW electrodes. In addition, Triton X-100 was mixed with PEDOT:PSS at various volume
ratios and spin-coated onto both surfaces of the IEAP actuator based on the GO–Ag NW composite
electrodes. Two coating conditions were considered: duration and speed. The PSS phases were then
removed with methanol. Finally, IEAPs based on TP/GO–Ag NW composite electrodes were fabricated
(width × length (Free length) × thickness = 5 mm × 35 mm (30 mm) × 200 μm).

2.3. Characterization

The transmittances of samples with different Triton X-100 weight ratios were investigated using an
ultraviolet visible spectrophotometer (LAMBDA 465, PerkinElmer, Seoul, Korea). The morphologies
and thickness of the electrodes were investigated using atomic force microscope (AFM; XE-100, Park
Systems, Suwon, Korea) and field-emission scanning electron microscopy (FE-SEM; S-4300, Hitachi,
Tokyo, Japan). The sheet resistances of electrodes were measured using a four-point probe (FPP-HS 8,
DASOL ENG, Cheongju, Korea). The driving characteristics of the actuators were measured using
a laser displacement sensor (ZS-LD80, OMRON Korea, Seoul, Korea) in an actuation performance
analyzer that we constructed.

3. Results

3.1. Characterization of the TP/GO–Ag NW Electrode

Triton X-100 and PEDOT:PSS were mixed at six different weight ratios (0.0, 1.0, 2.5, 5.0, 7.5, and
10.0 wt % Triton X-100). In addition, the PSS phases of all Triton X-100 and PEDOT:PSS mixtures
were removed with methanol. In order to optimize the Triton X-100 concentration in the TP mixtures,
protective layers were separately spin-coated on glass. Figure 1a shows the TP mixtures with different
Triton X-100 contents coated on glass. Pure PEDOT:PSS did not uniformly coat the glass because of the
high surface tension of PEDOT:PSS and its aggregated structure. However, the added Triton X-100
reduced the surface tension of the various TP mixtures. Thus, the TP mixtures uniformly coated the
glass, in contrast with the pure PEDOT:PSS solution.

Figure 1. (a) The optical images of Triton X-100/poly(3,4-ethylenedioxythiophene) (TP) mixture coated
on glass and (b) transmittance (black line) and thickness (blue line) of films with different Triton X-100
weight ratios.

Figure 1b shows the optical transmittance at 550 nm and the thickness of the pure PEDOT:PSS
and TP mixtures coated on the glass. The transmittance and thickness of all samples are inversely
proportional. Pure PEDOT:PSS had lower transmittance (84.29%) than the TP mixtures. Meanwhile,
the TP mixture with 7.5 wt % Triton X-100 had the highest transmittance (88.81%) and the thickest
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coating (164.29 nm) among the TP mixtures. These results suggests that the aggregated structure of
PEDOT:PSS transformed into a nanofibril structure through the addition of Triton X-100.

Figure 2a–f shows AFM images of the 0.0, 1.0, 2.5, 5.0, 7.5, and 10.0 wt % TP layers, respectively,
which reveal the surface roughness and structure of the TP layer. For accurate comparison, we scanned
and analyzed an area of 5 × 5 μm2. These results reveal that the Triton X-100 treatment transformed
the PEDOT:PSS aggregated structure to a nanofibril structure. Notably, the TP mixture with 7.5 wt %
Triton X-100 had a nanofibril structure and lower surface roughness than the other TP mixtures, thus
corroborating the transmittance and thickness results. At 10.0 wt %, the of the TP mixture exhibited
aggregation, meaning that the amount of Triton X100 exceeded the critical micelle concentration (CMC),
thereby forming micelles. The CMC, the surfactant concentration above which micelles form, is an
important characteristic of a surfactant. Specifically, after reaching the CMC, any additional surfactants
added to the system form micelles, which are large molecules formed by clusters of surfactant particles
such as Triton X100. The size of the particles increases with increasing molecular aggregation. Figure 2g
schematically illustrates the mechanism underlying the PEDOT:PSS transformation with the Triton
X100 treatment.

Figure 2. Atomic force microscope (AFM) images with a scanning area 5 μm × 5 μm and
root-mean-square (RMS) surface roughness values. (a) 0.0 wt %, (b) 1.0 wt %, (c) 2.5 wt %, (d) 5.0 wt %,
(e) 7.5 wt %, (f) 10.0 wt % Triton X100. (g) Schematic diagram illustrating the phase transition of
poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT:PSS) in the presence of Triton X-100.

Figure 3 graphically represents the sheet resistance of the GO–Ag NW composite electrodes coated
with different TP mixtures, which was measured using a four-point probe. The TP-mixture-coated
GO–Ag NW electrodes had a lower sheet resistance than the GO–Ag NW electrode without Triton
X-100. In addition, washing with methanol decreased the sheet resistances of all the TP-mixture-coated
GO–Ag NW electrodes. Particularly, the 7.5 wt % Triton X-100 TP mixture had the lowest sheet
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resistance. Table 1 lists the sheet resistance of the samples in detail. Accordingly, the 7.5 wt % Triton
X-100 TP mixture is the most suitable choice as the protective layer for IEAP electrodes.

Figure 3. Sheet resistances before (red line) and after (black line) methanol treatment with various
Triton X-100 weight ratios.

Table 1. Sheet resistances before and after methanol treatment for various Triton X-100 weight ratios.

Samples
Sheet Resistance (mΩ/sq.)

Before Methanol Treatment After Methanol Treatment

GO–Ag NWs 352.65 320.25
0.0 wt % (Pure PEDOT:PSS) 319.36 284.16

1.0 wt % Triton X-100 255.52 214.73
2.5 wt % Triton X-100 232.15 195.57
5.0 wt % Triton X-100 213.80 183.57
7.5 wt % Triton X-100 200.08 161.00
10.0 wt % Triton X-100 201.00 174.00

Next, to optimize the spin coating conditions of the TP mixture with 7.5 wt % for the GO–Ag NW
electrode, the TP/GO–Ag NW electrodes were fabricated with different coating times (0, 15, 30, and
45 s) and coating speeds (300, 500, 700, 1000, and 2000 rpm). Figure 4a shows the sheet resistance of the
TP/GO–Ag NW electrodes with different coating times and a fixed coating speed of 1000 rpm. In this
figure, the results for the TP-mixture-coated electrodes are compared with those of the GO–Ag NW
electrode and the GO–Ag NW electrode coated with the pure PEDOT:PSS (P/GO–Ag NW electrode).
The TP mixture with 7.5 wt % Triton X-100 coated for 30 s had a lower sheet resistance than the other
samples. Figure 4b shows the sheet resistance of the TP/GO–Ag NW electrode at different coating
speeds (coating time: 30 s). The 7.5 wt % Triton X-100 TP mixture coated at 1000 rpm for 30 s provided
the lowest sheet resistance of about 161 mΩ/sq. Thus, the optimal spin coating conditions for coating
the TP mixture on the GO–Ag NW electrode were 7.5 wt % Triton X100, a coating time of 30 s, and a
coating speed of 1000 rpm. The sheet resistance of this electrode was 49.73% and 82.10% lower than
those of the GO–Ag NW electrode and the P/GO–Ag NW electrode, respectively. These optimized
conditions were thus used for subsequent experiments.
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Figure 4. Sheet resistances of the (a) uncoated electrode (black point), P/GO–Ag NW electrode, and
7.5 wt % Triton X100 TP/GO–Ag NW electrodes coated for different coating times at 1000 rpm. (b) Sheet
resistances of the 7.5 wt % Triton X100 TP/GO–Ag NW electrodes coated at different coating speeds.

3.2. Actuation Performance of IEAP Actuators Based on TP/GO–Ag NW Electrode

The driving performance of IEAP actuators with different electrodes was measured and observed,
and the results are presented in Figure 5. The PEDOT:PSS-based IEAPs were measured to confirm the
effect of 7.5 wt % Triton X-100. In order to investigate the effects of the electrode type on each actuator,
the actuation performances of the IEAPs with three types of electrodes (GO–Ag NWs, P/GO–Ag NWs,
and TP/GO–Ag NWs) were measured under ± 2.5 VAC and 0.2 Hz, as shown in Figure 5a,b. Figure 5a
shows the harmonic responses of the three types of IEAPs. The TP/GO–Ag-NW-based IEAPs had
larger tip displacements than the other IEAPs.

Figure 5. (a) Displacement versus time (± 2.5 VAC, 0.2 Hz), (b) peak-to-peak performance, (c) response
rate, and (d) bending curvature of three different ionic electroactive polymers (IEAPs) (based on GO–Ag
NWs, P/GO–Ag NWs, and TP/GO–Ag NWs).

As shown in Figure 5b, the peak-to-peak performance of the TP/GO–Ag-NW-based IEAPs showed
a lower slope than that of the other IEAPs, meaning that the TP/GO–Ag-NW-based IEAPs are more
durable than the other IEAPs. Figure 5c shows the actuation performance, from 0 s to 1.3 s, of a segment
of the harmonic response from Figure 5a. The response rate of the TP/GO–Ag-NW-based IEAPs was
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34.83% and 23.87% faster than those with the P/GO–Ag-NW-based IEAPs and GO–Ag-NW-based
IEAPs, respectively. Figure 5d shows the curvatures of the three types IEAPs. The maximum curvature
of TP/GO–Ag-NW-based IEAPs was approximately 1.054 m−1, which is higher than that of the
GO–Ag-NW-based IEAPs (0.858 m−1) and P/GO–Ag-NW-based IEAPs (0.53 m−1).

After measuring the actuation performance, SEM was used to observe the change in the electrode
surfaces of the three types IEAPs. The decreased actuation performance of the GO–Ag-NW- and
P/GO–Ag-NW-based IEAPs in Figure 5a,b can be explained by Figure 6, which shows SEM images of
the electrode surface of three types of IEAPs before (Figure 6a–c) and after (Figure 6d–f) the driving test.
Because of the high contact resistance of the surface, heat is generated, which weakens metal NWs. This
is a critical drawback of metal NWs networks, which may disconnect when voltage is administered to
IEAPs owing to the resulting heat. Accordingly, serious transformation and network disconnection
was observed for the Ag NWs in the IEAPs based on GO–Ag NWs and P/GO–Ag NWs. In contrast,
the shape and network connection of the Ag NWs in the TP/GO–Ag-NW-based IEAPs were well
maintained. Ultimately, this TP layer, which shows enhanced stability and durability during driving,
can be used as a protective layer to decrease the high contact resistance of the GO–Ag NW electrode.

 

Figure 6. Surface scanning electron microscopy (SEM) images of the electrodes before (top) and
after (bottom) a driving test of IEAPs based on (a,d) GO–Ag NWs, (b,e) P/GO–Ag NWs, and
(c,f) TP/GO–Ag NWs.

4. Discussion and Conclusions

Triton X-100, a nonionic surfactant, was used to functionally enhance a PEDOT:PSS protective
layer on a GO–Ag NW electrode. Triton X-100 induced the shape deformation of PEDOT:PSS, which
reduced both sheet resistance and surface tension. When applied to the GO–Ag NW electrode, the
PEDOT:PSS mixed with 7.5 wt % Triton X-100 provided the lowest sheet resistance. The optimal coating
conditions for PEDOT:PSS mixed with 7.5 wt % Triton X-100 were 30 s of coating at 1000 rpm. The sheet
resistance of the TP/GO–Ag NW electrode coated under these optimal conditions was 160 mΩ/sq.,
which was 49.73% and 82.10% lower than those of the GO–Ag NW and pure PEDOT:PSS coated GO–Ag
NWs (P/GO–Ag NWs) electrodes, respectively. The driving performance of TP/GO–Ag-NW-based
IEAPs was significantly better than that of the IEAPs based on GO–Ag NWs and P/GO–Ag NWs.
Furthermore, the shape and network connection of the Ag NWs in the TP/GO–Ag-NW-based IEAPs
was well maintained, as revealed by SEM images. Therefore, both the stability and durability of
TP/GO–Ag-NW-based IEAPs were confirmed to improve. These results demonstrate the possibility of
improving electrodes with high contact resistance in terms of durability and stability.
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Abstract: In this study, tough and conductive hydrogels were printed by 3D printing method.
The combination of thermo-responsive agar and ionic-responsive alginate can highly improve the
shape fidelity. With addition of agar, ink viscosity was enhanced, further improving its rheological
characteristics for a precise printing. After printing, the printed construct was cured via free radical
polymerization, and alginate was crosslinked by calcium ions. Most importantly, with calcium
crosslinking of alginate, mechanical properties of 3D printed hydrogels are greatly improved.
Furthermore, these 3D printed hydrogels can serve as ionic conductors, because hydrogels contain
large amounts of water that dissolve excess calcium ions. A wearable resistive strain sensor that
can quickly and precisely detect human motions like finger bending was fabricated by a 3D printed
hydrogel film. These results demonstrate that the conductive, transparent, and stretchable hydrogels
are promising candidates as soft wearable electronics for healthcare, robotics and entertainment.

Keywords: hydrogels; 3D printing; tough; sensor

1. Introduction

As we know, human skin is soft, self-healable and stretchable, and has the ability to sense subtle
external changes. This amazing property has attracted tremendous interest in artificial skin, especially
wearable electronics for healthcare, artificial intelligence and soft robotics [1–3]. These artificial skin-like
devices can monitor environmental stimuli such as pressure, strain, temperature, and deformation
by detecting electric signals like current and voltage, or measuring electrical properties including
resistance, and capacitance. “Electronic skin” is usually considered as a stretchable sheet with
area above 10 cm2 integrating sensors to detect different external stimuli [4]. Usually, electronic
skin is made of stretchable electrical conductors including carbon grease [5], graphene sheets [6],
carbon nanotubes [7], liquid metals [8] and metal nanostructures [9,10], which transmits signals via
electrons. Although these materials present high conductivity and excellent stretchability, which meet
the necessary requirements of electronics skin, they fail to meet other additional requirements like
biocompatibility and transparency. On the other side, human skin can report signals via ions, which
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provides a potential pathway to develop ionic conductors based on a sensory sheet called “ionic
skin” [4]. Hydrogels are three-dimensional networks composed of high-molecular weight polymer,
large amounts of water, and crosslinkers [11]. As the water in hydrogels can dissolve ions, hydrogels
can be employed as ionic conductors [4,12], which may have potential applications in “ionic skin”.
In addition, hydrogels are highly stretchable and biocompatible [13]. Furthermore, high transparency
of hydrogels allows these sensory sheets to report electrical signals without impeding optical signals [4].
They can behave as tough as elastomers due to recent developments [14–17], which can monitor large
deformation, like finger bending.

Three-dimensional (3D) printing, also known as an additive manufacturing process, is an emerging
technology [18]. Due to its rapid production with high shape fidelity, 3D printing technology has
attracted tremendous attention since it was first proposed by Charles W. Hull in 1986 [19]. Recently,
volumetric additive manufacturing has been developed and has received lots of attention due to
its excellent performance to overcome limitations of low speed and geometric constraints [20–22].
However, the 3D printing technology has been recently introduced to fabricate hydrogels. Extrusion
printing method is a modified fused deposition modeling method that extrudes continuous liquid inks
to achieve layered structures. As the extrusion printing method has lots of advantages including simple
fabrication procedure, large range of materials, good balance between printer’s cost and printing
quality, and high cell deposition in bioprinting, it has been considered as an excellent choice to print
hydrogels [17,23].

Various polymers have relatively high viscosity to maintain their pattern in printing process, and
have crosslinking abilities allowing for 3D structures maintenance after printing, like collagen [24],
hyaluronic acid (HA) [25], chitosan [26] and alginate [18], have been employed in 3D printing
technology to achieve 3D printed hydrogels. Usually, physical crosslinking can be induced by
temperature change [15,24] and ionic crosslinking [11,27], whereas chemical crosslinking can be formed
by polymerization [28]. Sodium alginate (SA), an anionic polymer isolated from brown algae, has
the ability to crosslink assisting by divalent or trivalent ions [11]. Due to its high biocompatibility,
hydrophilicity and biodegradability under normal physiological conditions, SA has received increasing
attention as an instant gel for tissue engineering. Although there are lots of conventional methods
to fabricate SA hydrogel constructs including the injection molding method and solution casting
method, SA solution has a certain viscosity and its limited flowability leads to a poor dispersion in
molds [11]. Compared to these conventional methods, 3D printing technology has one main advantage
to fabricate customized constructs, which can fit various requirements of wearable sensors applied on
different body parts on different humans [17]. In addition, 3D printing technology has the potential to
fabricate hydrogels with hierarchically porous structures or gradient properties, which may improve
sensitivity and sensing range of wearable sensors [29]. Although 3D printing technology has these
advantages to fabricate SA hydrogel constructs, several challenges have not been well addressed,
which limits its development. One of the common challenges of 3D printing hydrogels is to achieve
printed constructs with high shape fidelity due to low viscosity leading to a collapse tendency of the
printed constructs. Various methods have been proposed to increase the viscosity of SA solution,
such as increasing the SA ink concentration or varying molecular weight [30], combining with other
materials including nanocellulose [18] or gelatin [31], employing a supporting sacrificial polymer [32]
and partially crosslinking alginate with calcium ions [33].

To improve the printing resolution and mechanical property, the hybrid agar/calcium alginate
(CA)/polyacrylamide(PAAm) hydrogels combining brittle thermo-responsive agar and ionic-responsive
alginate and soft polyacrylamide network is proposed in this manuscript. During printing, mixture of
thermo-responsive agar and ionic-responsive alginate was extruded as a continuous stripe to enhance
printing resolution. Meanwhile, due to the increasing viscosity, the mixture can maintain its shape
during printing. After photopolymerization and solution soaking, the 3D printed tough hydrogels
were achieved. With calcium crosslinking of alginate, tensile strength and fracture energy of 3D
printed hydrogels are greatly improved. Furthermore, the water in 3D printed hydrogels dissolves
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lots of calcium ions, which make them work as ionic conductors. A wearable soft resistive strain
sensor was developed by a 3D printed hydrogel film. This resistive strain sensor exhibits quick and
accurate detection of changes of finger bending, which demonstrates that the conductive, transparent,
stretchable hydrogels can be used as wearable resistive strain sensor to monitor human motion.

2. Experimental Section

2.1. Materials

Sodium alginate was received from FMC biopolymer (Rockland, ME, USA). Agar, acrylamide,
N,N’-methylenebis (acrylamide) (MBAA), Irgacure 2959 and calcium chloride were ordered from
Sigma-Aldrich (St. Louis, MO, USA) without further purification. An acrylic elastomer (VHB 4905)
was received from 3M (St. Paul, MN, USA). Copper tape was used to connect conductive gels and
electric wires.

2.2. 3D Printing System

As shown in Figure 1, a modified Leapfrog 3D printer was employed to fabricate tough hydrogels
as described in our previous literature [18]. In brief, a syringe pump (NE-500 OEM, New Era, Gawler,
Australia) was installed onto 3D printer to extrude pre-gel ink at a controlled infusion velocity
(0.73 μL h−1–2100 mL h−1), and a thermal pad (HEATER-KIT-5SP, New Era, Gawler, Australia) was
used to wrap up syringe to maintain printing temperature. The blunt tip needles (gauge 14–26) were
used to inject continuous hydrogel solution. A commercial software “Simplify 3D” was applied to
control printing process.

Figure 1. Schematic diagram of a 3D printing procedure.

2.3. 3D Printing Hydrogels Fabrication

The 3D printing procedure was performed on a modified Leapfrog 3D printer that is similar to
our previous literature [17]. SA 200 mg was first dissolved in 10 mL DI water with continuous stirring
overnight. Then the SA solution was heated to 95 ◦C in an oil bath, and 200 mg of agar was added into
the solution. After agar was fully dissolved in the water and 3000 mg acrylamide and corresponding
MBAA, Irgacure 2959 were added, the hybrid ink was cooled to 55 ◦C and ready for printing. As shown
in Figure S1, three different infill angles were used to achieve 3D printing constructs. The width and
length of design were set at 100 mm. The thickness of 3D printing constructs was around 1 mm.
After printing, the printed construct was exposed to UV light (365 nm) for 1 h. Then 100 mM CaCl2
solution was used to crosslink sodium alginate for 15 min. To achieve conductive printed hydrogels,
the printed gels was soaking in 100 mL 100 mM CaCl2 solution overnight to increase the concentration
of Ca2+ ions in printed gels. These excess Ca2+ ions can be used as ions carriers. This sample was
labelled as A2C2. The formula and labels of other samples were summarized in Table 1.
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Table 1. The formula of printing ink in 10 mL Deionized (DI) water.

Sample Agar (mg)
Sodium Alginate

(mg)
Irgacure

2959 (mg)
Acrylamide

(mg)
MBAA

(mg)
Concentration of CaCl2

(mM)

A1C2 100 200 90 3000 3 100

A2C2 200 200 90 3000 3 100

A3C2 300 200 90 3000 3 100

A2C1 200 100 90 3000 3 100

A2C3 200 300 90 3000 3 100

A1S2 100 200 90 3000 3 N/A

A2S2 200 200 90 3000 3 N/A

2.4. Mechanical Test

The tensile test and pure shear test were performed on a universal tensile machine (AGS-X,
SHIMADZU, Kyoto, Japan) at room temperature. Each sample was measured in triplicate. The tensile
measurement was performed at a crosshead speed of 10 mm min−1. The stress with 0 to 10% strain was
used to calculate the elastic modulus (E). The stress σwas calculated by the following equation [34].

σ =
F

WT
(1)

where F is force, W and T mean width and thickness of sample. The pure shear test is used to calculate
the fracture energy. Two same samples are used at one test, one notched sample and one un-notched
sample, and the notched sample is measured at first to get the point at which crack propagation began,
while the un-notched sample is measured to get the force-displacement curve. The fracture energy is
calculated by the following equation [35].

Fracture energy =

∫ lc
l0

Fdl

WT
(2)

where W and T mean width and thickness of sample, lc represents critical distance, at which point
crack propagation occurs, lo means initial length of sample.

2.5. Rheological Test

The rheological properties of the SA solution with various compositions were analyzed using
an AR-G2 stress-controlled rheometer (TA Instrument, New Castle, DE, USA) with a parallel plate
geometry (1 mm) at 45 ◦C. The viscosity of hybrid ink was also measured with different temperatures
from 35 ◦C to 65 ◦C. The shear rate was varied from 0.01 s−1 to 1000 s−1. The oscillation frequency
measurements were conducted at 35 ◦C and at a frequency of 1 Hz to measure storage and loss modulus
of ink solution. The tan δ values was calculated as [18]:

Tan δ =
G′′
G′ (3)

where G′ and G′′ are storage and loss modulus, respectively.

2.6. Conductivity Test

The hydrogel sample was clipped onto a universal tensile machine (AGS-X, SHIMADZU, Kyoto,
Japan) at room temperature around 20 ◦C. The speed was 10 mm min−1. After the hydrogel sample was
stretched at certain strain, the resistance was measured by a multi-meter. To limit water evaporation
from 3D printed hydrogels, VHB were used to wrap up hydrogel sample during test. To achieve
a wearable strain sensor, 3D printed hydrogels covered with VHB were connected to electric wires
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and placed on a finger with the help of copper tape. To study conductivity of hydrogels at various
concentration of ions and SA, calcium alginate (CA)/polyacrylamide(PAAm) hydrogels were fabricated
via an injection molding method as previous work [11]. Different concentration of CaCl2 (50 mM,
100 mM, 300 mM and 500 mM) were used to soak hydrogels. Three concentrations of alginate
(10 mg/mL, 20 mg/mL and 30 mg/mL) and acrylamide (1.69 M, 2.53 M and 3.38 M) were used.

2.7. Cytotoxicity Test

The cytotoxicity test of hydrogels was performed as previous method using U87-MG glioblastoma
cells (ATCC HTB-14) cultured by Eagle’s Minimum Essential Medium (EMEM) with 10% fetal bovine
serum (FBS) and 100 IU ml−1 penicillin and streptomycin [13,36]. The hydrogels were soaked in
DI water for 8 days, followed by being immersed in the cell cultural medium for 3 days to remove
residual monomer and chemicals. After that, the washed hydrogels were put into another cell cultural
medium again for 3 days to achieve conditioned cell cultural medium. Following this, 2 × 104

U87-MG cells were seeded onto a 24-well plate and cultured in fresh cell cultural for 3 days. Then the
conditioned cell cultural medium was used to culture the cells for another 24 h or 48 h. To evaluate
the cytotoxicity of hydrogels, a crystal violet staining method was used. First, cells were fixed by
1 mL of 2% glutaraldehyde in triplicate for 10 min. Then the medium was aspirated and the cells
were washed with phosphate-buffered saline (PBS) twice. Then, 1 mL of 0.1% crystal violet was added
into the plate and the cells were stained for 40 min. Crystal violet was then washed away by water.
Crystal violet was present only in the stained cells. The plate was further drained inversely overnight.
The cytotoxicity was evaluated by reading the absorbance at 590 nm of the crystal violet.

In addition, Trypan blue was used to show the cell viability by the previous method [13,36].
Specifically, old media in the 24 well plate were aspirated and 1 mL of Dulbecco’s phosphate-buffered
saline (DPBS) was added to wash the adherent cells. Then, DPBS was added into the counting chamber,
and the chamber was inserted into a Cellometer Vision Image Cytometry for counting and imaging.

2.8. Swelling Test

The swelling test was performed by soaking four hydrogel samples (400 mg) in DI water for
different time periods. The swelling ratio (SR) was defined as [13]:

SR =
Ws−Wo

Wo
× 100% (4)

where Ws and Wo represent the weight of hydrogels after swelling in DI water in different time periods
and the weight of hydrogels before swelling, respectively.

2.9. Statistical Analysis

A one-way analysis of variance (ANOVA) with Fisher’s pair-wise multiple comparison was
employed to analyze the data. A P-value smaller than 0.05 was considered statistically significant.

3. Results and Discussions

3.1. Viscosity and Printability

To achieve 3D printable tough and conductive hydrogels, pre-gel solution was prepared by mixing
sodium alginate (SA), agar (Ag), acrylamide (AAm), N,N’-methylenebis (acrylamide) (MBAA) and
Irgacure 2959 into DI water. To well understand printability of hydrogels, the viscosity of pre-gel
solution was well characterized by an AR-G2 stress-controlled rheometer. As shown in Figure 2a,
the pure SA solution shows a low zero-shear viscosity that is below 30 mPa s that is regarded as
minimum solution viscosity for extrusion printing in previous literature, leading to poor shape
fidelity [23]. The increased viscosity can help to improve shape fidelity during printing. To improve
the shape fidelity of SA, thermo-responsive agar gel solution was added into the 3D printing ink
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formulation. Compared to SA, agar is a thermo-responsive polymer, which exhibits high viscosity
at low temperature. The mixture agar and SA exhibited an extremely higher viscosity at low shear
rate and was shear thinning. With temperature decreasing, the viscosity of mixture dramatically
increased because of agar gelation (the insert in Figure 2a). After adding a large amount of acrylamide,
the printing ink was prepared, and the change of viscous behavior was negligible. Figure 2b showed
storage and loss modulus, and tan δ of ink solution (SA 200 mg, Ag 200 mg, and AAm 3000 mg). Tan δ

is the ratio of loss modulus to storage modulus. The printing ink solution had a tan δ value below 1,
indicating this printing ink is more gel-like than liquid [16].

Figure 2. (a) Rheological data for ink formulation, the insert: Viscosity of Sodium alginate (SA) 200/Ag
200 with different temperature at shear rate 1/s, and (b) Tan δ of the ink solution, the inset: the storage
and loss modulus of ink solution.

3.2. Mechanical Properties

To well investigate mechanical properties of 3D printed hydrogels, tensile test and pure
shear test were performed to characterize strength and fracture energy of 3D printed hydrogels.
After photopolymerization and calcium chloride soaking, 3D printed tough hydrogels were successfully
achieved. As shown in Figure 3a, the 3D printed hydrogels could be easily wrapped into a knot without
any damage. After stretching, this knot could return to the original state. This result indicates that the
3D printed tough hydrogels own excellent mechanical properties and good elasticity. The stress-strain
curves showed that the 3D printed hydrogels without calcium chloride solution soaking own a weak
tensile strength, however, the tensile strength is largely improved after soaking process (as shown in
Figure 3b). The improved tensile strength derives from formation of calcium ionically crosslinked
alginate network during soaking process. The broken of hydrogels usually contains two sequential
steps: initial fracture formation (nucleation) and subsequent fracture propagation (growth) [17].
In A2S2 gels, no nucleation is found due to the agar chain pullout mechanism [37]. With increasing
strains, the agar chains pullout from the aggregated agar helical bundles progressively. However,
the agar network remains integrated during this process. With addition of alginate chains, the weak
entanglements between chains nearly restricts the pullout process of agar. This mechanism allows that
the A2S2 gels own relatively long elongation. However, the A2C2 gels showed a distinctive breaking
process with a higher strength and smaller elongation. With the addition of the Ca2+, the alginate chains
are ionically crosslinked. The stress is concentrated on the ionically crosslinked alginate chains and
unzip ionically crosslinked alginate chains preferentially leading to breakage of printed hydrogels at
relatively low elongation. Therefore, A2C2 gels achieved the higher toughness at 603.22 ± 61.78 kJ m−3

while the A2S2 gels depicted a little smaller toughness at 493.27 ± 42.00 kJ m−3, although the A2C2 had
a larger strength 488.75 ± 58.31 kPa and the A2S2 owned a very small strength at 142.67 ± 19.60 kPa
(Table 2). In addition, the mechanical properties of printed gels with different compositions have been
also summarized in Table 1 and Figure S2. With increasing amount of alginate and agar, the strength
and toughness are improved, however, the elongation is nearly changed due to the existence of calcium
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crosslinked alginate network. Table S2 and Figure 3c summarized the mechanical properties of the
printed gels with various printing infill angles. Three different infill angels including 0◦, 45◦ and 90◦
were employed in this experiment and the design of 3D printing constructs was presented in Figure S1.
The mechanical strength and elongation of these printed gels were similar. Therefore, the presence of
calcium crosslinking of alginate network makes the infill have no influence on mechanical properties
of printed gels.

  
Figure 3. (a) Photograph of 3D tough hydrogels, (1) original state, (2) under tension and (3) back to
original state, (b) stress-strain curve of 3D printed gels with or without CaCl2 soaking, the insert is
strength of 3D printed gels, means with different letters are statistically different at P < 0.05, (c) strength
and elongation of 3D printed gels with different printing angles (A2C2), (P > 0.05), means with different
letters are statistically different at P < 0.05.

Table 2. The mechanical properties of the printed hydrogels with different composition.

Sample Young’s Modulus (kPa) Strength (kPa) Elongation (%) Toughness (kJ m−3)

A1C2 26.74 ± 4.95 385.56 ± 31.10 223.63 ± 62.96 479.71 ± 150.97

A2C2 38.14 ± 2.99 488.75 ± 58.31 220.30 ± 11.74 603.22 ± 61.78

A3C2 55.45 ± 9.33 744.57 ± 144.17 235.78 ± 31.95 1049.77 ± 241.21

A2C1 17.14 ± 4.63 283.33 ± 31.07 215.44 ± 12.10 362.01 ± 31.26

A2C3 41.20 ± 3.61 596.84 ± 28.43 218.54 ± 24.81 762.02 ± 43.76

A2S2 16.29 ± 0.54 142.67 ± 19.60 566.38 ± 23.47 493.27 ± 42.00

The pure shear test was used to calculate the fracture energy of 3D printed tough hydrogels.
The schematic diagram of the pure-shear test was presented in Figure 4a and detail of measurement was
located in experimental section. The fitted stress-strain curves of notched and un-notched hydrogels
clearly were presented in Figure S3. According to Equation (2), the fracture energy of 3D printed
hydrogels with different compositions were calculated. As shown in Figure 4b, with calcium ionically
crosslinked alginate, the fracture energy is largely improved due to increased crosslinking points.
When increasing the amount of agar chains, the fracture energy also increases, which demonstrates
that higher crosslinking degree leads to higher fracture energy.

As shown in Figure 5a, the fitted stress-strain curve of notched samples with various compositions
clearly presents that the strength at fracture are both improved with increasing amount of agar and
with calcium chloride solution soaking. In addition, we can clearly find that the weak gel (A1C2 and
A1S2) crack propagates very quickly and even immediately (Figure 5a,b). That means the notched
sample is totally treated in a quick time. However, with increasing agar amount, the crosslinking
degree is improved and the notched gel sample of A2S2 is slowly torn (Figure 5c). However, after
calcium chloride soaking, the 3D printed tough gels (A2C2) have much slower crack propagation
(Figure 5d). That means the combination of agar and calcium alginate (CA) network can greatly
prevent the crack propagation.
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Figure 4. (a) Schematic diagram of the pure-shear test for measuring fracture energy of hydrogels, and
(b) Fracture energy of 3D printed hydrogels, means with different letters are statistically different at
P < 0.05.

 
Figure 5. (a) Fitted stress-strain curve of notched samples with different compositions, and stress-strain
curve of notched sample (b) A1S2, (c) A1C2, (d) A2S2, and (e) A2C2.
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3.3. Swelling and Cytotoxicity

The swelling properties of printed gels are also systematically investigated. In the soaking process,
the water molecules penetrate into polymeric hydrogels resulting in an expansion of polymeric networks
and a low concentration region of polymeric chains, which leads to mechanical fracture [11]. Therefore,
different chemical structure and crosslinking density can result in different swelling properties.
As shown in Figure 6a, the A2S2 gels depict a much larger swelling ability, compared to A2C2 printed
gels. The presence of calcium ionically crosslinked alginate not only increases the crosslinking degree,
but also restricts the agar and polyacrylamide chains, causing limited swelling ability.

On the other hand, with increasing amount of agar and calcium crosslinked alginate, the swelling
ability is quenched, which demonstrates that the high amount of hard network leads to an inferior
swelling ability (Figure S4a and S4b). These results are consistent to the mechanical properties of
printed gels. As shown in Figure S4c, the printed gels with different infill angles present exactly
the same swelling ability, which demonstrates that the infill angles have no influence on chemical
structures and crosslinking degree.

The cytotoxicity of 3D printed hydrogels was also evaluated via U87-MG cells. Figure 6a depicted
similar viable cell quantities between the control group and A2S2 hydrogels conditioned group in
both 24 and 48 h. These results reveal that the 3D printed hydrogels own high biocompatibility after
removing the unreacted acrylamide monomer. Compared to 24 h culture group, the number of viable
cells after 48 h culture increased. This result demonstrates that the gels conditioned medium cannot
affect cellular reproduction. The Figure S5 presented the live and dead cell images. Cells circled with
green were viable, indicating these 3D printed hydrogels own high biocompatibility. After removal of
the unreacted acrylamide monomer and other residues, the 3D printed hydrogels own low cytotoxicity
with excellent mechanical strength and toughness, which can be considered as a potential candidate in
wearable electronics.

Figure 6. (a) Swelling ratio of A2C2 and A2S2 gel, (b) Cell viability of U87-MG cells after culturing 24 h
and 48 h (P > 0.05), means with different letters are statistically different at P < 0.05.

3.4. Conductivity and Sensors

As shown in Figure S6a, high transparency of 3D printed gel was achieved, which allowed these
3D printed hydrogels to detect resistance without affecting optical signals. Due to existence of large
amounts of water inside hydrogels, hydrogels offer physical similarity to biotissues, and also own
excellent capability to contain lots of ions [38]. By introducing Ca2+ and Cl- ions in the 3D printed
hydrogels, conductive hydrogels could be used as ionic wires in the circuit. The Figure 7a depicted
the bright light when 3D printed conductive hydrogels were connected into the circuit. The light was
off, when conductive hydrogels was moved out of circuit. It demonstrates that 3D printed hydrogels
are ionically conductive by containing Ca2+ and Cl- ions. The resistance of conductive hydrogels is
measured via a multi meter. The conductivity of 3D printed hydrogels is around 13.9 mS/cm, which
is similar to the conductivity of electrolyte, which demonstrates that the conductivity of conductive
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hydrogels is close to the conductivity of calcium chloride solution. To well investigate conductivity of
hydrogels, calcium alginate (CA)/PAAm double network (DN) hydrogels were fabricated via injection
molding method according to our previous work with various concentration of ions, SA and AAm [11].
As shown in Figure S7a, with increasing concentration of CaCl2, the conductivity of DN hydrogels
enhances. In addition, the conductivity of DN hydrogels with various concentration of CaCl2 were close
to the that of CaCl2 solution with same concentration. These results strongly indicate that conductivity
of hydrogels derives from ions. Furthermore, Figure S7b and S7c exhibited no significant change of
DN hydrogels’ conductivity with various concentration of SA and AAm. It demonstrates that the
polymeric network in DN hydrogels has no effect on conductivity of ionically conductive hydrogels.

Figure 7b showed reduced brightness of the light when the 3D printed hydrogels were stretched,
indicating that the stretch largely enhanced the resistance of hydrogels. This result exhibits that
the conductivity of these conductive hydrogels is dependent on the strains. When the stretch was
released, the brightness of light turned up again. To further investigate the resistance change of 3D
printed hydrogels, the resistance change was measured with various stretches. We first assume the 3D
printed hydrogels are incompressible and the conductivity is constant during stretching (Figure 7c).
The resistance ratio is given by R/R0 = (L/L0)2, where R and R0 mean the resistance of the stretched
hydrogels and initial hydrogels, respectively. Figure 7d showed that the experimental data of the
conductive hydrogels were close to the curve of theoretic equation. The small deviation of experimental
data from theoretic curve might be caused by damage in the hydrogels. These results indicate
that the measured resistance of the conductive hydrogels is reasonable. By comparison with other
electronic conductors like indium tin oxide (ITO), silver nanowires (AgNWs), graphene, single-wall
nanotubes (SWNTs), the conductive hydrogels, ionic conductors, owned lower conductivity than
these mentioned electronic conductors. However, when high transmittance and stretchability are
necessary, these conductive, transparent and stretchable hydrogels have specific advantages. At high
stretch, these hydrogels had lower sheet resistance than these above mentioned electronic conductors.
This result is consistent with previous literature [39].

 
Figure 7. (a) Photograph of printed hydrogels connected in the electric circuit, (b) photographs of
the light changes of elongation connected in the electric circuit, (c) schematic diagram of hydrogels
when stretching, (d) the normalized resistance of printed hydrogels is measured as a function of stretch,
means with different letters are statistically different at P < 0.05, plotted against the ideal geometric
behavior, and normalized resistance for ITO [40], AgNWs [41], graphene [42], SWNTs [43].
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As depicted in Figure 8a, the resistant change of these conductive hydrogels showed a good linear
correlation to strain in a range of 0–1.5, which indicates that the conductive hydrogels own a relatively
large sensing range. The strain sensitivity of conductive hydrogels can be defined as the slope of
resistance change rate (R−R0/R0=ΔR/R0) versus applied strain (λ), formulized as S=δ(ΔR/R0)/δλ [38].
A gauge factor (3.83) was achieved via these conductive hydrogels that is superior to previously reported
hydrogel-based strain sensor (0.478) [38]. This result demonstrates the conductive hydrogels exhibit a
high sensing sensitivity. As shown in Figure 8b, the relative resistance change of these conductive
hydrogels was exhibited during a step-by-step loading-unloading cycle at different strains. This curve
clearly showed the relative resistance of conductive hydrogels had a step-like trend. In addition,
the relative resistance directly increased or decreased when conductive hydrogels were stretched or
released to certain strain. It is meaningful that conductive hydrogels have quick response ability,
because no hysteresis was found during strain change. Moreover, a good sensing stability of conductive
hydrogels was also observed, since the relative resistance was kept stable during load-holding or
unload-holding period at different strain. As a wearable strain sensor, it is also important for the
conductive hydrogels to own high stability. The Figure 8c showed the relative resistance change for
100 tensile cycles under 10% strain. The resistance of the conductive hydrogels was similar to the
original level and these hydrogels showed no visible damage or delamination after 100 cycles of 10%
strain. These results demonstrate that the conductive hydrogels have superior stability in sensing.
The Figure 8d showed no obvious relative resistance change in temperature range of 20 to 40 ◦C,
which means that these conductive hydrogels own high reliability when they are attached onto the
human body.

  
Figure 8. (a) The dependence of sensing sensitivity of conductive hydrogels with the applied strain.
The strain sensitivity (S) can be defined as the slope of resistance change rate (ΔR/R0) versus applied
strain (λ), formulized as S = δ(ΔR/R0)/δλ, means with different letters are statistically different at
P < 0.05, (b) The relative resistance changes vs time when a loading−unloading cycle of conductive
hydrogels at different strains, (c) the resistance ratio of conductive hydrogels as a function of fatigue
cycle number (P > 0.05), means with different letters are statistically different at P < 0.05, and (d) the
resistance ratio of conductive hydrogels as a function of temperature (P > 0.05), means with different
letters are statistically different at P < 0.05.
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In addition, we developed a wearable resistive strain sensor by these 3D printed conductive
hydrogels and fixed it onto an index finger by copper tapes to monitor finger bending (Figure 9a).
When the index finger bended step-by-step, the relative resistance change of this sensor rose up in
a step-like trend (Figure 9b), which is similar to results in Figure 8b. The relative resistance of this
wearable resistive strain sensor directly enhanced without hysteresis after the finger bending to a
gesture, which exhibits fast response ability. During gesture-holding process of the index finger,
the resistance of the sensor could remain at a constant, which shows the good sensing stability of
this wearable resistive strain sensor. The Figure 9c also depicted a repeatable response during finger
bending, which demonstrated that this wearable strain sensor has a good sensing stability in repeated
usage. These results indicate that this conductive hydrogels-based strain sensor can be applied for
human motion monitoring with high sensing sensitivity and stability.

Figure 9. (a) Photographs of finger bending, (b) resistance change when finger bending and (c) repeated
response of the resistive strain sensor.

4. Conclusion

In summary, a tough and conductive hydrogel was developed by 3D printing technology.
The combination of alginate and agar guarantee high ink viscosity resulting in high printing precision.
A double network structure that combined covalent crosslinking and Ca2+-alginate coordination was
employed to achieve conductive, transparent and stretchable hydrogels. The results demonstrated that
the double network structure affords a smooth stress-transfer and recoverable energy dissipation to gift
the hydrogels with superior mechanical strength and toughness. In addition, the 3D printed hydrogels
containing a large amount of water that dissolves calcium ions, could work as ionic conductors.
Conductive hydrogels depict quick, steady and repeated deformation toward strain to change the ionic
transport, leading to rapid sensing response, high sensing stability and strain sensitivity. A wearable
resistive strain sensor was fabricated connecting one 3D printed hydrogel film with conductive tape,
which can rapidly and precisely detect the joint motions of finger bending. These results support the
possibility for developing conductive, transparent, and stretchable hydrogels as wearable resistive
strain sensor for human motion detection or sensory skin employed in a soft robot.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/11/1873/s1,
Figure S1: Design of 3D printed hydrogels with different infill angles (a) 0◦, (b) 45◦ and (c) 90◦, Figure S2:
(a) Stress-Stain curve of 3D printed gel with different alginate concentration, (b) strength of 3D printed gels with
different agar content (P > 0.05), means with different letters are statistically different at P < 0.05, (c) Stress-stain
curve of 3D printed gel with different agar concentration, and (d) strength of 3D printed gels with alginate content
(P > 0.05), means with different letters are statistically different at P < 0.05, Figure S3: The fitted stress-strain curve
of both notched and unnotched sample (a) A1S2, (b) A1C2, (c) A2S2, and (d) A2C2, Figure S4: (a) swelling ratio of
gel with different agar content, (b) swelling ratio of gel with different alginate content, and (c) Swelling ratio of
A2C2 gel with different infill method, Figure S5: Live and dead cell image (a) control, and (b) A2S2, Figure S6:
High transparency and conductivity of 3D printed hydrogels, Figure S7: (a) Conductivity of hydrogels (sodium
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alginate (SA) 200 mg and acrylamide (AAm) 1200 mg) by injection molding method with various concentration of
calcium chloride, means with different letters are statistically different at P < 0.05, (b) Conductivity of hydrogels
(AAm 1200 mg and CaCl2 100 mM) by injection molding method various alginate content, (P > 0.05), means with
different letters are statistically different at P < 0.05, and (c) Conductivity of hydrogels (SA 200 mg and CaCl2
100 mM) by injection molding method various concentration of acrylamide, (P > 0.05), means with different
letters are statistically different at P < 0.05, Table S1: the formula of printing ink in 10 mL DI water, Table S2:
the mechanical properties of printed hydrogels with different printing parameter.
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Abstract: The poly(vinylidene fluoride-hexafluoropropylene) (P(VDF-HFP)) polymer based on
electrostrictive polymers is essential in smart materials applications such as actuators, transducers,
microelectromechanical systems, storage memory devices, energy harvesting, and biomedical sensors.
The key factors for increasing the capability of electrostrictive materials are stronger dielectric
properties and an increased electroactive β-phase and crystallinity of the material. In this work, the
dielectric properties and microstructural β-phase in the P(VDF-HFP) polymer were improved by
electrospinning conditions and thermal compression. The P(VDF-HFP) fibers from the single-step
electrospinning process had a self-induced orientation and electrical poling which increased both
the electroactive β-crystal phase and the spontaneous dipolar orientation simultaneously. Moreover,
the P(VDF-HFP) fibers from the combined electrospinning and thermal compression achieved
significantly enhanced dielectric properties and microstructural β-phase. Thermal compression
clearly induced interfacial polarization by the accumulation of interfacial surface charges among
two β-phase regions in the P(VDF-HFP) fibers. The grain boundaries of nanofibers frequently
have high interfacial polarization, as they can trap charges migrating in an applied field. This
work showed that the combination of electrospinning and thermal compression for electrostrictive
P(VDF-HFP) polymers can potentially offer improved electrostriction behavior based on the dielectric
permittivity and interfacial surface charge distributions for application in actuator devices, textile
sensors, and nanogenerators.

Keywords: electrostrictive properties; actuators; structuralβ-phase; dielectric properties; P(VDF-HFP)
nanofibers; electrospinning; thermal compression

1. Introduction

Electroactive polymers (EAPs) are intelligent materials that convert electrical energy to mechanical
energy and vice versa. Common applications of such material include actuators, sensors, energy
scavenging, etc. [1]. Electroactive polymers can be classified into two groups which depend on the
mechanism responsible for actuation. Electronic EAPs comprise the first group, and the change in
range is due to the driven electric field (ferroelectric polymers, dielectric EAPs, electroviscoelastic
elastomers, electrostrictive polymers, piezoelectric polymers, etc.) [2]. The second group is composed
of ionic EAPs, where the change in shape is due to the mobility or diffusion of ions and their conjugated
substances (ionic polymers gels (IPGs), ionic polymer metal composites (IPMCs), conducting polymers,
etc.). Electrostrictive polymers are one of the most common electronic EAPs that demonstrate a
quadratically based relationship between the strain and electric field. This phenomenon is called
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electrostriction and occurs in all dielectric materials. It shows a large deformation of electric materials
when the electric field is increased. The challenges for electrostrictive performance can be mitigated
with a large induced strain under a low electric field. Therefore, improvement of the electrostrictive
coefficient is necessary to achieve a high electric field-induced strain. In various studies, it has
been suggested that the electrostrictive abilities of a polymer depend on the dielectric permittivity
which is a significant parameter. Since the dielectric permittivity directly influences the achievable
electrical field-induced strains in actuator applications, an improved electrostrictive polymer needs
a high dielectric constant for achieving vast electric field-induced strains. Our previous papers
have proposed that the interfacial charge or space charge distribution, which is referred to as a
Maxwell–Wagner-type polarization of heterogeneous materials systems, can enhance the electrical
and dielectric properties. The electrostriction effect can be observed in the polyurethane (PU) [3]
and the family of PVDFs including poly(vinylidene fluoride-trifluoroethylene; P(VDF-TrFE) [4],
poly(vinylidene fluoride-trifluoroethylene-chlorofluoro-ethylene); (P(VDF-TrFE-CFE)) [5,6], and
poly(vinylidene fluoride-hexafluoropropylene (P(VDF-HFP)) [7].

Poly(vinylidene fluoride-hexafluoropropylene) is a semi-crystalline polymer with the linear
formula (–CH2CF2–)x(–CF2CF(CF3)–)y and is a flexible, complex electroactive hydrofluorocarbon
polymer that has well-established dielectric properties. Moreover, the features of P(VDF-HFP) are
non-toxicity, high stability, its shape and size tailoring ability, and recycling aptitude; these copolymers
are gaining momentum in widespread actuator technologies [1]. According to prior literature, Xiaoyan
Lu [2] reiterated the strain response in P(VDF HFP) film, and a content of 5% and 15% HFP was measured
for electric fields of 0–55 MV/m. Poly(vinylidene fluoride-hexafluoropropylene) can crystallize into α, β,
and γ phases [3]. The most common and dominant phase among the three phases, the β-phase, has an
orthorhombic structure and an all trans (TTTT) molecule zig-zag conformation. In the β-phase, all the
dipoles are aligned in the same direction. It has the most exceptional spontaneous polarization per unit
cell which is related to its dielectric properties [4,5]. However, it is challenging to obtain β-P(VDF-HFP).
There are more conventional techniques for improving polar β-P(VDF-HFP) which involves electrical
poling [6], mechanical extension (drawing) [7], melting processes at high pressure [8], mixing and
blending with groups of fillers such as ceramic, clay, or montmorillonite (MMT) [9], and groups of
hydrated ionic, magnesium chloride hexahydrate (MgCl2·6H2O) [10], Ni(OH)2 nanoparticle [11] and
groups of conductive nanoparticle, including multiwalled carbon nanotubes (MWNTs) [12,13], carbon
nanotubes CNTs [14] and graphene [15]. For example, Swagata Roy et al. [11] presented that the large
β-phase of P(VDF-HFP)/MMT up to 85.22% and 82.1% from P(VDF-HFP)/NiMMT composites films.
This effect increased the dielectric constant of the P(VDF-HFP)/MMT, and the P(VDF-HFP)/NiMMT
film increased due to the increase in MMT content in the matrix of the polymer which exhibited a large
interfacial area per unit volume. This is associated with the interfaces of the clay particles and the
polymer chains that develop [11]. This result explains that, along with the strong interaction formed
between the positive –CH2 dipoles and the negatively charged surface of MMT affection, the vital
heightening of the equate that localized the polarization was accompanied with the filler as well as
the coupling between the adjoining grains. In addition, the different nanofillers, magnesium chloride
hexahydrate (MgCl2·6H2O), and stretching nanocomposite films also had an effect. The results showed
that the P(VDF-HFP)/MgCl2·6H2O nanocomposite films, which stretched four-fold, achieved 90% of the
β-phase. This experience arises from hydrogen bonding between the ionic interactions and unit chain of
the polymer with the hydrated Mg–salt and the polar solvent. Various studies have been undertaken to
improve the polar β-phase with the incorporation of conductive elements, for example, MWNTs, CNTs,
and graphene [15–21]. The report by Zhou et al. [22] demonstrated the β-phase of P(VDF)/graphene
composite nanofibers increased with an increase of graphene 0.1 wt %. The side effects of graphene
nanomaterials have improved the stretching effect in the phase transformation of P(VDF) nanofibers.
The key factors enhancing the electrostrictive abilities of P(VDF-HFP) are its electroactive β-phase and
dielectric permittivity. It was found that P(VDF-HFP) improves the dielectric permittivity because of
the intense polarization under an electric field [23]. In this work, we demonstrated the electrostriction
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of P(VDF-HFP) nanofibers because of its excellent dielectric properties, high surface-area-to-volume
ratio, and highly crystallinity. Moreover, the electrostrictive properties of P(VDF-HFP) nanofibers
are innovative and worth focusing on. These electrical properties are directly related to permittivity
and phase transformation which strongly depend on the surface charge distributions of the material.
Increasing the dielectric constant and electroactive β-phase content enhances the electrostrictive
coefficient [24]. If the electroactive polymers based on electrostrictive effects include a high dielectric
constant, it will likely produce a strong polarization contribution when inducing the external electric
field; this generates their large electromechanical deformation. Large electromechanical deformations
based on electrostrictive behavior occurred in the high dielectric polymers under their induced
polarization contributions when increasing the external electric field strength.

The obtained dipole–dipole interactions in a previous study gave rise to large electrostriction [25].
In this work, we used an electrospinning and thermal compression method to change the geometric
morphology of the phase distribution and increase interfacial surface charge distributions.

The selection of the electrospinning condition, including fiber orientation, also supports varying
degrees of crystallinity and phase content [26]. It can provide self-induced orientation and electrical
poling which increase the electroactive β-crystal phase and dipolar orientation at the same time.
In fact, electrospinning can essentially provide a high surface-area-to-volume ratio in electrospun
membranes. Several studies have reported that the interfacial charge or space charge distribution,
which is referred to as a Maxwell–Wagner–type polarization, can enhance the electrical and dielectric
properties in heterogeneous systems [12]. It was found that grain boundaries and interfaces among two
regions within a material frequently give rise to interfacial polarization. Thermal compression-induced
interfacial polarization occurs owing to the accumulation of interfacial surface charges between two
β-phase regions in P(VDF-HFP) fibers.

Therefore, this work set out to study the effects of combining electrospinning and thermal
compression of electroactive P(VDF-HFP) nanofibers on their microstructure, crystallinity, β-phase,
thermal properties, mechanical properties, electrical and dielectric properties, and, also, their
electrostrictive properties with a view to apply them in actuators, textile sensors, nanogenerators, and
nanoelectronic devices.

2. Experimental

2.1. Materials

The P(VDF-HFP) powder with 10 wt % HFP (427179, Sigma–Aldrich, Washington, DC, USA)
was used as the matrix. The solvent was N,N-dimethylformamide (DMF) (D158550, Sigma–Aldrich,
Washington, DC, USA). The P(VDF-HFP) solution was prepared as follows. Firstly, 25 wt % of dried
P(VDF-HFP) pellets were dissolved in the DMF solvent. The mixture was stirred at 40 ◦C using a
magnetic stirrer in order to achieve a homogeneous solution, as shown in Figure 1a.

2.2. Synthesis of P(VDF-HFP) Films

The P(VDF-HFP) film was fabricated by solution casting (Figure 1b). The P(VDF-HFP) solution
was poured onto a glass plate and dried at 80 ◦C for 3 h. In the end, the P(VDF-HFP) film was formed
on the glass substrate.

2.3. Synthesis of P(VDF-HFP) Fiber

The P(VDF-HFP) fiber mats were fabricated by electrospinning (Figure 1c). The viscous
P(VDF-HFP) solution was loaded into a 20 mL plastic syringe connected to a stainless-steel needle
(gauge 20.5) and fed with a syringe pump (Nz1000 NEWERA Pump Systems Inc., New York, NY, USA)
at a flow rate of 1.0 mL h−1. An electric field was generated by a high voltage supply (Trek model
610E, New York, NY, USA), capable of up to 10 kV DC. The positive pole was connected to the steel
syringe needle and the collector aluminum plate was the grounded target 11 cm away from the tip
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of the needle. Porous fibrous films were obtained on the collector plate and were dried overnight at
room temperature to evaporate the rest of the solvent. Finally, the fibrous film was compressed with
a compression machine (Chareon tut, PR2D-W00L350-PM-WCL-HMI, Samutprakarn, Thailand) at
6.2 MPa and a selected temperature (30, 60 or 80 ◦C) for 10 min, as shown in Figure 1d. The thickness
of all samples was measured using a thickness gauge, and it was in the range of 200 ± 50 μm.

 
Figure 1. Schematic of the synthesis used with all samples. (a) Homogeneous poly(vinylidene
fluoride-hexafluoropropylene) (P(VDF-HFP) solution, (b) solution casting, (c) electrospinning, and
(d) fibrous film compression.

2.4. Material Characterization

2.4.1. Surface Topography

The structure and morphology of the P(VDF-HFP) film and fibers were determined by scanning
electron microscopy (SEM, FEI Quanta 400, Netherlands). All samples were sputter-coated with gold
prior to the SEM imaging. The average fiber diameter and porosity of each sample was analyzed by
ImageJ software (National Institutes of Health, 1.46, Madison, WI, USA).

2.4.2. Crystalline Structure and Phase Investigation

The crystalline structure in all samples were examined using an X-ray diffractometer (XRD; X′Pert
MPD, Philips, Netherlands) in the 2θ range from 5◦ to 90◦ at the scan rate 0.05◦ s−1 using Cu-Kα

radiation (wavelength 0.154 nm) under a voltage of 40 kV. The crystallinity Xc can be estimated as
follows [27]:

Xc =
ΣAcr

ΣAcr + ΣAamr
× 100% (1)

where ΣAamr and ΣAcr are the total integral areas of amorphous halo and crystalline diffraction peaks,
respectively. The α and β-phase contents were elucidated from IR spectra obtained with a Fourier
transform infrared spectrometer (FTIR-8400S, Shimadzu, Tokyo, Japan). The absorbance data for all
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samples covered the wavenumber range 400–1000 cm−1 with a resolution of 4 cm−1. The fraction of
β-phase, F(β) in films or fibers, was calculated using the Lambert–Beer law [10]:

F(β) =
Aβ(

Kβ

Kα

)
Aα + Aβ

=
Aβ

1.26Aα + Aβ
(2)

where Aα and Aβ are the absorbance at 764 and 840 cm−1, respectively. Kα = 6.1 × 104 cm2 mol−1 and
Kβ = 7.7 × 104 cm2 mol−1 are the absorption coefficients at 764 and 840 cm−1, respectively.

The absolute β fraction (%β)is obtained from F(β) and Xc, as in [28]:

%β = F(β) ×Xc (3)

2.4.3. Thermal Analysis

The thermal characteristics melting temperature (Tm), crystallization temperature (Tc), enthalpy
of melting (ΔHm), and enthalpy of crystallization (ΔHc) were investigated using a differential scanning
calorimeter (DSC, Perkin Elmer DSC7, USA). All samples were heated from −100 to 160 ◦C at a heating
rate of 5 ◦C/min under the N2 atmosphere. Thus, a mass around 10 mg was sealed in an aluminum
crucible for DSC-operating experiments.

2.4.4. Mechanical Analysis

The mechanical material properties storage modulus (E′), loss modulus (E) and tan delta (tanδ)
were characterized in tensile mode by dynamic mechanical analysis (DMA, Perkin Elmer, Waltham,
MA, USA). The elastic behavior is observed from the storage modulus. Tan delta was the ratio of loss
modulus to storage modulus. It is often called damping and informs about the energy dissipation in a
material. The β-relaxation can be found at −50 ◦C which corresponds to the segmental motions in the
amorphous phase. Also, the α-relaxation is detected above room temperature. The elastic properties
of the material and for short-term creep can be recognized from this relaxation [29]. The DMA testing
was performed on a temperature ranging from −110 to 160 ◦C at a heating rate of 5 ◦C/min with an
oscillatory stress amplitude of 0.1 MPa and frequency of 1 Hz to provide the viscoelastic response.

2.4.5. Electrical Properties

The electrical properties, specifically the dielectric constant (ε′r) which is the real part of the
relative permittivity, electrical conductivity (σ), and dielectric losses (tanδ) were evaluated with an
LCR meter (IM 3533 HIOKI, Japan) in the frequency range 100–105 Hz. Each sample, with a thickness
of approximately 200 ± 50 μm, was placed among two indium tin oxide electrodes (1 cm diameter)
and supplied with 1 V. The dielectric constant can be calculated from [17]:

ε′r =
Ct
ε0A

(4)

where C, t, A, and ε0 are the capacitance of the sample, thickenss, the contact area of the electrode, and
permittivity of free space (8.854 × 10−12 Fm−1), respectively. The electrical conductivity σ is calculated
using the equation:

σ = G
( t

A

)
= 2π fε0ε

′
r tan δ (5)

where G is the conductance and f is the applied frequency. The dielectric loss tangent (tanδ) can be
estimated from the relationship:

tanδ =
ε′′ r
ε′r (6)

Here, ε′′ r is the imaginary component of relative permittivity.

63



Polymers 2019, 11, 1817

2.4.6. Electrostrictive Properties

The electrostrictive property of the sample was evaluated by measuring the deformation of
strain-induced at low frequency and low electric field strength (f = 1 Hz, E ≤ 3 MV/m) using the
photonic displacement apparatus (MTI-2100 Fotonic sensor, New York, USA, sensitivity 5.8 μm/V)
setup demonstrated in Figure 2. The dimension of the sample was 3 × 3 cm2 and the same thickness
of 300 μm. The sample was sandwiched among brass electrodes (diameter 2 cm). The electric field
(E3) of a high-voltage power supply (Trek model 610E, New York, USA) was applied along the
thickness direction of the sample, which was the so-called “3” direction. The electric field-induced
strain in polarizable materials was measured in the same direction and, hence, denoted as S3, then
the electrostrictive coefficients (M33) were given, the relationship can be expressed according to the
equation:

S3 = M33E2
3 (7)

The electrostrictive coefficient can be calculated from the slope of the strain (S3) versus the square
of the electric field (E2

3). As a consequence, it can be expressed according to Equation (7).

 
Figure 2. The electrostriction setup.

3. Results and Discussion

3.1. Structure and Morphology

In Figure 3, SEM micrographs display the morphology of P(VDF-HFP) film and fibers. Figure 3a
presents the surface of the P(VDF-HFP) film with a 50 μm scale bar showing a clearly smooth,
homogeneous, and non-porous surface. The electrospun membranes show a random orientation
distribution, high porosity, and smooth and bead-free fibers with an average diameter of 600 ± 50 nm in
Figure 3b. Figure 3c–e shows the electrospun P(VDF-HFP) nanofibers after compressing at 30, 60, and
80 ◦C, respectively. The compression at an elevated temperature reduced porosity and flattened fibers,
with an apparent increase in diameter. In Figure 3e, the surface of the fiber mat was almost similar
to the film, but with some porosity remaining. The fibers had large contact surfaces which is good
for exchanging electric charges. Nanofibers have potential use in the production of sensing devices,
because they have a large specific surface that enhances their sensitivity as a sensor [7]. In a previous
paper, Kang et al. [30] studied the effect of load compression parameters with electrospun nanofibers
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at different types of polymers. They compressed poly(caprolactone); PCL and poly(vinyl alcohol); PVA
and polyurethane; and PU and nylon nanofibers using a KES-G5s compression tester at different loads
(0.5, 1, and 2 N, respectively) under room temperature. They explained that the movement of the fibers
was related to the inter-fiber frictions when obtained fibers were passed. The changed density and loss
of space between the layers occurred under an applied force. However, the morphology and structure
of fibers under compression are not only magnitude force and direction force but also density materials,
frictions of fibers, and operating temperature. In our case, the temperature conditions of 30, 60, and
80 ◦C for P(VDF-HFP) fiber mats were studied under a certain compression force. The morphology
of P(VDF-HFP) film and fiber mats depends on the temperature effect, shown in Figure 3, and the
changing temperature conditions related to the modification of the interfacial effect within P(VDF-HFP)
film and fiber mats. Under the testing conditions, the P(VDF-HFP) fiber mats were strongly melted
when the operating temperature increased due to the reduction of the glass temperature.

 

Figure 3. SEM images of the P(VDF-HFP) (a) film, (b) fiber, (c) 30 ◦C compressed fibers, (d) 60 ◦C
compressed fibers, and (e) 80 ◦C compressed fibers.

3.2. X-ray Diffraction (XRD) Analysis

To confirm the presence of β-phase crystals in P(VDF-HFP) fibers, XRD analysis was performed.
Figure 4 displays the XRD patterns generated for the P(VDF-HFP) film, fiber, and fiber mat compressed
at 30, 60 or 80 ◦C. The characteristic reflections of the crystalline phases were seen in the XRD spectrum
at 2θ = 17.9◦ (020) and 26.8◦ (021) which indicate the large spherulites of the non-polar α-phase
crystals while 2θ = 18.5◦ (110) and 20.1◦ (110) correspond to the smaller spherulites of γ-phase crystals
that co-exist with the α-phase. The specific peaks at 2θ = 20.3◦ (110) and (200) and 36.7◦ (020) and
(100) correspond to β-phase diffraction [31]. The P(VDF-HFP) film shows the largest non-polar α

peak at 26.8◦ and the smallest β peaks at 20.3◦ and 36.7◦, because it lacks the electrical poling and
mechanical stretching treatments. Thus, it shows the α-phase that is commonly the dominant phase in
P(VDF-HFP) [32]. After electrospinning, the P(VDF-HFP) fibers and compassed fibers showed a strong
β peak (110) at 2θ = 20.3◦ for the β-phase having an all-trans (TTTT) conformation, while the β peak
(020) at 2θ = 36.7◦ was not clearly observed. Normally, the magnitude of this β peak (020) was quite
small when compared with the β peak (110) which may be attributed to the formation of crystalline
region and order of polymerization. Therefore, in our work, it was necessary to continue studying
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by Fourier transform infrared (FT-IR) analysis. It was apparent that the electrospinning successfully
formed β-phase crystallites; this should enhance the electrostrictive properties of the nanofibers. The
high voltage used during the electrospinning aligned the electric dipoles in the P(VDF-HFP) solution,
and the degree of alignment was determined by the applied electric field [23]. In addition, the fibers
after pressure and annealing treatments increased the crystalline and β-phases. This demonstrates that
the formation of β-phase was induced by electrospinning, pressing, and annealing.

Furthermore, the crystallinity, Xc, of the film and fibers are presented in Table 1. The Xc

increased from 49.47% to 55.03% with the compression temperature as shown by the strong peaks for
β. The increased crystallinity could be due to the active interactions of the surfaces with polymer
chains, inducing the formation of polar β-polymorphs from non-polar α spherulites. In other words,
the fraction of crystalline material gradually increased. This appeared to be inferior to the α- to β-phase
transformation, since the β-phase strongly depends on the overall crystallinity. However, using only
XRD analysis is not enough for comparing the degrees of β-phase transformation, because the α and
β peaks are close to each other and the changes are not clear. Therefore, Fourier transform infrared
(FT-IR) analysis can provide additional data on the phase structure.

Figure 4. X-ray diffractograms for P(VDF-HFP) film, fiber, and fiber mats compressed at 30◦, 60◦,
and 80 ◦C.

Table 1. Analysis of the β-phase fraction in the crystalline region of the samples.

Sample Xc(%) Aβ (cm−1) Aα (cm−1) F(β) (%) %β

Film 49.47 0.3161 0.0875 74.11 36.67
Fiber 49.69 0.1353 0.0176 85.90 42.68

Fiber 30 ◦C 50.88 0.1569 0.0189 86.80 44.16
Fiber 60 ◦C 52.44 0.2632 0.0297 87.53 45.90
Fiber 80 ◦C 55.03 0.327 0.0299 89.65 49.33

3.3. Fourier Transform Infrared Spectroscopy

The FTIR spectra are displayed in Figure 5. These were employed to assess the α- and β-phases,
the F(β) of the crystalline region and %β in the samples. According to the literature [32], the non-polar
α-phase in P(VDF-HFP) is detected in absorbance bands around 490 cm−1 (−CF2 wagging), 530 cm−1

(−CF2 bending), 615 cm−1 (skeletal bending), 764 cm−1 (−CF2 bending), 795 cm−1 (−CH2 rocking),
and 975 cm−1 (twisting) in the IR spectra. In contrast, the large absorbance peaks of the β-phase,
attributed to the electroactive polar β-polymorph with a parallel dipole moment, were found at
cm−1 (−CF2 stretching) and cm−1 (−CH2 rocking, −CF2 stretching, and skeletal C−C stretching) in
the spectrum.
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In the FTIR spectrum, the P(VDF-HFP) film presented the most α-phase at 490 and 764 cm−1.
If comparing the IR spectra of the film and nanofiber in Figure 5, it showed a shift of the IR peak of
the P(VDF-HFP) film which had a lower wavenumber. The normal α-phase of the P(VDF-HFP) film
presented the spectrum peak of −CF2 wagging or out of plane bending and positioned at 490 cm−1 [32].
These results are due to the stress and variation in the morphology [33]. Moreover, it may be attributed
to a reduction in mass of the molecule polymer chains which depend on the vibration frequency
under absorption bands. In the P(VDF-HFP) fiber, all absorbance bands for the α-phase were missing
while the absorbance peaks at 509 and 840 cm−1 were prominent, signifying a strong emergence of
the electroactive β-phase. Therefore, the FTIR results demonstrate that electrospinning promotes the
transition to β-phase crystals within the P(VDF-HFP) fibers. In addition, the β-phase of the fiber
increased with the compression temperature.

An assessment of the relative fraction of the β-phase content, F(β), was executed from the IR
spectra using the Lambert–Beer law stated in Equation (2). The F(β) for all samples is exhibited in
Table 1. The P(VDF-HFP) fiber had F(β) ~85.90% exceeding the film by 11.79%. Electrospinning relies
on high electric fields and allows the production of sub-micro to nano-scale fibers, with a β-phase
fraction up to 86%without any post-treatment. Furthermore, F(β) in the fiber increased from 85.90% to
89.65% when compressed at an elevated temperature. This confirms the positive influence of high
pressure on β-phase formation as previously reported. Scheinbeim et al. [14] verified that increasing
the quenching pressure from 200 to 700 MPa increased the β-phase content in samples from 0% to 85%.

The absolute β fraction (%β) was estimated from the data of both the Xc and F(β) with Equation (3)
as shown in Table 1. About 36.67 %β was obtained in the film, while the largest 49.33% was obtained
with a compression at 80 ◦C of the fiber mat. The emergence of electroactive β-phase was clearly
improved by electrospinning and compression at an elevated temperature which was corroborated by
FTIR spectra and XRD patterns.

Figure 5. IR spectra of film and fiber P(VDF-HFP) for wavenumbers from 400 to 1000 cm−1.

3.4. Thermal Analysis

The study of the thermal behavior was done using the DSC technique. The data are summarized
in Table 2. On comparing the P(VDF-HFP) fiber and film, the onset of the melting (Ton

m ) and peak
melting (Tp

m) temperatures of the fiber increased with the electrospinning. This indicates that the high
electric field (and possibly the dimensions of the sample) influenced crystallization in the sample.
For compressed the fiber mats, both Ton

m and Tp
m decreased with compression temperature. In addition,

the final melting temperature (Tf
m) in all cases was in the range from 140 to 180 ◦C, which corresponds

to the melting temperatures of the crystalline phases.
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In this analysis, the melting enthalpy (ΔHm) of compressed P(VDF-HFP) fibers increased with
compression temperature, because the particle size increased significantly as seen in the SEM images
(Figure 3). Moreover, Madan [34] reported that the specific heat increases as particle size decreases, while
the melting entropy and enthalpy decrease. Increased crystallinity can contribute to the mechanical
properties of materials. The increased crystallinity may be due to the fact of good interactions and
interfacial adhesion between the polymer matrix and the dispersed phase domain surfaces which
would also restrict molecular mobility.

The onset crystallization temperature (Ton
c ), peak crystallization temperature (Tp

c ), and final
crystallization temperature (Tf

c) decreased with the compression temperature. Elevating the compression
temperature reduced the P(VDF-HFP) crystallization temperature progressively, indicating a reduced
crystallization rate of the P(VDF-HFP) crystals. Besides, the difference, ΔTc, increased as the
compression temperature decreased. This means that the crystallization rate of the P(VDF-HFP)
fibers from the melt was elevated.

Table 2. Thermal properties of the samples.

Sample Ton
m T

p
m Tf

m ΔTm ΔHm Ton
c T

p
c Tf

c ΔTc ΔHc

Film 132.4 158.3 170.5 38.1 21.0 140.5 136.4 131.2 9.3 −26.6
Fiber 136.0 160.1 170.1 34.1 22.7 140.9 137.1 131.7 9.2 −25.2

Fiber 30 ◦C 143.0 159.0 170.8 27.8 25.2 142.2 136.4 130.8 11.4 −27.0
Fiber 60 ◦C 137.2 158.3 171.8 34.6 29.3 139.1 134.3 129.1 10.0 −27.0
Fiber 80 ◦C 135.5 158.2 170.9 35.4 36.3 138.6 134.2 129.6 9.0 −26.2

Ton
m : onset melting temperature; Tp

m: peak melting temperature; Tf
m: final melting temperature; ΔTm = Tf

m − Ton
m ;

ΔHm: melting enthalpy; Ton
c : onset crystallization temperature;.Tp

c : peak crystallization temperature; Tf
c: final

crystallization temperature; ΔTc = Ton
c − Tf

c; ΔHc: crystallization enthalpy.

3.5. Mechanical Properties

Dynamic mechanical analysis helps assess the thermomechanical properties and the glass transition
temperatures of polymers. The storage modulus (E′) and the tan delta as functions of temperature are
displayed in Figure 6. The storage modulus decreases with temperature in Figure 6a although not
linearly. The storage modulus displays three distinct regions: (1) a glassy high modulus region at low
temperatures where the segmental motions are restricted; (2) a transition region with a substantial
decrease in E′; (3) and a rubbery area with severe decay in the modulus above the glass transition
temperature. The storage modulus in both the glassy and rubbery regions increased due to the
thermal compression at 30◦ to 80 ◦C and was comparatively high in the glassy region relative to the
P(VDF-HFP) fiber. The high storage modulus of 80 ◦C for the compressed P(VDF-HFP) fiber at low
temperatures confirms the reinforcement effect at the molecule interfaces. It can be attributed to the
restricted molecular mobility in the P(VDF-HFP) fibers by the strengthened interactions with the
polymer matrix [35]. A gradual decrease of E′ is observed from −40 to 0 ◦C which is ascribed to the
glass transition of P(VDF-HFP( [36]. It can be seen that the compression temperature influenced the
glass transition temperature of the P(VDF-HFP) fibers.

Figure 6b presents the loss tangent (tanδ) as a function of temperature for the P(VDF-HFP) fiber
and compressed fiber mats. The dielectric relaxation process can be used to explain the ability motions
and cross-linking structure in the amorphous phases and crystalline fraction which are related to
the dynamic glass transition. Under the relaxation process at lower than room temperature, the
β-relaxation for P(VDF-HFP) fiber was −55 ◦C which can be obtained from the value of the maximum
in the loss tangent. It was found that the board of the β-transition for the P(VDF-HFP) fiber presented
from −80 to −20 ◦C. Moreover, it was clearly shown that the β-transition for the P(VDF-HFP) fibers was
lower than the fiber mats. This effect occurred in the cooperative segment’s mobility of the polymer
chains in the amorphous regions. Above the room temperature, the damping relaxation process was
observed as two peaks. The first peak damping of the relaxation process provided the α-relaxation
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which was related to the motions in a crystalline fraction [29], while the second peak relaxation process
depicted the melting temperature.

Generally, the glass transition temperature (Tg) of a polymeric material is determined from the
peak of the tanδ curve [37]. The tanδ has a peak at approximately −40 ◦C assigned to the glass transition
of pure PVDF. In Figure 6b, the glass transition temperatures (Tg), are approximately −56.17, −44.83,
−50.83, and −48.97 for the fiber and the 30, 60 and 80 ◦C compressed fiber mats, respectively. In fact,
the Tg of the polymers was related to the polymer chain′s flexibility. When the rigid regions within the
polymer increased, it led to an increase in the value of Tg. In the case of fiber mats, the compression
process enhanced the rigidity of the polymer based on the crystallinity fraction or hard segments.
However, the Tg also depended on the heating or cooling rate and the stress rate.

 

 

Figure 6. The dynamic mechanical analysis curves of P(VDF-HFP) fiber and compressed fiber mats.
(a) Storage modulus and (b) tan delta.

3.6. Electrical Properties

Figure 7a–c presents the dielectric constant (εr), loss tangent (tanδ), and conductivity (σ)as
functions of frequency from 100 to 105 Hz for the P(VDF-HFP) film, fibers, and fiber mats compressed
at 30◦, 60◦, and 80 ◦C. For all samples (Figure 7a), the dielectric constant decreased with frequency. This
was because the dipoles of the dielectric materials cannot follow rapid changes in the field direction [38].
At a high frequency, the dielectric constant then only depends on the dipolar polarization, while
the alignment of the dipoles lags behind the field in the polymer matrix. The dielectric constant
strongly decreased in the low frequency range up to 20 Hz and then suffered a softer decrease at
higher frequencies. This was due to the electric polarization inside the matrix which arises from the
electrospinning and compression of the P(VDF-HFP) fibers.
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All samples had the highest dielectric constant at low frequency, which can be explained by the
Maxwell–Wagner polarization in a heterogeneous material [39]. Consequently, the organization of
filler within the composites or multilayer dielectric, including electrospun fibers, can enhance the
Maxwell–Wagner interfacial polarization with surface charge distribution. The maximum dielectric
constant was 8.4 at 1 Hz for fiber mats compressed at 80 ◦C. Clearly, the thermal compression reduced
air gaps and added surface charges causing strong Maxwell–Wagner interfacial polarization.

Interfacial polarization occurs whenever there is an accumulation of charges at interfaces among
regions (phases) within a material. Grain boundaries frequently have interfacial polarization, as they
can trap charges migrating in an applied field. Dipoles formed by the trapped charges increase the
polarization. Interfaces also arise in heterogeneous dielectric materials, for example, when there is a
dispersed phase in a continuous matrix. This principle is schematically illustrated in Figure 8. The
schematic illustrates the anticipated electroactive β-phase interaction mechanism between the phase
and chains of P(VDF-HFP) in the matrix. The P(VDF-HFP) film was prepared without stretching
or poling, and the α-P(VDF-HFP) film is shown in Figure 8a. The fibers were then fabricated by
electrospinning, thus they contained a β-phase and formed a highly porous fiber mat. Therefore, the
interactions among the fiber surfaces were weak because of the air gaps (pores) among the fibers.
During thermal compression, the interaction of negatively charged surfaces with C–F and positive
–CH2 dipoles from (CH2–CF2) monomers in the P(VDF-HFP) alters the polarity and gives rise to
nucleation of the β-phase in fibers [40]. Thus, the compressed fibers had cooperative interactions,
apparently with synergistic effects giving an extremely high dielectric constant.

In recent work, the increase in the dielectric constant depended on the crystalline fraction in the
polymer [3]. This fraction is normally accompanied by dipole polarization, which increases the melting
enthalpy of crystalline domains and can greatly increase the dielectric constant. The observed melting
enthalpy and crystallinity were highest for the fiber mats compressed at 80 ◦C, matching the highest
dielectric constant for this case. Moreover, a high specific surface area and overlap without fusing the
compressed fibers are the keys to achieving a high dielectric constant [41].

Figure 7b presents the dielectric loss versus frequency. Obviously, the dielectric loss increased
with the applied frequency. Large dielectric losses are caused by the charges at high frequencies (104

Hz), which is typical owing to the polarization loss and DC conduction loss [42]. On the other hand,
the decreased dielectric constant also relates to increased dielectric loss. The AC conductivity in all
cases increased at high frequencies, as displayed in Figure 7c. The observed increases in electrical
conductivity may be attributed to the polarization of the bound charges [43]. The electrical conductivity
linearly increased with frequency, indicating that the number of charge carriers also increased. The
electrical conductivity of the fiber mats compressed at 80 ◦C was the highest, and this might be
attributed to the conductive networks formed by the surface contacts in the fibrous matrix and the free
electrons within it.

 
Figure 7. Cont.
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Figure 7. Variation of the dielectric constant (a), loss tangent (b) and AC conductivity (c) with
frequencies from 100 to 105 Hz for the film, fibers, and compressed fiber mats.

Figure 8. Schematic of the proposed β-phase transformation mechanism.
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3.7. Electrostrictive Properties

The longitudinal strain (S3) behavior of the P(VDF-HFP) film, fibers, and fiber mats compressed
at 30◦, 60◦, and 80◦C and induced by an external electric field (E3) at a frequency of 1 Hz, is presented
in Figure 9a. At a low electric field, the electrostriction behavior demonstrated that the total thickness
strain had an approximately quadratic relation to the applied electric field. This can be illustrated by the
electrostriction which is shown in Equation (7) and Maxwell stress. The Maxwell stress effect involves
electrostatic attractions and interactions with the charges on the electrodes showing SM = ε0εrE2

3/Y.
This equation can be used to estimate the value of the Maxwell stress which can be neglected due to
its small and negligible value in the case of a low dielectric constant at an applied low electric field.
The induced strain of all samples based on the electrostrictive behavior can be observed. The linear
relationships between the induced strain and the electric field, shown in Figure 9b, display that their
slope can be assigned as the electrostrictive coefficient (M33). As a result, the electrostrictive behavior
of the samples can be expressed according to Equation (7). The M33 increased with the fraction of
temperatures compressed and the increased number of polymer–polymer interfaces may play a key
role, affecting both the electrical and mechanical properties as shown in Figure 9c. This was reflected
by the abruptly increased space charge distribution, and the increasing dielectric constant increased
with the compressed fibers. Clearly, this study indicates that fibers compressed by temperature are
promising electrostrictive materials for actuation and can be fabricated with a simple preparation.

 
Figure 9. Cont.
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Figure 9. Strain behaviors of film, fibers, and compressed fibers as a function of the (a) electric field
and (b) square of the electric field at 1 Hz. (c) The effect of the compression fibers on the electrostrictive
coefficients and absolute β fraction.

4. Conclusions

In conclusion, electrospinning fibers and thermal compression of the fiber mats enhanced the
availability of the interfacial charges, dielectric constant, electroactive β-phase, and electrostrictive
coefficient content in P(VDF-HFP). The high electrostatic field in the electrospinning process caused
orientation polarization, which apparently helped transform non-polarα-phase to electroactiveβ-phase
in the formed fibers. Increasing the voltage during electrospinning increased the β-phase fraction
in fibers from 74.11% to 85.90%. In this study, compressing P(VDF-HFP) fiber mats at 80 ◦C gave
the highest, 89.65%, β-phase fraction among the cases tested. In addition, the dielectric constant
and the crystallinity increased with the compression temperature up to 80 ◦C. This case gave the
maximal observed dielectric constant of 8.4 at 1 Hz and also had the largest absolute β fraction (%β) of
about 49.33% among the cases tested. Thus, the electrospinning and thermal compressing coupling
processes can enhance the induced interfacial polarization, and β-phase leads to the high electrostrictive
properties of obtained P(VDF-HFP) nanofibers.
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Abstract: The existing studies indicate that the application of piezoelectric polymers is becoming
more and more extensive, especially in the analysis and design of sensors or actuators, but the
problems of piezoelectric structure are usually difficult to solve analytically due to the force–electric
coupling characteristics. In this study, the bending problem of a piezoelectric cantilever beam
was investigated via theoretical and experimental methods. First, the governing equations of the
problem were established and non-dimensionalized. Three piezoelectric parameters were selected as
perturbation parameters and the perturbation solution of the equations was finally obtained using
a multi-parameter perturbation method. In addition, the relevant experiments of the piezoelectric
cantilever beam were carried out, and the experimental results were in good agreement with the
theoretical solutions. Based on the experimental results, the effect of piezoelectric properties on the
bending deformation of piezoelectric cantilever beams was analyzed and discussed. The results
indicated that the multi-parameter perturbation solution obtained in this study is effective and it may
serve as a theoretical reference for the design of sensors or actuators made of piezoelectric polymers.

Keywords: multi-parameter perturbation method; piezoelectric polymers; experimental verification;
cantilever beam; force–electric coupling characteristics

1. Introduction

Piezoelectric polymers have been widely used in sensors, actuators, electronic information and
intelligent structures because of its great force–electric coupling characteristics [1–6]. The piezoelectric
polymers usually participate in the work of piezoelectric instruments in the form of piezoelectric sheets
which usually are simplified to a piezoelectric cantilever beam [7–9].The problems of piezoelectric
cantilever beams are usually difficult to be solved analytically due to the existence of the force–electric
coupling constitutive relation. It is known that the design of piezoelectric instruments often requires
the analytical expression of the problem of piezoelectric cantilever beams as a theoretical reference.
Therefore, it is necessary and meaningful to find an efficient analytical method for solving the problem
of piezoelectric cantilever beams and giving their analytical solutions.

In the past twenty years, many researchers have studied the problem of piezoelectric cantilever
beams and obtained some corresponding solutions. Wang and Chen [10] obtained a general solution of
the control equation for the three-dimensional problem of transverse isotropic piezoelectric material by
means of a set of new potential functions representing displacement component and potential function,
and solved the problem of spatial piezoelectric material under the action of concentrated transverse
shear force. Lin et al. [11] derived the analytical expressions of displacement, potential, and stress
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distribution of piezoelectric beams which were simply supported at both ends under a uniform load.
According to the plane stress problem, Mei and Zeng [12] directly derived the equation of state of
piezoelectric beams from the piezoelectric physical equation, and on this basis, the exact state equation
solution of electromechanical coupling effect of simply supported piezoelectric beams at both ends under
a uniform load was given. On the basis of three-dimensional constitutive equations and their simplified
equations of elastic piezoelectric materials, Zhu [13] derived the analytic solution to a piezoelectric
cantilever beam with concentrated force at the free end in terms of displacements and voltage. For
the orthotropic piezoelectric plane problem, Ding et al. [14–16] solved a series of piezoelectric beam
problems and obtained the corresponding exact solutions with the trial and error method on the
basis of the general solution in the case of three distinct eigenvalues, and expressed all displacements,
electrical potential, stresses, and electrical displacements by three displacement functions in terms of
harmonic polynomials. Yang and Liu [17] investigated the bending of transversely isotropic cantilever
beams under an end load, and derived the simplified linear elastic equations of piezoelectric cantilever
beams according to the characters of the problem. Pang et al. [18] manufactured a typical Li- and
Ta/Sb-modified, alkaline niobate-based, lead-free piezoelectric ceramics by two-step sintering and
investigated the sintering condition dependence of dielectric constants and piezoelectric properties.
Zhu et al. [19] studied the active vibration control of piezoelectric cantilever beams, where an adaptive
feed forward controller (AFC) was utilized to reject the vibration with unknown multiple frequencies.
Peng et al. [20] presented time-delayed feedback control to reduce the non-linear resonant vibration
of a piezoelectric elastic beam and examined three single-input linear time-delayed feedback control
methodologies: displacement, velocity, and acceleration time-delayed feedback. Liu and Yang [21]
studied the bending problem of a cantilever beam made of a transversely isotropic piezoelectricity
medium under uniformly distributed loads. Shi et al. [22,23] studied the analytical solution of a density
functionally gradient piezoelectric cantilever under axial and transverse uniform loads and applied DC
voltages and then, solved the force–electric coupling plane strain problem of simply supported beams
under a uniform load by the inverse method. Wang et al. [24] dealt with the vibration analysis of a
circular plate surface bonded by two piezoelectric layers, based on the Kirchhoff plate model. Recently,
Lian et al. [25] studied the problem of a functionally graded piezoelectric cantilever beam under
combined loads, but non-dimensionalization was not considered in solving the problem. There is still
a lot of research performed in this field, which will not be elaborated here. The summation of results of
existing research shows that there are still some unsolved problems. First, non-dimensionalization was
not considered in the existing research. We know that piezoelectric materials have not only mechanical
properties, but also electrical properties. So, there are both mechanical units and electrical units to
be solved, which may lead to computational errors. Second, the existing research basically provides
theoretical solutions, but there are a few related experimental verifications. Therefore, the reliability of
theoretical solutions cannot be guaranteed. Besides, there has been no unified and effective method for
solving the problems of piezoelectric structure.

Parameter perturbation method is a general analysis method for solving approximate solutions
of non-linear mechanical problems. It has been successfully applied to various fields of non-linear
structural analysis, such as non-linear bending and post-buckling, and has become a powerful tool for
solving non-linear problems of structures. Generally speaking, the perturbation method is based on
a selected small parameter. In order to solve the problem of parameter selection, Chen and Li [26]
put forward the concept of free parameter perturbation method, that is, there is no need to point out
the physical meaning of perturbation parameters during perturbation, which provides a new idea
for solving the parameter selection problem of parameter perturbation method. Lian et al. [27] solved
the Hencky membrane problem without a small-rotation-angle assumption by the single-parameter
perturbation method. The successful application of perturbation method depends, to a large extent,
on the reasonable choice of small parameters, but the selection of perturbation parameters does not
have a set of step-by-step procedures, which can only rely on deep understanding and multiple
attempts. To avoid the difficulty in the selection of perturbation parameters, researchers can select
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multiple parameters, that is, the so-called "multi-parameter perturbation method". For multi-parameter
perturbation method, Nowinski and Ismail [28] solved the cylindrical orthotropic circular plate
problem under a uniform load by using the two-parameter perturbation method. The application
of the multi-parameter perturbation method in beam problem was proposed by Chien [29] in 2002,
the classical Euler–Bernoulli equation of bending beams was solved by using load and beam height
differences as perturbation parameters. Later, He and Chen [30] simplified the bending moment
by using the quasi-linear analysis method, so that the parameter perturbation process was directly
aimed at the algebra equation rather than the integral equation, and the two-parameter perturbation
solution of the large deflection bending problem of a cantilever beam was obtained, and the integrity
of the two-parameter perturbation solution was analyzed. Recently, He et al. [31,32] comprehensively
analyzed the large deflection problem of beams with height difference under various boundary
conditions, put forward the so-called "two-parameter perturbation method", and successfully applied
this method to the solution of bimodular von-Kármán thin plate equation. But so far, the perturbation
method of three or more parameters has only a few reports.

In this study, we will derive the theoretical solution of the bending problem of piezoelectric
cantilever beams by the multi-parameter perturbation method. The whole paper is organized as
follows. In Section 2, the mechanical model of the problem solved here will be established, and the
governing equations will be given and dimensionless. In Section 3, the three piezoelectric parameters
will be selected as perturbation parameters, and the dimensionless governing equations will be solved
by the multi-parameter perturbation method. The solution presented in this paper will be compared
with the existing analytical solution from Yang and Liu [17] in Section 4. Next, in Section 5, we will
show the related experiments of the piezoelectric cantilever beam, compare the experimental results
with the solution presented here, and also discuss the effect of the piezoelectric properties on the
deformation of piezoelectric cantilever beams. According to the results mentioned above, some main
conclusions will be drawn in Section 6.

2. Mechanical Model and Basic Equations

In this study, the mechanical model of the transversely isotropic piezoelectric cantilever beam is
established by using two-dimensional elastic beam theory and neglecting shear deformation. As shown
in Figure 1, an transversely isotropic piezoelectric cantilever beam is fixed at its right end and subjected
to a uniformly distributed load q on its upper surface, a concentrated force P and a bending moment M
at its left end, in which l, b, and h denote the length, width, and height of the beam, respectively, and O
denotes the origin of the coordinates. A rectangular coordinate system is introduced with the upper
and lower surfaces of the beam lying in z = −h/2 and z = h/2.

 
Figure 1. Scheme of a piezoelectric cantilever beam.
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Supposing that the polarization direction is the forward direction of the z-axis, let us take a
microelement in the piezoelectric cantilever beam, and from the balance of the force, we may obtain,
by neglecting the body force ⎧⎪⎪⎨⎪⎪⎩

∂σx
∂x + ∂τzx

∂z = 0
∂τzx
∂x + ∂σz

∂z = 0
, (1)

where σx, σz and τzx are the stress components. The equation of Maxwell electric displacement
conservation is

∂Dx

∂x
+
∂Dz

∂z
= 0, (2)

where Dx and Dz are the electric displacement components. The constitutive equations of piezoelectric
polymeric materials considered are

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

εx = s11σx + s13σz + d31Ez

εz = s13σx + s33σz + d33Ez

γzx = s44τzx + d15Ex

Dx = d15τzx + λ11Ex

Dz = d31σx + d33σz + λ33Ez

, (3)

where εx, εz, and γzx are the strain components; and Ex and Ez are the electric field intensity components.
The geometric equations of the piezoelectric cantilever beam are

εx =
∂u
∂x

, εz =
∂w
∂z

,γzx =
∂u
∂z

+
∂w
∂x

, (4)

where u and w are the displacement components. From Equation (4), the strain consistency equation is
obtained as follows:

∂2εx

∂z2 +
∂2εz

∂x2 −
∂2γzx

∂z∂x
= 0. (5)

The relationship between electric field intensity and electric potential are

Ex = −∂φ
∂x

, Ez = −∂φ∂z , (6)

where φ is the electric potential function. By introducing the Airy stress function U(x, z), the stress
components can be expressed as

σx =
∂2U
∂z2 , σz =

∂2U
∂x2 , τzx = − ∂

2U
∂z∂x

. (7)

The boundary conditions of the problem of the piezoelectric cantilever beam are

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

∫ h/2
−h/2 τzxdz =

∫ h/2
−h/2

∂2U
∂z∂x dz = −P

b ,∫ h/2
−h/2 σxdz =

∫ h/2
−h/2

∂2U
∂z2 dz = 0,∫ h/2

−h/2 zσxdz =
∫ h/2
−h/2 z∂

2U
∂z2 dz = M

b

, at x = 0, (8)

σz =
∂2U
∂x2 = 0, τzx = − ∂

2U
∂x∂z

= 0, at z = h/2, (9)

σz =
∂2U
∂x2 = −q, τzx = − ∂

2U
∂x∂z

= 0, at z = −h/2, (10)

∫ h/2

−h/2
Dxdz = 0, at x = 0 and x = l, (11)
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Ez =
∂φ

∂z
= 0, at z = ±h/2, (12)

and
u = 0, w = 0,

∂w
∂x

= 0, at z = 0 and x = l. (13)

Substituting Equations (3), (6), and (7) into Equations (2) and (4), we may obtain two equations of
the stress function U(x, z) and the potential function φ

d31
∂3U
∂z3 + d33

∂3U
∂x2∂z

− d15
∂3U
∂x2∂z

= λ33
∂2φ

∂z2 + λ11
∂2φ

∂x2 (14)

and

s11
∂4U
∂z4

+ (2s13 + s44)
∂4U
∂x2∂z2 + s33

∂4U
∂x4

= d31
∂3φ

∂z3 + d33
∂3φ

∂x2∂z
− d15

∂3φ

∂x2∂z
. (15)

Equations (14) and (15) are usually called governing equations. Let us introduce the following
dimensionless quantities:

X = x
h , Z = z

h , S13 =
s13
s11

, S33 = s33
s11

, S44 = s44
s11

, d31 =
d31√
s11λ11

, d33 = d33√
s11λ11

, d15 =
d15√
s11λ11

,

Φ =
φ
√

s11λ11
h ,λ33 = λ33

λ11
, P = P

h2 s11, b = b
h , M = M

h3 s11, q = qs11, u = u
h , w = w

h , U = Us11
h2

(16)

From Equation (16), Equations (14) and (15) can be transformed into

d31
∂3U
∂Z3 + d33

∂3U
∂X2∂Z

− d15
∂3U
∂X2∂Z

= λ33
∂2Φ
∂Z2 +

∂2Φ
∂X2 (17)

and
∂4U
∂Z4

+ (2S13 + S44)
∂4U
∂X2∂Z2 + S33

∂4U
∂X4

= d31
∂3Φ
∂Z3 + d33

∂3Φ
∂X2∂Z

− d15
∂3Φ
∂X2∂Z

. (18)

The boundary conditions can be transformed into

∫ 1/2

−1/2

∂2U
∂Z∂X

dZ = −P

b
,
∫ 1/2

−1/2

∂2U
∂Z2 dZ = 0,

∫ 1/2

−1/2
Z
∂2U
∂Z2 dZ =

M

b
, at X = 0, (19)

∂2U
∂X2 = − ∂

2U
∂X∂Z

= 0, at Z = 1/2, (20)

∂2U
∂X2 = −q,− ∂

2U
∂X∂Z

= 0, at Z = −1/2, (21)

∫ 1/2

−1/2
(−d15

∂2U
∂Z∂X

− ∂Φ
∂X

)dZ = 0, at X = 0 and X = l/h, (22)

∂Φ
∂Z

= 0, at Z = ±1/2, (23)

and

u = 0, w = 0,
∂w
∂X

= 0, at Z = 0 and X = l/h. (24)

3. Multi-parameter Perturbation Solution

Equations (17) and (18) are two partial differential equations which are usually difficult to solve
analytically. Here, we use the multi-parameter perturbation method to solve them. The piezoelectric
coefficients are usually very small [33], thus, they can be selected as perturbation parameters to meet
the requirement of convergence in perturbation expansions. From the point of view of the perturbation
idea, if the cantilever beam without piezoelectric properties is regarded as an unperturbed system, the
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piezoelectric cantilever beam can be looked upon as a perturbed system. Selecting d31, d33 and d15 as
the perturbation parameters, the Φ and U can be expanded as

Φ = Φ0
0 + ΦI

1d31 + ΦI
2d33 + ΦI

3d15 + ΦII
1 (d31)

2
+ ΦII

2 (d33)
2

+ΦII
3 (d15)

2
+ ΦII

4 d31d33 + ΦII
5 d31d15 + ΦII

6 d33d15

(25)

and
U = U

0
0 + U

I
1d31 + U

I
2d33 + U

I
3d15 + U

II
1 (d31)

2
+ U

II
2 (d33)

2

+U
II
3 (d15)

2
+ U

II
4 d31d33 + U

II
5 d31d15 + U

II
6 d33d15

, (26)

where Φ0
0 and U

0
0, ΦI

i and U
I
i (i = 1, 2, 3), and ΦII

i and U
II
i (i = 1, 2, . . . , 5, 6) are unknown functions of X

and Z.
First, we solve the zero-order perturbation equations. Substituting Equations (25) and (26) into

Equations (17) and (18) and comparing the coefficients of (d31)
0
, (d33)

0
and (d15)

0
, we may obtain the

zero-order perturbation equations⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
λ33

∂2Φ0
0

∂Z2 +
∂2Φ0

0
∂X2 = 0

∂4U
0
0

∂Z4 + (2S13 + S44)
∂4U

0
0

∂X2∂Z2 + S33
∂4U

0
0

∂X4 = 0
. (27)

The corresponding boundary conditions are

∫ 1/2

−1/2
(− ∂

2U
0
0

∂Z∂X
)dZ = −P

b
,
∫ 1/2

−1/2

∂2U
0
0

∂Z2 dZ = 0,
∫ 1/2

−1/2
Z
∂2U

0
0

∂Z2 dZ =
M

b
, at X = 0, (28)

∂2U
0
0

∂X2 = − ∂
2U

0
0

∂X∂Z
= 0, at Z = 1/2, (29)

∂2U
0
0

∂X2 = −q,− ∂
2U

0
0

∂X∂Z
= 0, at Z = −1/2, (30)

∫ 1/2

−1/2
(−∂Φ

0
0

∂X
)dZ = 0, at X = 0 and X = l/h (31)

and
∂Φ0

0

∂Z
= 0, at Z = ±1/2. (32)

Suppose, ⎧⎪⎪⎨⎪⎪⎩
Φ0

0 = X2g0
1(Z) + Xg0

2(Z) + g0
3(Z)

U
0
0 = X2

2 f 0
1 (Z) + X f 0

2 (Z) + f 0
3 (Z)

, (33)

where g0
i (Z) and f 0

i (Z) (i = 1, 2, 3) are unknown functions of Z which can be determined by
Equations (27) and (33), please see Appendix A.

Next, let us solve the first-order perturbation equations. Comparing the coefficients of (d31)
1
,(d33)

1

and (d15)
1
, we may obtain the first-order perturbation equations as follows.

For term (d31)
1
: ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

∂3U
0
0

∂Z3 − λ33
∂2ΦI

1
∂Z2 − ∂

2ΦI
1

∂X2 = 0

∂4U
I
1

∂Z4 + (2S13 + S44)
∂4U

I
1

∂X2∂Z2 + S33
∂4U

I
1

∂X4 − ∂
3Φ0

0
∂Z3 = 0

, (34)
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for term (d33)
1
: ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

∂3U
0
0

∂X2∂Z = λ33
∂2ΦI

2
∂Z2 +

∂2ΦI
2

∂X2

∂4U
I
2

∂Z4 + (2S13 + S44)
∂4U

I
2

∂X2∂Z2 + S33
∂4U

I
2

∂X4 − ∂3Φ0
0

∂X2∂Z = 0
, (35)

and for term (d15)
1
: ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

− ∂3U
0
0

∂X2∂Z = λ33
∂2ΦI

3
∂Z2 +

∂2ΦI
3

∂X2

∂4U
I
3

∂Z4 + (2S13 + S44)
∂4U

I
3

∂X2∂Z2 + S33
∂4U

I
3

∂X4 +
∂3Φ0

0
∂X2∂Z = 0

. (36)

The corresponding boundary conditions are

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫ 1/2
−1/2 −

∂2U
I
1

∂Z∂X dZ = 0,∫ 1/2
−1/2

∂2U
I
2

∂Z2 dZ = 0,∫ 1/2
−1/2 Z∂

2U
I
3

∂Z2 dZ = 0

, at X = 0, (37)

∂2U
I
i

∂X2 = − ∂
2U

I
i

∂X∂Z
= 0(i = 1, 2, 3), at Z = 1/2, (38)

∂2U
I
i

∂X2 = 0,− ∂
2U

I
i

∂X∂Z
= 0(i = 1, 2, 3), at Z = −1/2, (39)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫ 1/2
−1/2 (−

∂ΦI
1

∂X )dZ = 0∫ 1/2
−1/2 (−

∂ΦI
2

∂X )dZ = 0∫ 1/2
−1/2 (−

∂2U
0
0

∂Z∂X −
∂ΦI

3
∂X )dZ = 0

, at X = 0 and X = l/h, (40)

and
∂ΦI

i
∂Z

= 0(i = 1, 2, 3), at Z = ±1/2. (41)

Similarly, suppose ⎧⎪⎪⎨⎪⎪⎩
ΦI

i = X2gI
3i−2(Z) + XgI

3i−1(Z) + gI
3i(Z)

U
I
i =

X2

2 f I
3i−2(Z) + X f I

3i−1(Z) + f I
3i(Z)

(i = 1, 2, 3), (42)

where gI
i(Z) and f I

i (Z) (i = 1, 2, 3, . . . , 9) are unknown functions of Z which can be determined by
Equations (34)–(36) and (42), please see Appendix A.

Then, we solve the second-order perturbation equations. Comparing the coefficients of (d31)
2,

(d33)
2, (d15)

2, d31d33, d31d15 and d33d15, we may obtain the two-order perturbation equations as follows.
For term (d31)

2: ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
∂3U

I
1

∂Z3 = λ33
∂2ΦII

1
∂Z2 +

∂2ΦII
1

∂X2

∂4U
II
1

∂Z4 + (2S13 + S44)
∂4U

II
1

∂X2∂Z2 + S33
∂4U

II
1

∂X4 =
∂3ΦI

1
∂Z3

, (43)

for term (d33)
2: ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

∂3U
I
2

∂X2∂Z = λ33
∂2ΦII

2
∂Z2 +

∂2ΦII
2

∂X2

∂4U
II
2

∂Z4 + (2S13 + S44)
∂4U

II
2

∂X2∂Z2 + S33
∂4U

II
2

∂X4 =
∂3ΦI

2
∂X2∂Z

, (44)
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for term (d15)
2: ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

− ∂3U
I
3

∂X2∂Z = λ33
∂2ΦII

3
∂Z2 +

∂2ΦII
3

∂X2

∂4U
II
3

∂Z4 + (2S13 + S44)
∂4U

II
3

∂X2∂Z2 + S33
∂4U

II
3

∂X4 = − ∂3ΦI
3

∂X2∂Z

, (45)

for term d31d33: ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
∂3U

I
2

∂Z3 +
∂3U

I
1

∂X2∂Z = λ33
∂2ΦII

4
∂Z2 +

∂2ΦII
4

∂X2

∂4U
II
4

∂Z4 + (2S13 + S44)
∂4U

II
4

∂X2∂Z2 + S33
∂4U

II
4

∂X4 =
∂3ΦI

2
∂Z3 +

∂3ΦI
1

∂X2∂Z

, (46)

for term d31d15: ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
∂3U

I
3

∂Z3 − ∂3U
I
1

∂X2∂Z = λ33
∂2ΦII

5
∂Z2 +

∂2ΦII
5

∂X2

∂4U
II
5

∂Z4 + (2S13 + S44)
∂4U

II
5

∂X2∂Z2 + S33
∂4U

II
5

∂X4 =
∂3ΦI

3
∂Z3 − ∂3ΦI

1
∂X2∂Z

, (47)

and for term d33d15: ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
∂3U

I
3

∂X2∂Z −
∂3U

I
2

∂X2∂Z = λ33
∂2ΦII

6
∂Z2 +

∂2ΦII
6

∂X2

∂4U
II
6

∂Z4 + (2S13 + S44)
∂4U

II
6

∂X2∂Z2 + S33
∂4U

II
6

∂X4 =
∂3ΦI

3
∂X2∂Z −

∂3ΦI
2

∂X2∂Z

. (48)

The corresponding boundary conditions are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫ 1/2
−1/2

∂2U
II
1

∂Z∂X dZ = 0,∫ 1/2
−1/2

∂2U
II
2

∂Z2 dZ = 0,∫ 1/2
−1/2 Z∂

2U
II
3

∂Z2 dZ = 0

, at X = 0, (49)

∂2U
II
i

∂X2 = − ∂
2U

II
i

∂X∂Z
= 0(i = 1, 2, 3, 4, 5, 6), at Z = 1/2, (50)

∂2U
II
i

∂X2 = 0,− ∂
2U

II
i

∂X∂Z
= 0(i = 1, 2, 3, 4, 5, 6), at Z = −1/2, (51)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

∫ 1/2
−1/2

∂ΦII
1

∂X dZ = 0,
∫ 1/2
−1/2

∂ΦII
2

∂X dZ = 0∫ 1/2
−1/2 (

∂2U
I
3

∂X∂Z +
∂ΦII

3
∂X )dZ = 0,

∫ 1/2
−1/2

∂ΦII
4

∂X dZ = 0∫ 1/2
−1/2 (

∂2U
I
1

∂X∂Z +
∂ΦII

5
∂X )dZ = 0,

∫ 1/2
−1/2 (

∂2U
I
2

∂X∂Z +
∂ΦII

6
∂X )dZ = 0

, at X = 0 and X = l/h, (52)

and
∂ΦII

i
∂Z

= 0, at Z = ±1/2. (53)

Suppose, ⎧⎪⎪⎪⎨⎪⎪⎪⎩
ΦII

i = X2gII
3i−2(Z) + XgII

3i−1(Z) + gII
3i(Z)

U
II
i = X2

2 f II
3i−2(Z) + X f II

3i−1(Z) + f II
3i(Z)

(i = 1, 2, 3, 4, 5, 6), (54)

where gII
i (Z) and f II

i (Z) (i = 1, 2, 3, . . . , 18) are unknown functions of Z which can be determined by
Equations (43)–(48) and (54), please see Appendix A.

Thus, we can obtain
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Φ = B0
6 + d31[X2(− 3

λ33
qZ2 + 1

4λ33
q) + X(− 6

bλ33
PZ2 + 1

2bλ33
P) + 1

2(λ33)
2 qZ4 − 1

4(λ33)
2 qZ2

+
(2S13+S44)

2λ33
qZ4 + 6

bλ33
MZ2 − 3(2S13+S44)

20λ33
qZ2 + BI

6] + d33[− 1
2λ33

qZ4 + 3
4λ33

qZ2

− 1
2λ33

qZ + BI
12] + d15[− 1

2 qX2 − P
b

X + 1
2λ33

qZ2 + 1
2λ33

qZ4 − 3
4λ33

qZ2 + BI
18]

+(d31)
2
BII

6 + (d33)
2
BII

12 + (d15)
2
BII

18 + d31d33BII
24 + d31d15BII

30 + d33d15BII
36

(55)

and

U = X2

2 (−2qZ3 + 3
2 qZ− q

2 ) + X(− 2
b
PZ3 + 3

2b
PZ + C0

8) +
(2S13+S44)

10 qZ5 + 2
b
MZ3

− (2S13+S44)
20 qZ3 + C0

11Z + C0
12 + d31(XCI

8 + CI
11Z + CI

12) + d33(XCI
20 + CI

23Z + CI
24)

+d15(XCI
32 + CI

35Z + CI
36) + (d31)

2
[XCII

8 + 1
10(λ33)

2 qZ5 +
(2S13+S44)

10λ33
qZ5 − 1

20(λ33)
2 qZ3

− (2S13+S44)

20λ33
qZ3 + CII

11Z + CII
12] + (d33)

2
(XCII

20 + CII
23Z + CII

24) + (d15)
2
(XCII

32 + CII
35Z + CII

36)

+d31d33(XCII
44 − 1

5λ33
qZ5 + 1

10λ33
qZ3 + CII

47Z + CII
48) + d31d15(XCII

56 +
1

5λ33
qZ5 − 1

10λ33
qZ3

+CII
59Z + CII

60) + d33d15(XCII
68 + CII

71Z + CII
72)

. (56)

Finally, from Equations (55) and (56), we can obtain the expression of displacement components,
stress components, and electric displacement components. The detailed derivation is shown in
Appendix B. Thus, the bending problem of a piezoelectric cantilever beam under combined loads
is solved. It can be seen from the derivation above that the piezoelectric effect is not shown in
the zero-order perturbation solution, that is, the zero-order perturbation solution is the solution of
the cantilever beam without piezoelectric properties which is regarded as the unperturbed system.
The piezoelectric properties are only shown in the first-order and second-order perturbation solutions.
In other words, the mechanical meaning of the first-order and second-order solutions is the influence
of piezoelectric properties on the deformation of piezoelectric cantilever beams. This phenomenon is
consistent with the basic idea of perturbation method.

4. Comparison of the Solution Presented Here and the Existing Solution

The theoretical solution for a piezoelectric cantilever beam under combined loads is given in this
paper by a new method which is usually called the multi-parameter perturbation method. The validity
of the theoretical solution should further be verified. For this purpose, we compare the solution
presented here with the solution given in reference [17].

Before the comparison, we need to make a degradation of the solution presented here.
In reference [17], only the concentrated force is considered. In this paper, however, the concentrated
force, bending moment, and uniformly distributed load are all considered. Thus, for the convenience
of comparison, we let the bending moment and uniformly distributed load equal to zero, that is, let

q = 0, M = 0. (57)

Substituting Equation (57) into Equations (A44) and (A45), the displacement components can be
transformed into

w = (
d33d31
λ33
− s13)

6P
bh3 xz2 − ( d31d31

λ33
− s11)

2P
bh3 x3

+(
d31d31
λ33
− s11)

6P
bh3 l2x− ( d31d31

λ33
− s11)

4P
bh3 l3

(58)
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and
u = (

d31d31
λ33
− s11)

6P
bh3 x2z− ( d33d31

λ33
− s13 − s44 − d15d31

λ33
) 2P

bh3 z3

−( d31d31
λ33
− s11)

6P
bh3 l2z− ( d15d31

λ33
+ s44)

3P
2bh z

. (59)

Similarly, substituting Equation (57) into Equations (A46), (A47), and (A48), the stress components can
be written as

σx = −12P
bh3 xz, (60)

σz = 0, (61)

and
τzx =

6P
bh3 z2 − 3P

2bh
. (62)

Substituting Equation (57) into Equations (A49) and (A50), the expressions of electric displacement
components are

Dx = (d15 +
λ11d31

λ33
)(

6P
bh3 z2 − 3P

2bh
) (63)

and
Dz = 0. (64)

By comparing Equations (58)–(64) with the expressions of displacement components,
stress components, and electric displacement components in reference [17], it can be found that
they are exactly the same, which indicates that the solution obtained here is correct. It should be
mentioned that the structures studied in this paper and in reference [17] are both piezoelectric cantilever
beams, but the structure in this paper is subjected to combined loads and the structure in reference [17]
is subjected only to a concentrated force. In addition, non-dimensionalization is considered, the relevant
experiments are carried out, and a new method called the multi-parameter perturbation method is
given in this paper. These differences mentioned above constitute the advancements of this paper,
compared with reference [17].

5. Experimental Verification

To further verify the validity of the theoretical solution presented here, we carry out the relevant
experiments of piezoelectric cantilever beams. The mechanical model of the theoretical part is shown in
Figure 1, it can be seen that it is a piezoelectric cantilever beam subjected to three kinds of loads. In the
experiment, it is very difficult to apply these three kinds of loads at the same time. Therefore, we apply
only the concentrated force at the cantilever end to carry out the experiments, that is, this experiment
corresponds only to the case where the bending moment and the uniformly distributed load in the
theoretical solution are zero. The details of the experiments are as follows. The main experimental
equipments include a non-contact laser displacement sensor (ZSY Group Ltd, London, UK), a bench
clamp (a cantilever beam clamping device), weights, and the ZLDS10X measuring software (ZSY
Group Ltd, London, UK). The measuring range of the non-contact laser displacement sensor is 1 m,
the accuracy is 0.01%, and the sampling frequency is 2 kHz. The experimental specimens consist of
two groups of PbZrTiO3-5 (Generally abbreviated as PZT-5) piezoelectric ceramic sheets in which one
group has piezoelectric properties and the other group has no piezoelectric properties. The size of
the experimental specimens is 60 mm × 10 mm × 1 mm. The experimental specimen and non-contact
laser displacement sensor are shown in Figure 2, the experimental device is shown in Figure 3, and the
material constants are shown in Table 1.

The clamping length of the experimental specimens is 10 mm, therefore, the length of the
piezoelectric cantilever beam is 50 mm. The deformations of the free end of piezoelectric cantilever
beam are measured at the applied load 0.49 N, 0.98 N, and 1.96 N. The measured experimental data
and theoretical calculation results are shown in Tables 2 and 3, respectively. It should be noted that
the self-weight of the piezoelectric cantilever beam is 0.0367 N, and the ratio of the self-weight to the
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minimum applied load is 0.075, which indicates that the self-weight of the piezoelectric cantilever
beam is very small and thus may be ignored.

 
(a) 

 
(b) 

Figure 2. Scheme of experimental specimens and measuring instruments: (a) PbZrTiO3-5 (Generally
abbreviated as PZT-5) piezoelectric ceramic specimens. (b) The non-contact laser displacement sensor.

 

(a) 

 

(b) 

Figure 3. Scheme of experimental device: (a) The cantilever beam device. (b) The integral measuring device.

Table 1. Physical properties of PZT-5 materials [33].

Elastic Constant (10−12 m2·N−1) Piezoelectric Constant (10−12 C·N−1) Dielectric Constant (10−8 F·m−1)

s0
11 s0

12 s0
13 s0

33 s0
44 d0

31 d0
33 d0

15 λ0
11 λ0

33
16.4 −5.74 −7.22 18.8 47.5 −172 374 584 1.505 1.531

Table 2. Comparison of experimental data and theoretical calculation results.

Loads(N)
The Deformation of the Cantilever End

Experimental Data (mm) Theoretical Results (mm) Relative Errors (%)

0.49 0.4069 0.3545 12.87
0.98 0.7527 0.7089 5.82
1.96 1.6072 1.4178 11.79
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Table 3. Comparison of deformation test results between piezoelectric cantilever beam and cantilever
beam without piezoelectric properties.

Loads(N)

The Deformation of the Cantilever End

Piezoelectric Cantilever
Beam (mm)

Cantilever Beam without
Piezoelectric Properties (mm)

Difference (mm)

0.49 0.4069 0.5351 0.1282
0.98 0.7527 0.8463 0.0936
1.96 1.6072 1.9796 0.3724

From Table 2, it can be seen that the theoretical results are in good agreement with the experimental
results, and the relative errors under every level load are less than 15% allowed in engineering.
This indicates that the analytical solution presented in this paper is reliable.

Table 3 shows that the deformation of the piezoelectric cantilever beam is smaller than the
cantilever beam without piezoelectric properties. This means that the piezoelectric properties have
a certain effect on the deformation of the piezoelectric cantilever beam, and its effect is, to a certain
extent, hindering the deformation of the cantilever beam. This phenomenon can be explained by
energy conservation. For piezoelectric cantilever beams, part of the work done by external forces is
transformed into the elastic strain energy of piezoelectric cantilever beams, while the other part is
transformed into the electric energy due to the existence of piezoelectric properties. For cantilever
beams without piezoelectric properties, the work done by external forces is basically transformed
into the elastic strain energy of cantilever beams. Therefore, the deformation of cantilever beams
without piezoelectric properties is larger than that of cantilever beams with piezoelectric properties.
The phenomenon mentioned above is commonly known as the piezoelectric stiffening effect peculiar
to piezoelectric materials and structures.

6. Conclusions

In this study, we used a multi-parameter perturbation method to solve the bending deformation
problem of piezoelectric cantilever beams under combined loads. And we compared the solution
presented here with the existing solution from Yang and Liu [17] to validate the rationality of the
presented solution. In addition, we carried out the related experiments of the piezoelectric cantilever
beam, and compared the experimental results with the theoretical solution presented here, and also
investigated the influence of the piezoelectric properties on the deformation of piezoelectric cantilever
beams. The following main conclusions can be drawn.

(i) The theoretical results are in good agreement with the experimental results, which means that
the analytical solution given in this paper is correct and the multi-parameter perturbation method
is effective.

(ii) From the perturbation expansion, it is easy to find that the zero-order perturbation solution
is a pure mechanical solution, in which the piezoelectric effect has not been incorporated. From the
first-order, second-order, and higher order perturbation solutions, the piezoelectric effect is gradually
reflected. This structural form of the multi-parameter perturbation solution presented here is beneficial
to the analysis and understanding of the solved problem.

(iii) The deformation magnitude of a piezoelectric cantilever beam is smaller than that of a
cantilever beam without piezoelectricity, due to the well-known piezoelectric stiffening effect.

Unfortunately, the numerical simulation for the physical system studied here has not been carried
out in this study. In our previous study [34], we used ABAQUS software to simulate the problem of
functionally graded piezoelectric cantilever beams with different properties in tension and compression.
Similarly, the problem studied here may also be simulated by ABAQUS, which is our follow-up
research. In summary, the multi-parameter perturbation method presented in this paper provides
a new way to solve complex non-linear structural problems. The analytical solution of the bending
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problems of piezoelectric cantilever beams under combined loads can provide a theoretical basis and
reference for the analysis and design of sensors or actuators made of piezoelectric polymers.
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Appendix A

(1) The unknown functions g0
i (Z) and f 0

i (Z) (i = 1, 2, 3):
From Equations (27) and (33), we can obtain the unknown functions g0

i (Z) and f 0
i (Z) (i = 1, 2, 3),

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
g0

1(Z) = B0
1Z + B0

2

g0
2(Z) = B0

3Z + B0
4

g0
3(Z) = − 1

3λ33
B0

1Z3 − 1
λ33

B0
2Z2 + B0

5Z + B0
6

(A1)

and ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

f 0
1 (Z) =

1
6 C0

1Z3 + 1
2 C0

2Z2 + C0
3Z + C0

4

f 0
2 (Z) =

1
6 C0

5Z3 + 1
2 C0

6Z2 + C0
7Z + C0

8

f 0
3 (Z) = − 1

120 (2S13 + S44)C0
1Z5 − 1

24 (2S13 + S44)C0
2Z4

+ 1
6 C0

9Z3 + 1
2 C0

10Z2 + C0
11Z + C0

12

, (A2)

where B0
i (i = 1, 2, 3, . . . , 6) and C0

i (i = 1, 2, 3, . . . , 12) are undetermined constants which can be
determined by Equations (28)–(32),

C0
1 = −12q, C0

2 = 0, C0
3 = 3

2 q, C0
4 = − q

2 , C0
5 = − 12P

b
, C0

6 = 0,

C0
7 = 3

2
P
b

, C0
9 = 12M

b
− 3

10 (2S13 + S44)q, C0
10 = 0

, (A3)

B0
1 = 0, B0

2 = 0, B0
3 = 0, B0

5 = 0. (A4)

(2) The unknown functions gI
i(Z) and f I

i (Z) (i = 1,2,3,. . . ,9):
From Equations (34)–(36) and (42), we can obtain the unknown functions gI

i(Z) and f I
i (Z)

(i = 1, 2, 3, . . . , 9),

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

gI
1(Z) =

1
4λ33

C0
1Z2 + BI

1Z + BI
2

gI
2(Z) =

1
2λ33

C0
5Z2 + BI

3Z + BI
4

gI
3(Z) = − 1

24(λ33)
2 C0

1Z4 − 1
3λ33

BI
1Z3 − 1

λ33
BI

2Z2 − (2S13+S44)

24λ33
C0

1Z4

− (2S13+S44)

6λ33
C0

2Z3 + 1
2λ33

C0
9Z2 + BI

5Z + BI
6

gI
6(Z) = − 1

3λ33
BI

7Z3 − 1
λ33

BI
8Z2 +

C0
1

24λ33
Z4

+
C0

2

6λ33
Z3 +

C0
3

2λ33
Z2 + BI

11Z + BI
12

gI
9(Z) = − 1

3λ33
BI

13Z3 − 1
λ33

BI
14Z2 − C0

1

24λ33
Z4 − C0

2

6λ33
Z3 − C0

3

2λ33
Z2 + BI

17Z + BI
18

, (A5)

gI
i(Z) = BI

2i−1Z + BI
2i(i = 4, 5, 7, 8), (A6)

f I
i (Z) =

1
6

CI
4i−3Z3 +

1
2

CI
4i−2Z2 + CI

4i−1Z + CI
4i(i = 1, 2, 4, 5, 7, 8), (A7)
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and ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

f I
3(Z) = −

(2S13+S44)
120 CI

1Z5 − (2S13+S44)
24 CI

2Z4 − 1
12λ33

B0
1Z4

+ 1
6 CI

9Z3 + 1
2 CI

10Z2 + CI
11Z + CI

12

f I
6(Z) = −

(2S13+S44)
120 CI

13Z5 − (2S13+S44)
24 CI

14Z4 + 1
12 B0

1Z4

+ 1
6 CI

21Z3 + 1
2 CI

22Z2 + CI
23Z + CI

24

f I
9(Z) = −

(2S13+S44)
120 CI

25Z5 − (2S13+S44)
24 CI

26Z4 − B0
1

12 Z4

+ 1
6 CI

33Z3 + 1
2 CI

34Z2 + CI
35Z + CI

36

. (A8)

where BI
i (i = 1, 2, 3, . . . , 18) and CI

i (i = 1, 2, 3, . . . , 36) are undetermined constants which can be
determined by Equations (37)–(41),

CI
1 = 0, CI

2 = 0, CI
3 = 0, CI

4 = 0, CI
5 = 0, CI

6 = 0, CI
7 = 0, CI

9 = 0, CI
10 =

1

12λ33
B0

1, (A9)

BI
1 =

C0
2

2λ33
, BI

2 = − C0
1

48λ33
, BI

3 =
C0

6

λ33
, BI

4 = − C0
5

24λ33
, BI

5 =
C0

10

λ33
+

C0
2

8(λ33)
2 , (A10)

CI
13 = 0, CI

14 = 0, CI
15 = 0, CI

16 = 0, CI
17 = 0, CI

18 = 0, CI
19 = 0, CI

21 = 0, CI
22 = − 1

12
B0

1, (A11)

BI
7 = 0, BI

8 = 0, BI
9 = 0, BI

10 = 0, BI
11 =

C0
4

λ33
, (A12)

CI
25 = 0, CI

26 = 0, CI
27 = 0, CI

28 = 0, CI
29 = 0, CI

30 = 0, CI
31 = 0, CI

33 = 0, CI
34 =

B0
1

12
, (A13)

BI
13 = 0, BI

14 = − 1
48

C0
1 −

1
2

C0
3, BI

15 = 0, BI
16 = − 1

24
C0

5 −C0
7, BI

17 =
C0

2

8λ33
. (A14)

(3) The unknown functions gII
i (Z) and f II

i (Z) ( i = 1,2,3,. . . ,18):
From Equations (43)–(48) and (54), we may obtain the unknown functions of gII

i (Z) and f II
i (Z)

(i = 1, 2, 3, . . . , 18), ⎧⎪⎪⎨⎪⎪⎩ gII
i (Z) = KiZ2 + BII

2i−1Z + BII
2i(i = 1, 2, 10, 11, 13, 14)

gII
i (Z) = BII

2i−1Z + BII
2i(i = 4, 5, 7, 8, 16, 17)

, (A15)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

gII
3 (Z) = −

CI
1

24(λ33)
2 Z4 − 1

3λ33
BII

1 Z3 − 1
λ33

BII
2 Z2 − (2S13+S44)

24λ33
CI

1Z4

− (2S13+S44)

6λ33
CI

2Z3 − 1
3(λ33)

2 B0
1Z3 + 1

2λ33
CI

9Z2 + BII
5 Z + BII

6

gII
6 (Z) = − 1

3λ33
BII

7 Z3 − 1
λ33

BII
8 Z2 + 1

24λ33
CI

13Z4 + 1
6λ33

CI
14Z3 + 1

2λ33
CI

15Z2 + BII
11Z + BII

12

gII
9 (Z) = − 1

3λ33
BII

13Z3 − 1
λ33

BII
14Z2 − 1

24λ33
CI

25Z4 − CI
26

6λ33
Z3 − CI

27

2λ33
Z2 + BII

17Z + BII
18

gII
12(Z) = −

CI
13

24(λ33)
2 Z4 − 1

3λ33
BII

19Z3 − 1
λ33

BII
20Z2 + 1

24λ33
CI

1Z4 + 1
6λ33

CI
2Z3 + 1

2λ33
CI

3Z2

− (2S13+S44)

24λ33
CI

13Z4 − (2S13+S44)

6λ33
CI

14Z3 + 1
3λ33

B0
1Z3 + 1

2λ33
CI

21Z2 + BII
23Z + BII

24

gII
15(Z) = −

CI
25

24(λ33)
2 Z4 − 1

3λ33
BII

25Z3 − 1
λ33

BII
26Z2 − (2S13+S44)

24λ33
CI

25Z4 − (2S13+S44)

6λ33
CI

26Z3

− 1
3λ33

B0
1Z3 +

CI
33

2λ33
Z2 − 1

24λ33
CI

1Z4 − CI
2

6λ33
Z3 − CI

3

2λ33
Z2 + BII

29Z + BII
30

gII
18(Z) = − 1

3λ33
BII

31Z3 − 1
λ33

BII
32Z2 +

CI
25

24λ33
Z4 +

CI
26

6λ33
Z3 +

CI
27

2λ33
Z2

− CI
13

24λ33
Z4 − CI

14

6λ33
Z3 − CI

15

2λ33
Z2 + BII

35Z + BII
36

, (A16)
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f II
i (Z) = 1

6 CII
4i−3Z3 + 1

2 CII
4i−2Z2 + CII

4i−1Z

+CII
4i(i = 1, 2, 4, 5, 7, 8, 10, 11, 13, 14, 16, 17)

, (A17)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

f II
3 (Z) = − (2S13+S44)

120 CII
1 Z5 − (2S13+S44)

24 CII
2 Z4 − C0

1

120(λ33)
2 Z5 − 1

12λ33
BI

1Z4

− (2S13+S44)

120λ33
C0

1Z5 − (2S13+S44)

24λ33
C0

2Z4 + 1
6 CII

9 Z3 + 1
2 CII

10Z2 + CII
11Z + CII

12

f II
6 (Z) = − (2S13+S44)

120 CII
13Z5 − (2S13+S44)

24 CII
14Z4 + 1

12 BI
7Z4

+ 1
6 CII

21Z3 + 1
2 CII

22Z2 + CII
23Z + CII

24

f II
9 (Z) = − (2S13+S44)

120 CII
25Z5 − (2S13+S44)

24 CII
26Z4 − 1

12 BI
13Z4

+ 1
6 CII

33Z3 + 1
2 CII

34Z2 + CII
35Z + CII

36

f II
12(Z) = −

(2S13+S44)
120 CII

37Z5 − (2S13+S44)
24 CII

38Z4 − 1
12λ33

BI
7Z4 +

C0
1

60λ33
Z5

+
C0

2

24λ33
Z4 + 1

12 BI
1Z4 + 1

6 CII
45Z3 + 1

2 CII
46Z2 + CII

47Z + CII
48

f II
15(Z) = −

(2S13+S44)
120 CII

49Z5 − (2S13+S44)
24 CII

50Z4 − 1
12λ33

BI
13Z4 − C0

1

60λ33
Z5

− C0
2

24λ33
Z4 − 1

12 BI
1Z4 + 1

6 CII
57Z3 + 1

2 CII
58Z2 + CII

59Z + CII
60

f II
18(Z) = −

(2S13+S44)
120 CII

61Z5 − (2S13+S44)
24 CII

62Z4 + 1
12 BI

13Z4

− 1
12 BI

7Z4 + 1
6 CII

69Z3 + 1
2 CII

70Z2 + CII
71Z + CII

72

, (A18)

and

K1 =
CI

1

4λ33
, K2 =

CI
5

2λ33
, K10 =

CI
13

4λ33
, K11 =

CI
17

2λ33
, K13 =

CI
25

4λ33
, K14 =

CI
29

2λ33
, (A19)

where BII
i (i = 1, 2, 3, . . . , 36) and CII

i (i = 1, 2, 3, . . . , 72) are undetermined constants which can be
determined by Equations (49)–(53),

CII
1 = 0, CII

2 = 0, CII
3 = 0, CII

4 = 0, CII
5 = 0, CII

6 = 0, CII
7 = 0,

CII
9 = 1

40(λ33)
2 C0

1 +
(2S13+S44)

40λ33
C0

1, CII
10 = 1

12λ33
BI

1 +
(2S13+S44)

24λ33
C0

2
, (A20)

BII
1 =

CI
2

2λ33
, BII

2 = − CI
1

48λ33
, BII

3 =
CI

6

λ33
, BII

4 = − CI
5

24λ33
, BII

5 =
CI

10

λ33
+

CI
2

8(λ33)
2 , (A21)

CII
13 = 0, CII

14 = 0, CII
15 = 0, CII

16 = 0, CII
17 = 0, CII

18 = 0, CII
19 = 0, CII

21 = 0, CII
22 = − 1

12
BI

7, (A22)

BII
7 = 0, BII

8 = 0, BII
9 = 0, BII

10 = 0, BII
11 =

CI
16

λ33
, (A23)

CII
25 = 0, CII

26 = 0, CII
27 = 0, CII

28 = 0, CII
29 = 0, CII

30 = 0, CII
31 = 0, CII

33 = 0, CII
34 =

1
12

BI
13, (A24)

BII
13 = 0, BII

14 = − 1
48

CI
25 −

1
2

CI
27, BII

15 = 0, BII
16 = − 1

24
CI

29 −CI
31, BII

17 =
CI

26

8λ33
, (A25)

CII
37 = 0, CII

38 = 0, CII
39 = 0, CII

40 = 0, CII
41 = 0, CII

42 = 0, CII
43 = 0,

CII
45 = − C0

1

20λ33
, CII

46 = 1
12λ33

BI
7 −

C0
2

24λ33
− 1

12 BI
1

, (A26)

BII
19 =

CI
14

2λ33
, BII

20 = − CI
13

48λ33
, BII

21 =
CI

18

λ33
, BII

22 = − CI
17

24λ33
, BII

23 =
CI

22

λ33
+

CI
4

λ33
+

CI
14

8(λ33)
2 , (A27)
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CII
49 = 0, CII

50 = 0, CII
51 = 0, CII

52 = 0, CII
53 = 0, CII

54 = 0, CII
55 = 0,

CII
57 =

C0
1

20λ33
, CII

58 = 1
12λ33

BI
13 +

C0
2

24λ33
+ 1

12 BI
1

, (A28)

BII
25 =

CI
26

2λ33
, BII

26 = −CI
1

48 −
CI

3
2 −

CI
25

48λ33
, BII

27 =
CI

30

λ33

BII
28 = − 1

24 CI
5 −CI

7 −
CI

29

24λ33
, BII

29 =
CI

34

λ33
+

CI
26

8(λ33)
2 +

CI
2

8λ33

, (A29)

CII
61 = 0, CII

62 = 0, CII
63 = 0, CII

64 = 0, CII
65 = 0, CII

66 = 0, CII
67 = 0,

CII
69 = 0, CII

70 = − 1
12 BI

13 +
1
12 BI

7

, (A30)

and
BII

31 = 0, BII
32 = − 1

48 CI
13 − 1

2 CI
15, BII

33 = 0,

BII
34 = − 1

24 CI
17 −CI

19, BII
35 =

CI
28

λ33
+

CI
14

8λ33

. (A31)

Appendix B

From Equations (3)–(4), (16), and (55)–(56), we have

∂w
∂Z = S13

∂2U
∂Z2 + S33

∂2U
∂X2 − d33

∂Φ
∂Z

= −6S13qX2Z− 12
b

S13PXZ + 2(2S13 + S44)S13qZ3 − 3(2S13+S44)
10 S13qZ

+ 12
b

S13MZ + S13(d31)
2
[ 2
(λ33)

2 qZ3 +
2(2S13+S44)

λ33
qZ3 − 3

10(λ33)
2 qZ− 3(2S13+S44)

10λ33
qZ]

+S13d31d33(− 4
λ33

qZ3 + 3
5λ33

qZ) + S13d31d15(
4
λ33

qZ3 − 3
5λ33

qZ) − 2S33qZ3 + 3
2 S33qZ− S33

q
2

−d33d31[− 6
λ33

qX2Z− 12
bλ33

PXZ + 2
(λ33)

2 qZ3 − 1
2(λ33)

2 qZ +
2(2S13+S44)

λ33
qZ3 + 12

bλ33
MZ

− 3(2S13+S44)

10λ33
qZ] − d33d33[− 2

λ33
qZ3 + 3

2λ33
qZ− 1

2λ33
q] − d33d15[

1
λ33

qZ + 2
λ33

qZ3 − 3
2λ33

qZ]

(A32)

and
∂u
∂X = ∂2U

∂Z2 + S13
∂2U
∂X2 − d31

∂Φ
∂Z

= −6qX2Z− 12
b

PXZ + 2(2S13 + S44)qZ3 + 12
b

MZ− 3(2S13+S44)
10 qZ + (d31)

2
[ 2
(λ33)

2 qZ3

+
2(2S13+S44)

λ33
qZ3 − 3

10(λ33)
2 qZ− 3(2S13+S44)

10λ33
qZ] + d31d33(− 4

λ33
qZ3 + 3

5λ33
qZ)

+d31d15(
4
λ33

qZ3 − 3
5λ33

qZ) − 2S13qZ3 + 3
2 S13qZ− S13

q
2 − d31d31[− 6

λ33
qX2Z

− 12
bλ33

PXZ + 2
(λ33)

2 qZ3 − 1
2(λ33)

2 qZ +
2(2S13+S44)

λ33
qZ3 + 12

bλ33
MZ− 3(2S13+S44)

10λ33
qZ]

−d31d33[− 2
λ33

qZ3 + 3
2λ33

qZ− 1
2λ33

q] − d31d15[
1
λ33

qZ + 2
λ33

qZ3 − 3
2λ33

qZ]

. (A33)

Integrating Equations (A32) and (A33) respectively, we may obtain

w = − 6
b
S13PXZ2 +

(2S13+S44)
2 S13qZ4 + 6

b
S13MZ2 − 3(2S13+S44)

20 S13qZ2 − 3S13qX2Z2

+S13(d31)
2
[ 1

2(λ33)
2 qZ4 +

(2S13+S44)

2λ33
qZ4 − 3

20(λ33)
2 qZ2 − 3(2S13+S44)

20λ33
qZ2]

+S13d31d33(− 1
λ33

qZ4 + 3
10λ33

qZ2) + S13d31d15(
1
λ33

qZ4 − 3
10λ33

qZ2) − S33
2 qZ4

+ 3
4 S33qZ2 − S33

q
2 Z− d33d31[− 3

λ33
qX2Z2 − 6

bλ33
PXZ2 + 1

2(λ33)
2 qZ4 − 1

4(λ33)
2 qZ2

+
(2S13+S44)

2λ33
qZ4 + 6

bλ33
MZ2 − 3(2S13+S44)

20λ33
qZ2] − d33d33[− 1

2λ33
qZ4

+ 3
4λ33

qZ2 − 1
2λ33

qZ] − d33d15[
1

2λ33
qZ2 + 1

2λ33
qZ4 − 3

4λ33
qZ2] + G0(X)

(A34)
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and

u = −2qX3Z− 6
b
PX2Z + 2(2S13 + S44)qXZ3 + 12

b
MXZ− 3(2S13+S44)

10 qXZ

+(d31)
2
[ 2
(λ33)

2 qXZ3 +
2(2S13+S44)

λ33
qXZ3 − 3

10(λ33)
2 qXZ− 3(2S13+S44)

10λ33
qXZ]

+d31d33(− 4
λ33

qXZ3 + 3
5λ33

qXZ) + d31d15(
4
λ33

qXZ3 − 3
5λ33

qXZ) − 2S13qXZ3

+ 3
2 S13qXZ− S13

q
2 X − d31d31[− 2

λ33
qX3Z− 6

bλ33
PX2Z + 2

(λ33)
2 qXZ3 − 1

2(λ33)
2 qXZ

+
2(2S13+S44)

λ33
qXZ3 + 12

bλ33
MXZ− 3(2S13+S44)

10λ33
qXZ] − d31d33[− 2

λ33
qXZ3

+ 3
2λ33

qXZ− 1
2λ33

qX] − d31d15[
1
λ33

qXZ + 2
λ33

qXZ3 − 3
2λ33

qXZ] + G1(Z)

, (A35)

From Equations (5) and (16), one has

−2qX3 + 2
λ33

d31d31qX3 − 6
b
PX2 + 6

bλ33
d31d31PX2 + 12

b
MX + 9

10 S13qX + 12
10 S44qX

+ 1
5(λ33)

2 d31d31qX − 9
10λ33

d31d33qX + 2
5λ33

d31d15qX − 12
bλ33

d31d31MX − d15d15qX +
dG0(X)

dX

= [ 6
b
S13P + 6

b
S44P− 6

bλ33
d33d31P + 6

bλ33
d15d31P]Z2 − 3

2b
S44P− 3

2bλ33
d15d31P− dG1(Z)

dZ = A

, (A36)

where A is an undetermined constant. From Equation (A36), we have⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

dG0(X)
dX = [2q− 2

λ33
d31d31q]X3 + [ 6

b
P− 6

bλ33
d31d31P]X2 + [− 12

b
M− 9

10 S13q− 12
10 S44q

− 1
5(λ33)

2 d31d31q + 9
10λ33

d31d33q− 2
5λ33

d31d15q + 12
bλ33

d31d31M + d15d15q]X + A

dG1(Z)
dZ = [ 6

b
S13P + 6

b
S44P− 6

bλ33
d33d31P + 6

bλ33
d15d31P]Z2 − 3

2b
S44P− 3

2bλ33
d15d31P−A

. (A37)

Integrating Equation (A37), it can be obtained

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

G0(X) = [ 1
2 q− 1

2λ33
d31d31q]X4 + [ 2

b
P− 2

bλ33
d31d31P]X3 + [− 6

b
M− 9

20 S13q− 6
10 S44q

− 1
10(λ33)

2 d31d31q + 9
20λ33

d31d33q− 1
5λ33

d31d15q + 6
bλ33

d31d31M + 1
2 d15d15q]X2 + AX + B

G1(Z) = [ 2
b
S13P + 2

b
S44P− 2

bλ33
d33d31P + 2

bλ33
d15d31P]Z3

+[− 3
2b

S44P− 3
2bλ33

d15d31P−A]Z + C

. (A38)

Thus, we can finally obtain

w = −3S13qX2Z2 − 6
b
S13PXZ2 +

(2S13+S44)
2 S13qZ4 + 6

b
S13MZ2 − 3(2S13+S44)

20 S13qZ2

+S13(d31)
2
[ 1

2(λ33)
2 qZ4 +

(2S13+S44)

2λ33
qZ4 − 3

20(λ33)
2 qZ2 − 3(2S13+S44)

20λ33
qZ2] − S33

2 qZ4

+S13d31d33(− 1
λ33

qZ4 + 3
10λ33

qZ2) + S13d31d15(
1
λ33

qZ4 − 3
10λ33

qZ2) + 3
4 S33qZ2 − S33

q
2 Z

−d33d31[− 3
λ33

qX2Z2 − 6
bλ33

PXZ2 + 1
2(λ33)

2 qZ4 − 1
4(λ33)

2 qZ2 +
(2S13+S44)

2λ33
qZ4 + 6

bλ33
MZ2

− 3(2S13+S44)

20λ33
qZ2] − d33d33[− 1

2λ33
qZ4 + 3

4λ33
qZ2 − 1

2λ33
qZ] − d33d15[

1
2λ33

qZ2 + 1
2λ33

qZ4

− 3
4λ33

qZ2] + [ 1
2 q− 1

2λ33
d31d31q]X4 + [ 2

b
P− 2

bλ33
d31d31P]X3 + [− 6

b
M− 9

20 S13q− 6
10 S44q

− 1
10(λ33)

2 d31d31q + 9
20λ33

d31d33q− 1
5λ33

d31d15q + 6
bλ33

d31d31M + 1
2 d15d15q]X2 + AX + B

(A39)
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and

u = −2qX3Z− 6
b
PX2Z + 2(2S13 + S44)qXZ3 + 12

b
MXZ− 3(2S13+S44)

10 qXZ− 2S13qXZ3

+(d31)
2
[ 2
(λ33)

2 qXZ3 +
2(2S13+S44)

λ33
qXZ3 − 3

10(λ33)
2 qXZ− 3(2S13+S44)

10λ33
qXZ] − S13

q
2 X

+d31d33(− 4
λ33

qXZ3 + 3
5λ33

qXZ) + d31d15(
4
λ33

qXZ3 − 3
5λ33

qXZ) + 3
2 S13qXZ

−d31d31[− 2
λ33

qX3Z− 6
bλ33

PX2Z + 2
(λ33)

2 qXZ3 − 1
2(λ33)

2 qXZ +
2(2S13+S44)

λ33
qXZ3

+ 12
bλ33

MXZ− 3(2S13+S44)

10λ33
qXZ] − d31d33[− 2

λ33
qXZ3 + 3

2λ33
qXZ− 1

2λ33
qX]

−d31d15[
1
λ33

qXZ + 2
λ33

qXZ3 − 3
2λ33

qXZ] + [ 2
b
S13P + 2

b
S44P− 2

bλ33
d33d31P

+ 2
bλ33

d15d31P]Z3 + [− 3
2b

S44P− 3
2bλ33

d15d31P−A]Z + C

. (A40)

Substituting Equations (A39) and (A40) into Equation (24), we have

A = −[2q− 2
λ33

d31d31q] l3
h3 − [ 6

b
P− 6

bλ33
d31d31P] l2

h2 − [− 12
b

M− 9
10 S13q− 6

5 S44q

− 1
5(λ33)

2 d31d31q + 9
10λ33

d31d33q− 2
5λ33

d31d15q + 12
bλ33

d31d31M + d15d15q] l
h

, (A41)

B = [ 3
2 q− 3

2λ33
d31d31q] l4

h4 + [ 4
b
P− 4

bλ33
d31d31P] l3

h3 − [ 6
b
M + 9

20 S13q + 6
10 S44q

+ 1
10(λ33)

2 d31d31q− 9
20λ33

d31d33q + 1
5λ33

d31d15q− 6
bλ33

d31d31M− 1
2 d15d15q] l2

h2

, (A42)

and

C = S13
q
2

l
h
− 1

2λ33
d31d33q

l
h

. (A43)

From Equations (16), (A41), (A42), and (A43), Equations (A39) and (A40) can be transformed into

w = −3s13q 1
h3 x2z2 − 6

b s13P 1
h3 xz2 +

(2s13+s44)
2s11

s13q 1
h3 z4 + 6

b s13
M
h3 z2 − 3(2s13+s44)

20s11
s13q 1

h z2

+ λ11

2(λ33)
2

s13
s11

(d31)
2q 1

h3 z4 +
(2s13+s44)s13

2λ33(s11)
2 q(d31)

2 1
h3 z4 − 3λ11s13

20(λ33)
2s11

(d31)
2q 1

h z2 − s33
2 qz

− 3(2s13+s44)

20λ33(s11)
2 s13(d31)

2q 1
h z2 − s13

λ33s11
d31d33q 1

h3 z4 +
3s13

10λ33s11
d31d33q 1

h z2 − s33
2 q 1

h3 z4

+
s13
λ33s11

d31d15q 1
h3 z4 − 3s13

10λ33s11
d31d15q 1

h z2 + 3s33
4 q 1

h z2 + 3
λ33

d33d31q 1
h3 x2z2

+ 6
bλ33

d33d31
P
h3 xz2 − λ11

2(λ33)
2 d33d31q 1

h3 z4 + λ11

4(λ33)
2 d33d31q 1

h z2 − 6
bλ33

d33d31
M
h3 z2

− (2s13+s44)
2λ33s11

d33d31q 1
h3 z4 +

3(2s13+s44)
20λ33s11

d33d31q 1
h z2 + 1

2λ33
d33d33q 1

h3 z4

− 3
4λ33

d33d33q 1
h z2 + 1

2λ33
d33d33qz− 1

2λ33
d33d15q 1

h z2 − 1
2λ33

d33d15q 1
h3 z4

+ 3
4λ33

d33d15q 1
h z2 + [ 1

2 qs11 − 1
2λ33

d31d31q] 1
h3 x4 + [ 2

b
P
h s11 − 2

bλ33
d31d31

P
h ]

1
h2 x3

+[− 6
b

M
h2 s11 − 9

20 s13q− 6
10 s44q− λ11

10(λ33)
2 d31d31q + 9

20λ33
d31d33q− 1

5λ33
d31d15q

+ 6
bλ33

d31d31
M
h2 +

1
2λ11

d15d15q] 1
h x2 −

{
[2qs11 − 2

λ33
d31d31q] l3

h3 + [ 6
b

P
h s11

− 6
bλ33

d31d31
P
h ]

l2
h2 + [− 12

b
M
h2 s11 − 9

10 s13q− 6
5 s44q− λ11

5(λ33)
2 d31d31q + 9

10λ33
d31d33q

− 2
5λ33

d31d15q + 12
bλ33

d31d31
M
h2 +

1
λ11

d15d15q] l
h

}
x + [ 3

2 qs11 − 3
2λ33

d31d31q] l4
h3

+[ 4
b

P
h s11 − 4

bλ33
d31d31

P
h ]

l3
h2 − [ 6

b
M
h2 s11 +

9
20 s13q + 6

10 s44q + λ11

10(λ33)
2 d31d31q

− 9
20λ33

d31d33q + 1
5λ33

d31d15q− 6
bλ33

d31d31
M
h2 − 1

2λ11
d15d15q] l2

h

(A44)
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and
u = −2qs11

1
h3 x3z− 6

b
P
h3 s11x2z + 2(2s13 + s44)q 1

h3 xz3 + 12
b

M
h3 s11xz + 3

2 s13q 1
h xz

− 3(2s13+s44)
10 q 1

h xz + 2λ11

(λ33)
2 (d31)

2q 1
h3 xz3 +

2(2s13+s44)
λ33s11

(d31)
2q 1

h3 xz3 − s13
q
2 x

− 3λ11

10(λ33)
2 (d31)

2q 1
h xz− 3(2s13+s44)

10λ33s11
(d31)

2q 1
h xz− 4

λ33
d31d33q 1

h3 xz3 − 1
2λ33

d31d33ql

+ 3
5λ33

d31d33q 1
h xz + 4

λ33
d31d15q 1

h3 xz3 − 3
5λ33

d31d15q 1
h xz− 2s13q 1

h3 xz3

+ 2
λ33

d31d31q 1
h3 x3z + 6

bλ33
d31d31

P
h3 x2z− 2λ11

(λ33)
2 d31d31q 1

h3 xz3 + 1
2λ33

d31d33qx

+ λ11

2(λ33)
2 d31d31q 1

h xz− 2(2s13+s44)
λ33s11

d31d31q 1
h3 xz3 − 12

bλ33
d31d31

M
h3 xz

+
3(2s13+s44)

10λ33s11
d31d31q 1

h xz + 2
λ33

d31d33q 1
h3 xz3 − 3

2λ33
d31d33q 1

h xz + s13
q
2 l

− 1
λ33

d31d15q 1
h xz− 2

λ33
d31d15q 1

h3 xz3 + 3
2λ33

d31d15q 1
h xz + [ 2

b s13
P
h + 2

b s44
P
h

− 2
bλ33

d33d31
P
h + 2

bλ33
d15d31

P
h ]

1
h2 z3 +

{
− 3

2b s44
P
h − 3

2bλ33
d15d31

P
h + [2qs11

− 2
λ33

d31d31q] l3
h3 + [ 6

b
P
h s11 − 6

bλ33
d31d31

P
h ]

l2
h2 + [− 12

b
M
h2 s11 − 9

10 s13q− 6
5 s44q

− λ11

5(λ33)
2 d31d31q + 9

10λ33
d31d33q− 2

5λ33
d31d15q + 12

bλ33
d31d31

M
h2 +

1
λ11

d15d15q] l
h

}
z

. (A45)

Similarly, the expression of stress components can be obtained

σx = −6q 1
h3 x2z− 12

b
P
h3 xz + [

2(2s13+s44)
s11

q 1
h3 +

2λ11

s11(λ33)
2 (d31)

2q 1
h3 − 4

λ33s11
d31d33q 1

h3

+
2(2s13+s44)

λ33(s11)
2 (d31)

2q 1
h3 +

4
λ33s11

d31d15q 1
h3 ]z3 + [ 12

b
M
h3 − 3(2s13+s44)

10s11
q 1

h

− 3λ11

10s11(λ33)
2 (d31)

2q 1
h − 3(2s13+s44)

10λ33(s11)
2 (d31)

2q 1
h + 3

5λ33s11
d31d33q 1

h − 3
5λ33s11

d31d15q 1
h ]z

, (A46)
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and
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The expressions of electric displacement components are
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Abstract: This article shows how four-dimensional (4D) printing technology can engineer adaptive
metastructures that exploit resonating self-bending elements to filter vibrational and acoustic
noises and change filtering ranges. Fused deposition modeling (FDM) is implemented to
fabricate temperature-responsive shape-memory polymer (SMP) elements with self-bending features.
Experiments are conducted to reveal how the speed of the 4D printer head can affect functionally
graded prestrain regime, shape recovery and self-bending characteristics of the active elements. A 3D
constitutive model, along with an in-house finite element (FE) method, is developed to replicate
the shape recovery and self-bending of SMP beams 4D-printed at different speeds. Furthermore,
a simple approach of prestrain modeling is introduced into the commercial FE software package
to simulate material tailoring and self-bending mechanism. The accuracy of the straightforward
FE approach is validated against experimental observations and computational results from the
in-house FE MATLAB-based code. Two periodic architected temperature-sensitive metastructures
with adaptive dynamical characteristics are proposed to use bandgap engineering to forbid specific
frequencies from propagating through the material. The developed computational tool is finally
implemented to numerically examine how bandgap size and frequency range can be controlled and
broadened. It is found out that the size and frequency range of the bandgaps are linked to changes in
the geometry of self-bending elements printed at different speeds. This research is likely to advance
the state-of-the-art 4D printing and unlock potentials in the design of functional metastructures for
a broad range of applications in acoustic and structural engineering, including sound wave filters
and waveguides.

Keywords: 4D printing; metastructure; shape-memory polymers; wave propagation; finite element
method; bandgap

1. Introduction

In order to survive in variable environments and keep their performance, natural materials have
evolved to be active and adaptive, retaining functions across a range of stresses or strains or changing
thermomechanical properties in response to external stimuli like light, temperature or moisture [1].
Several active materials have been developed to mimic the unique properties of natural materials and
adaptive structures [2]. Among these active materials, shape-memory polymers (SMPs) have attracted
much attention due to their lower density, higher recoverable strain of up to 400%, lower cost, simple
shape programming procedure, and excellent controllability over the recovery temperature [3,4].
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In the recent two decades, three-dimensional (3D) printing technology, also known as additive
manufacturing (AM), has gained considerable attention as an advanced manufacturing technique
that can create complex objects through depositing materials in a layer-by-layer manner [5–9]. With
the introduction of active materials, 3D printing approaches have shown excellent potential for
the fabrication of adaptive structures, namely four-dimensional (4D) printed structures, with the
capability of reshaping their configuration and changing their properties over time [10–12]. For
the first time, Tibbits [13] experimentally demonstrated how 4D-printed objects could transform
over time and perform self-assemblies. While 3D printing methods can be used to fabricate static
structures, 4D printing methods allow the fabrication of dynamically reconfigurable architectures
with desired functionality and responsiveness. Considering a specific application, 4D-printed objects
can be designed to respond to environmental stimuli and external triggers such as humidity, light,
heat, and electric or magnetic fields [14–16]. For example, by 4D printing temperature-sensitive
SMPs, Bodaghi et al. [17] introduced adaptive metamaterials with the capability of 1D/2D-to-2D/3D
shape-shifting through self-folding and/or self-coiling. Wang et al. [18] introduced a novel 4D printing
technology of composites with continuous embedded fibers for which the programmable deformation
was caused by the difference in coefficient of thermal expansion between continuous fibers and flexible
matrix. Zhang et al. [19] 4D-printed lightweight structures with self-folding/unfolding performances
when exposed to a certain temperature. Also, Zhao et al. [20] 4D-printed SMPs by stereolithography
of photopolymers. Fold-deploy test and shape-memory cycle measurements proved a high shape
recovery rate, shape fixity, and recovery of the printed objects. Zolfagharian et al. [21] achieved
controlled bending in a commercial prestrained SMP film by using different 4D-printed patterns and a
number of layers. The photothermal stimulus was used to induce differential shrinking through the
thickness of the actuator hinge. Recently, Wu et al. [10] designed a new 4D printable acrylate-based
photosensitive resin prepared for digital light processing. They also investigated the influence of
crosslinker concentration on the shape memory and mechanical properties.

Acoustic metamaterials are a new class of architected materials designed to control, direct,
and manipulate waves through the material. Wave propagation in periodic metamaterials has
been investigated broadly. Research works have revealed that these architected structures can be
designed to gain desirable dispersion performance [22], lightweight structures [23], and excellent
energy absorbers [24] by arranging unit cells in periodic repetition. The dispersion performance
may present stop-band and pass-band frequency ranges as well. Phani et al. [25] introduced a
computational procedure to find bandgaps by using Floquet–Bloch principles. Matlack et al. [26]
fabricated metastructures by combining 3D printing polycarbonate lattices with steel cubes assembling.
They showed that the value of bandgap could be varied by changing the lattice geometry and
structural stiffness. By using deployable structures composed of beams and torsion springs, Nadda
and Karami [27] showed that wave transmission characteristics could be tuned by modulating the
fold angle. By combining a periodic lattice and locally-resonant inclusions with different temperature
dependency, Nimmagadda and Matlack [28] proposed a metastructure that can tune the bandgaps
under thermal stimuli.

The main objective of this research is to show how 4D printing technology can be used to
engineer adaptive metastructures with the ability to control elastic wave propagation. Such structure
is essential in vibration mitigation and acoustic attenuation. Inspired by thermomechanics of SMPs
and the potential of fused deposition modeling (FDM) in 4D printing self-bending elements, adaptive
functionally graded (FG) beams are fabricated. It is shown, experimentally and numerically, how
4D printing speed can control shape recovery and self-bending features of active elements. A 3D
constitutive model, along with an in-house finite element (FE) code programmed in MATLAB software,
is developed to replicate shape recovery of FG active elements 4D-printed at four different printing
speeds. Afterward, a simple approach, along with the commercial FE software package of COMSOL
Multiphysics, is introduced to simulate the material tailoring in the 4D printing stage and self-bending
of active SMP elements. The accuracy and simplicity of the straightforward FE approach implemented
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in commercial FE software are assured via comparative studies with experimental data and numerical
results from the in-house FE MATLAB-based code. Two periodic architected temperature-sensitive
metastructures with adaptive dynamical characteristics are conceptually proposed. Their dynamic
behaviors during heating–cooling processes are numerically studied in detail. Adaptive wave
propagation (pass-band and stop-band), desired dynamic performance, and vibration manipulation
are numerically demonstrated to be some of the unique characterizations of these metastructures.
Computational studies reveal that, while the bandgaps in these metastructures are induced by the
self-bending mechanism, their crucial feature is that the bandgap size and frequency range can be
controlled and broadened through local resonances linked to changes in the structural geometry.
The material/structural formulation, concepts, and results provided in this article are expected to be
instrumental towards 4D printing adaptive metastructures for a broad range of applications, including
structural vibration absorption, waveguiding, and noise mitigation.

2. Conceptual Design

2.1. Four-Dimensional Printing SMPs

In this section, by understanding the shape-memory effect (SME) and FDM technology, the FG 4D
printing concept for designing adaptive structures is introduced. Temperature-sensitive SMPs are a
class of smart materials that can recover their original shape from a temporary programmed shape by
heating. In the programming step, the material, initially in a strain/stress-free state at a temperature
lower than the transition temperature (T < Tg), is firstly heated up to Th that is higher than transition
temperature (Tg < Th). The material that is stable at the rubbery phase is then loaded and held fixed
while being cooled down to Tl, which is less than the transition temperature (Tl < Tg). By removing
the constraints, an inelastic strain, so-called prestrain, remains in the material and forms an irregular
shape. The material is in a free-stress state at this stage. In the shape recovery process, the SMP is
heated to recover its original shape, which is known as free strain recovery, and finally is cooled back
to the low temperature.

FDM technology, as a filament-based material-extrusion 3D printing method, applies a similar
thermomechanical process on the material during the fabrication. Therefore, it may have the potential
to fabricate 4D SMP architectures along with the shape programming. Figure 1 depicts a schematic of
FDM technology. At first, the material is heated inside the liquefier up to Tln, which is higher than the
transition temperature (Tg), and then forced out of the nozzle and deposited onto the platform by the
4D printer head moving at speed Sp. In this step, the material is stretched similar to the heating–loading
process of the SMP programming step that induces the prestrain. Therefore, the printing speed may
affect the prestrain value. It would be sensible that greater speed produces more significant mechanical
loading, hence inducing greater prestrain. After deposition, the printed layer cools and solidifies in
the same manner as the cooling step in the programming process. After 4D printing the layer, the
platform moves downward, and the 4D printer head proceeds to deposit the following layer. The
programming procedure is finalized by mechanical unloading through removing the printed object
from the build tray.

The thermal/surface boundary condition between the 4D-printed layers may affect the
through-the-thickness prestrain regime. For instance, while the first printing layer is deposited
on the stiff and rough build tray, other layers above it are laid on the previously printed polymeric
layers. Therefore, material and surface conditions may affect bonding and stretching conditions,
reducing the first layer prestrain. The first layer is expected to show the lowest prestrain value. By
printing the second layer, the first layer is partially reheated, and this extra heat may reduce the prestrain
value. In other words, the first layer and layers above it, except the end layer, are always reheated, and
their prestrain value is decreased. Since the last layer never gets any extra heat, it is expected to have
the maximum prestrain. It may be concluded that the prestrain regime may have an increasing trend
through the thickness upward from the lower to the upper layer. This additive manufacturing process
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can be called FG 4D printing as the material is programmed during the fabrication in the same manner
as an FG material.

Figure 1. A schematic of the fused deposition modeling (FDM) method.

2.2. Material Behaviors

In this research, we used the polylactic acid (PLA) filament with a diameter of 1.75 mm and glass
transition temperature of 65 ◦C. Objects were fabricated using a 3Dgence DOUBLE printer developed
by 3Dgence. This is a low-cost desktop 3D printer that extrudes 1.75 mm filaments with a 0.4 mm
nozzle. The 3Dgence Slicer software was used to produce G-code files from STL files and command and
control parameters of liquefier temperature and printing speed. Beam-like elements were 4D-printed
with dimensions of (30 × 1.6 × 1) mm for length, width, and thickness, respectively. Each printing
layer was considered to have a 0.1 mm thickness. The print raster was assumed to be along the
length direction. The temperature of the liquefier, build tray, and chamber were set 210, 24, and 24 ◦C,
respectively. In all the 4D printings, unless otherwise stated, the printing speed was set to 5 mm/s in
which the printer does not induce any prestrains in the materials.

Dynamic-mechanical analyzer (DMA, Q800, TA Instruments, New Castle, DE, USA) was first
implemented to determine the temperature-dependent mechanical properties of 3D-printed PLAs.
DMA test was conducted in an axial tensile way with the frequency of force oscillation 1 Hz and
heating rate 5 ◦C/min ranging from 30 to 93 ◦C. The applied dynamic stress was 1.5 times the static
stress. Further, the thermomechanical behavior of the 4D-printed sample in terms of storage modulus,
Es, and phase lag, tan(δ), is shown in Figure 2. It is seen that the storage modulus is reduced drastically
as the material is heated to 60 ◦C. It is also observed that the phase lag graph peaks at 65 ◦C, which is
assumed to be the glass transition temperature.

Five beam-like elements were 4D-printed at five different speeds (Sp = 5, 10, 20, 40, 70 mm/s).
Figure 3 shows the beam configuration after 4D printing. After 4D printing, five samples were heated
by dipping into the hot water with a prescribed temperature of 85 ◦C (20 ◦C higher than the transition
temperature) and then were cooled down to the room temperature, 24 ◦C. Figure 4 depicts the sample
configuration after the heating–cooling process. As can be seen, samples with a straight temporary
shape may transform into curved beams. This means that the samples may already be programmed
and prestained during the 4D printing process. Figure 4a shows that the sample printed at a low
speed of 5 mm/s does not undergo any changes by heating. This implies that this printing speed is
not enough to produce any prestrains. However, the configuration presented in Figure 4b indicates
that increasing the printing speed to 10 mm/s can cause a slight curvature after heating. Thus, this
speed can be considered as a transient speed. The configuration change could be due to an unbalanced
FG prestrain regime induced through the thickness direction during the 4D printing process. When
dipping the samples into hot water, the unbalanced prestrain, with an increasing trend through the
thickness upward from the lower layer to the upper layer, was recovered, leading to a self-bending
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movement. The mismatch in free-strain recovery inducing curvatures enabled the overall configuration
to change toward the top layer. It is worthwhile to mention that an increase in the 4D printing speed
increased the bending angle and curvature. The faster the 4D printing, the greater the prestrain and
consequently the deformation. Finally, experiments revealed that the FDM 4D printing technology has
high potential in fabricating and programming adaptive objects with self-bending features.

Figure 2. Dynamic-mechanical analyzer (DMA) test for the 3D-printed polylactic acid (PLA).

 

Figure 3. The beam configuration after 4D printing.

(a) (b) 

(c) (d) (c) 

Figure 4. The configuration of the samples 4D-printed at different speeds of (a) 5, (b) 10, (c) 20, (d) 40,
and (e) 70 mm/s after the heating–cooling process.
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3. Theoretical Modeling

The 4D-printed metastructures with adaptive wave propagation feature can be designed based on
the theoretical understanding of the FG programming process and SME of 4D-printed SMP elements.
This section is devoted to developing constitutive models and mathematical formulation to predict
SME and wave propagation in 4D-printed SMPs.

3.1. SMP Model

In this division, a phenomenological constitutive model presented initially in [17,29] is reformulated
to describe shape programming and recovery processes in the 4D-printed structures. Analytical
straightforward closed-form solutions are also derived.

The SMPs consist of two phases, so-called glassy and rubbery phases, which are stable at
temperatures above and below the transition temperature, respectively. As SMPs show a mixture of
glassy and rubbery phases, volume fractions of the rubbery and glassy phases describe the state of
SMPs. The following scalar variables characterize them:

ηg =
Vg

V
ηr =

Vr

V
(1)

where Vg and Vr indicate the volume of the glassy and rubbery phases, respectively. The subscripts ‘g’
and ‘r’ stand for glassy and rubbery phases, respectively, here and henceforth. The change between
these phases is considered to be only a function of temperature as a generally well-known assumption.
It implies that ηg and ηr are just functions of the temperature. Because in every moment the summation
of these parameters must satisfy the unity (ηg + ηr = 1), the volume fraction of the rubbery phase can
be expressed in terms of the glassy one as:

ηr(T) = 1− ηg(T) (2)

Considering experimental results from the DMA test, ηg can explicitly be interpolated by a
hyperbolic function as [17,29]:

ηg =
tanh(a1Tg − a2T) − tanh(a1Tg − a2Th)

tanh(a1Tg − a2Th) − tanh(a1Tg − a2Tl)
(3)

in which a1anda2 are determined by adjusting the DMA curve.
The glassy and rubbery phases in SMPs are assumed to be linked in series, i.e., σ = σg = σr, where

σ denotes the stress. Considering the fact that the 4D-printed objects may experience small strains
and moderately large rotations, a small strain regime is assumed. Consequently, an additive strain
decomposition is adopted as:

ε = ηgεg + (1− ηg)εr + εin + εth (4)

where ε denotes the total strain while εg and εr designate the strains of the glassy and rubbery phases,
respectively. Also, εin is the inelastic strain due to the SMP phase transformation, while εth indicates the

thermal strain that can be expressed as εth =
∫ T

T0

(
αr + (αg − αr) ηg(T)

)
dT in which αr and αg denote

thermal expansion in rubbery and glassy phases, respectively, and T0 is the reference temperature.
Next, εin, associated with the glassy–rubbery phase transformation mechanism, will be formulated.

During the cooling step, the rubbery phase changes into the glassy one, and its strain is stored in the
SMP material. The strain storage is assumed to be proportional to ηg based on the rubbery phase strain.
In the heating step, the stored strain is assumed to be released gradually, proportional to ηg concerning
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the preceding glassy phase and strain storage. Therefore, εin can mathematically be formulated in a
rating format as:

.
εin =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
.
ηg εr

.
T < 0

.
ηg
ηg
εin

.
T > 0

(5)

By considering ε and T as external control variables and εg, εr, εin, and ηg as internal variables,
introducing Helmholtz free energy density functions, implementing the second law of thermodynamics
in the sense of the Clausius–Duhem inequality, and following a standard argument [30], the stress
state can be obtained as:

σ = σg = σr (6)

This equation is consistent with the taken assumption that the stress in each phase is equal in the
series model. The glassy- and rubbery-phase stresses are also derived as:

σg = Cgεg , σr = Crεr (7)

in which C signifies the elasticity stiffness matrix defined as:

C =
E

(1 + ν)(1− 2ν)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1− ν ν ν 0 0 0
ν 1− ν ν 0 0 0
ν ν 1− ν 0 0 0

0 0 0 (1−2ν)
2 0 0

0 0 0 0 (1−2ν)
2 0

0 0 0 0 0 (1−2ν)
2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(8)

where E and v denote Young’s modulus and Poisson’s ratio, respectively. The stress–strain relationship
can be derived by substituting Equation (7) into Equation (4) as:

σ = (Sr + ηg(Sg − Sr))
−1(ε− εin − εth) (9)

where S indicates the compliance matrix defined as C−1.
From a numerical viewpoint, the nonlinear SMP behaviors can be treated in an explicit time-discrete

stress/strain-temperature-driven framework. The time domain [0, t] is discretized into increments,
and the evolution equation is solved over the local band [tn, tn+1]. The superscript n + 1 shows the
current step, while the superscript n denotes the previous step. The inelastic strain can be computed
by applying the linearized implicit backward-Euler integration method to the flow rule (5) as:

εn+1
in =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
εn

in + Δηn+1
g εn+1

r
.
T < 0

εn
in +

Δηn+1
g

ηn+1
g
εn+1

in

.
T > 0

(10)

where
Δηn+1

g = ηn+1
g − ηn

g (11)

By using Equations (7) and (9) to substitute the rubbery strain and the stress, and performing
some mathematical simplifications, εin defined in (10) can be updated for cooling and heating steps in
stress and strain control ways as:

Cooling:

stress control mode→ εn+1
in = εn

in + Δηn+1
g Sn+1

r σn+1 (12)

strain control mode→ εn+1
in = (I + Δηn+1

g Sn+1
r Cn+1

e )
−1

(εn
in + Δηn+1

g Sn+1
r Cn+1

e (εn+1 − εn+1
th )) (13)
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Heating:

εn+1
in =

ηn+1
g

ηn
g
εn

in (14)

Finally, by considering updated inelastic strain, the stress–strain constitutive Equation (9) can be
discretized and unified for heating and cooling processes as:

σn+1 = Cn+1
D (εn+1 − ςεn+1

in − εn+1
th ) (15)

where the so-called unified stiffness matrix CD and parameter ς for cooling and heating processes are
defined as: ⎧⎪⎪⎪⎨⎪⎪⎪⎩

Cn+1
D = (I + Δηn+1

g Sn+1
r Cn+1

e )
−1

Cn+1
e , ς = 1

.
T < 0

Cn+1
D = Ce, ς =

ηn+1
g
ηn

g

.
T > 0

(16)

3.2. Wave Propagation Model

The wave propagation analysis of the architected periodic structures can be carried out by using
the Bloch’s theorem for local resonance. Based on this theory, the displacement of each node in a
chosen unit cell in the region of a periodic structure depends only on the displacement field of the

equal node in the reference unit cell (
→
URef
(→

r
)
). The formulation of this theorem is implemented to

solve the equations of motion in the periodic boundary conditions. This concept is stated as [31]:

→
U
(→

r +
→
R, t
)
=
→
URef
(→

r
)

exp
(
i
[→
κ .(
→
r +

→
R) −ωt

])
(17)

where
→
r and

→
R are position and lattice vectors, respectively. Also, the Bloch wave vector

→
κ in the

2D periodicity is considered as
→
κ =

(
κx,κy

)
, where κx and κy denote the phase constants which are

measures of the phase variations over one unit cell in two directions of the periodicity (X–Y). Also,
ω and t refer to frequency and time, respectively. As illustrated in Figure 5, the periodicity in two
directions is defined by the direct vectors

→
a x and

→
a y. Hence, the lattice vector is described as:

→
R = nx

→
a x + ny

→
a y , nx, ny = 0,±1,±2, · · · (18)

 

Figure 5. Direct vectors in a periodic model.
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Since the Bloch wave vector varies in the Brillouin zone, the procedures to calculate reciprocal

vectors and the first Brillouin zone are explained. Equation (19) formulates the reciprocal vectors
→
b x

and
→
b y as [32]: ⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

→
b x = 2π∣∣∣∣→a x×→a y

∣∣∣∣
[

ayY
−ayX

]
→
b y = 2π∣∣∣∣→a x×→a y

∣∣∣∣
[ −axY

ayX

] (19)

where (axX, axY) and
(
ayX, ayY

)
are components of direct vectors

→
a x and

→
a y along the X- and Y-directions,

respectively. The first Brillouin zone (FBZ) and irreducible Brillouin zone (IBZ) are depicted in Figure 6.
The IBZ is the smallest part of the FBZ representing all the high-symmetry points in which the wave
propagation is analyzed [33].

Figure 6. First Brillouin zone (FBZ, dashed square) and irreducible Brillouin zone (IBZ, colored triangle).

In this research, numerical simulations have been produced by employing an FE software. Each
unit cell is discretized into finite elements. The dispersion relation is an eigenvalue problem that is
solved By COMSOL Multiphysics 4.3. The problem has three unknown parameters (κx, κy, and ω) in
which the wave vectors are examined in the IBZ (G-X-M-G), and the problem is determined to calculate
the eigenfrequencies. Convergence studies of the mesh size have also been performed to achieve the
converged results accurately to three significant digits.

3.3. FE Solution

3.3.1. In-House FE Code

In order to replicate thermomechanical behaviors of FG 4D-printed elements, a Ritz-based FE
solution is developed in MATLAB software. A 3D 20-node quadratic serendipity hexahedron element
is considered in this problem. It has 20 nodes so that 8 corner nodes are augmented with 12 side nodes
located at the side center. The element also has 3 degrees of freedom per node (ui, i = 1, 2, 3). More
details on the FE solution and numerical programming can be found in [17].

3.3.2. COMSOL Multiphysics FE Modeling

In this section, thermomechanical behaviors of 4D-printed samples are analyzed by implementing
a simple method in COMSOL Multiphysics software. For this purpose, by using the DMA test data,
the temperature-dependent Young’s modulus is implemented in the COMSOL Multiphysics. Table 1
shows the dependency of Young’s modulus on the temperature.

Table 1. The temperature-dependent Young’s modulus from the DMA test.

T (◦C) 30 40 50 60 70 80 90

E (MPa) 3350 3280 3166 2554 48 18 14
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As described already, during 4D printing, a prestrain that varies through the thickness is induced
in the object producing an FG structure. For modeling 4D-printed structures in COMSOL Multiphysics,
the object can be divided into multiple sections with variable thermal expansion. In this study, the
4D-printed beam-like structures are divided into six sections. Figure 7 illustrates a discretized form of
a printed beam with different thermal expansion coefficients.

Figure 7. Discretized 4D-printed sample.

The thermal expansion of each layer is chosen to replicate a configuration similar to the experiments
as depicted in Figure 4 for a specific printing speed. Table 2 indicates the thermal expansion coefficient
assumed for each layer.

Table 2. The thermal expansion coefficient of each layer for different printing speeds.

αi (1/◦C)
Sp (mm/s)

10 20 40 70

α1 −0.0006 −0.0016 −0.0018 −0.00252
α2 −0.0004 −0.0014 −0.0016 −0.00222
α3 −0.0002 −0.0011 −0.0013 −0.0022
α4 −0.00009 −0.0008 −0.0011 −0.00172
α5 −0.00007 −0.0006 −0.0008 −0.00152
α6 −0.00005 −0.0004 −0.0005 −0.00122

A relationship between thermal expansion coefficients and printing speed can be formulated as:

αi = C1 S3
P + C2 S2

P + C3 SP + C4 10 ≤ SP ≤ 70 (20)

where C1, C2, and C3 are constants defined for each layer in Table 3.

Table 3. The constant of thermal expansion interpolation function for each printing layer.

Layer Coefficient

C1 (10−8) C2 (10−6) C3(10−3) C4 (10−3) R− Square

1 −3.1018 4.125 −0.1845 081 0.9722

2 −3.6 4.739 −0.2039 1.16 0.9824

3 −3.44 4.331 −0.1834 1.198 0.9864

4 −2.2 2.917 −0.135 0.9653 0.9917

5 −1.744 2.159 −0.0097 0.6798 0.989

6 −0.804 0.8966 −0.0051 0.2867 0.9716

Figure 8 shows the deformed configuration obtained from the FE COMSOL Multiphysics
simulation of self-bending 4D-printed beams after the heating–cooling process. In order to characterize
the configuration of the printed samples after the heating–cooling process, three geometric parameters
are considered. For this purpose, we use parameters R1, R2, and R3 which describe the outer length,
opening, and depth of mid surface, respectively, as shown in Figure 8c. In order to determine the
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accuracy and efficiency of the simple method implemented in COMSOL Multiphysics, the geometric
features obtained from the experiments, FE COMSOL Multiphysics, and in-house FE code are compared
in Table 4. It can be concluded that the simulation results of FE COMSOL Multiphysics are in good
agreement with those measured from experiments and calculated by the in-house FE solution. This
way, the reliability and accuracy of setting variable thermal expansion coefficients in the COMSOL
Multiphysics in replicating the self-bending feature observed in the 4D-printed samples is validated.

 

(a) (b) 

 

(c) (d) 

Figure 8. Finite element (FE) COMSOL Multiphysics simulation of the samples 4D-printed with
different speeds of (a) 10, (b) 20, (c) 40, and (d) 70 mm/s after the heating–cooling process.

Table 4. The geometric parameters of the beam-like 4D structures after the heating–cooling process.

Method Sp (mm/s) R1(mm) R2(mm) R3(mm)

Experiment

10 29.8 28.2 3.1

20 29.3 19 8.3

40 29.1 16.3 9.2

70 29.0 7.1 10.5

FE COMSOL
Multiphysics

10 29.7 28.3 3.2

20 29.4 19.1 8.4

40 29.2 16.2 9.1

70 28.9 7.0 10.4

In-house FE
method

10 29.9 28.3 3.0

20 29.1 19.2 8.4

40 29.4 16.3 9.2

70 29.2 7.2 10.3

3.4. Periodic Structural Design

In this section, two periodic architected metastructures with adaptive dynamical characteristics
are conceptually proposed. These metastructures are made of passive mainframes printed at a low
speed so that no prestrain is induce, and active beam-like members printed at high speed with
induced prestrains and self-folding features. They have the potential to be 4D-printed by setting
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different printing speeds for two nozzles. The PLA material as characterized in Sections 2.2 and 3.3 are
considered for 4D printing. The passive main frame of the metastructure is printed at a low speed
such as 5 mm/s, while active elements with self-bending features are fabricated with three different 4D
printing speeds. Different arrangements have been designed, and their dynamic performance has been
examined numerically. Two metastructures have shown a high dynamic performance that will further
be examined numerically in the next section. The first adaptive structure consists of active elements
connected in parallel and diagonal to the frame, while the second adaptive structure consists of active
elements connected in parallel with the frame. For convenience, they are called diagonal and parallel
metastructures, respectively. Figure 9 shows the designed structures in which yellow and blue colors
signify active and passive elements, respectively.

(a) (b) 

Figure 9. Periodic metastructures with active and passive components: (a) diagonal structure;
(b) parallel structure (the red dashed oval shows the fixed-fixed beam used for the frequency
normalization).

4. Results and Discussion

Periodic active structures are associated with granting propagating and bandgap ranges. In the
propagating frequency ranges, the elastic wave propagation is done in all directions, but the bandgap
represents a frequency range where the elastic wave propagation is stopped. In this section,
COMSOL-based numerical results are presented, revealing how to design adaptive periodic structures
with the ability to optimize the dynamical functionality without embedding any additional resonating
components. Since it is difficult to actuate all mode shapes in experimental studies, experimental
works have been considered in-plane or out-of-plane mode shapes only. However, in the present
numerical study, a 3D dynamic case is investigated by FE COMSOL Multiphysics, and all modes of
vibrations (i.e., bending, torsion, and elongation) can be measured without any limitation.

In order to verify the FE simulation, the bandgap of a triangular structure is simulated, as shown
in Figure 10, and compared with the results of [25]. It is seen that there is an excellent agreement
between the dispersion curves from the FE simulation and [25].

Eigenfrequencies of adaptive periodic structures, as shown in Figure 9, are computed by imposing
periodic boundary conditions in different elastic wave vectors which are estimated based on IBZ
detailed in the previous section. These eigenfrequencies are finally normalized against Ω = ω/ω0, in

which ω0 = 22.4
√

EI/(mL4
0) is the first natural frequency of a fixed-fixed single beam, as shown in

Figure 9a. The dispersion diagram and some out-of-plane mode shapes of the diagonal metastructure
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are illustrated in Figure 11, whereas the mode shapes are depicted in high symmetry points (G, X, or
M). As can be seen, there is a wide bandgap (gray square) in the range of Ω = 1.902− 2.043 which is
4.68% of the frequency ranging between 0 and 3. As shown in Figure 11, the cause of bandgap in this
range is the resonance of active parts. Further, there is a flat eigenfrequency before the bandgap which
helps to assure its local resonance nature.

 

(a) (b) 

Figure 10. Verification of the band structure of the triangular topology: (a) the current study;
(b) Ref. [25].

 

Figure 11. Band structure and mode shapes of the diagonal metastructure.

The configuration of the diagonal structure after the heating–cooling process for three printing
speeds of active elements is illustrated in Figure 12. As it is expected, the elements 4D-printed faster
produce more curvature after thermal activation. It is worth mentioning that the heating could also
be another variable to control the curvature. i.e., by partially heating the metastructure with active
elements printed at 70 mm/s speed, configurations become like those of thoroughly heated structures
with active elements printed at 20 and 40 mm/s. Dispersion curves of diagonal structure with active
elements of different 4D printing speeds after the heating–cooling process are depicted in Figures 13–15.
Comparing the results presented in Figures 11 and 13 reveal that the bandgap area is adapted from
Ω = 1.902− 2.043 to Ω = 1.751− 1.812, and the expanse of the bandgap area decreases from 4.68% to
2.01% as well. This phenomenon shows the significant effect of the self-bending feature on the locally
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resonant filtration. As can be seen, the functional range changes by tuning the 4D printing speed of
active elements.

(a) (b) (c) 

Figure 12. The configuration of adaptive periodic diagonal metastructure after heating–cooling process
for three different printing speeds: (a) 20, (b) 40, and (c) 70 mm/s.

 

Figure 13. Band structure and mode shapes of the diagonal structure with active elements printed at
20 mm/s after the heating–cooling process.

Figure 14. The counterpart of Figure 12 for 40 mm/s.
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Figure 15. The counterpart of Figure 12 for 70 mm/s.

Figures 13 and 14 reveal that increasing the 4D printing speed from 20 to 40 mm/s does not
affect the bandgap range much, changes the stop-band area from 2.01% to 2.07%, and moves the
range of bandgap to Ω = 1.801− 1.863. However, Figures 12c and 15 show an interesting point: after
heating–cooling of the diagonal metastructure with the printing speed of 70 mm/s, the whole stop-band
area is vanished, and this model allows all the frequencies in the range of 0–3 times of reference
frequency to pass. Also, the mode shapes of the structure in some of the high symmetry points and
before the bandgap area are depicted in Figure 13. The results presented in Figures 11–15 imply that
varying 4D printing speed or heating temperature in the diagonal structure changes the dispersion
behaviors significantly and can be manipulated to find an appropriate locally resonant vibration filter.
The phenomenon of bandgap switch caused by changing the natural frequency of the active part in the
periodic structure is diminished by local resonance changing frequency in different printing speeds.

The parallel metastructure, as shown in Figure 9b displays different dispersion behaviors than
the diagonal metastructure (Figure 9a). The dispersion curve for this model is illustrated in Figure 16,
where there is no bandgap area, meaning that this structure allows all elastic waves in the frequency
range of 0 to 3 to pass. Like diagonal metastructures, the active elements of the parallel structure are
also manufactured with three different printing speeds. The configuration of parallel metastructures
after the heating–cooling process is depicted in Figure 17, where parts a–c represent the self-bending
metastructures 4D-printed at the speeds of 20, 40, and 70 mm/s, respectively. Furthermore, the band
structure and mode shapes of parallel structures with self-bending elements of different printing speeds
20, 40, and 70 mm/s after the heating–cooling process are depicted in Figures 18–20, respectively.

As it can be seen in Figures 16 and 18, Figures 19 and 20, the dynamic behaviors of these
metastructures are remarkable such that the bandgap area has an increasing–decreasing trend as the
structure is heated, revealing self-bending features. Figure 18 shows that the actuated metastructure
with self-bending elements 4D-printed at 20 mm/s has a narrow bandgap area in the range of
Ω = 1.945− 1.989 with the amount of 1.48%. However, by using active elements with a higher printing
speed of 40 mm/s, the dynamic behaviors change. It is found that the amount of bandgap area increases
to 12.32%, and the system exhibits stop-bands in multiple frequencies (Figure 19). These ranges are read
as Ω = 2.172− 2.231, Ω = 2.371− 2.505, Ω = 2.421− 2.430, Ω = 2.441− 2.569, and Ω = 2.594− 2.765.
This implies that this design has a better performance than the others. It can be concluded that this
type of 4D-printed architected metastructure has excellent potential in adapting its locally resonant
filters from 0 to a significant value such as 12.32%. These bandgaps are generated by Bragg scattering
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within the medium. In this type of adaptive periodic structure, there is no locally resonant bandgap
and the bandgaps are the Bragg type.

Figure 16. Band structure and mode shapes of the parallel metastructure.

(a) (b) (c) 

Figure 17. The configuration of adaptive periodic parallel metastructure after heating–cooling process
for three different printing speeds: (a) 20, (b) 40, and (c) 70 mm/s.

Figure 18. Band structure and mode shapes of the parallel metastructure with active elements printed
at 20 mm/s after the heating–cooling process.
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Figure 19. The counterpart of Figure 17 for 40 mm/s.

Figure 20. The counterpart of Figure 17 for 70 mm/s.

Finally, the numerical results presented in Figure 20 reveal that by using active elements with a 4D
printing speed of 70 mm/s, the bandgap area vanishes. This means that this metastructure, such as the
structure before heating–cooling, as shown in Figure 16, propagates all the locally resonant vibration
in all directions.

5. Conclusions

This article was aimed at 4D printing adaptive metastructures with locally resonated and
Bragg-type stop-bands. The FDM 4D printing technology was implemented to program shape-memory
elements during the layer-by-layer deposition process in a functionally graded manner. Experiments
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were conducted to explore 1D-to-2D self-bending features characterized in terms of 4D printer head
speed. Boundary value problems were solved to explain thermomechanical mechanisms behind
inducing prestrain during 4D printing and shape recovery after thermal activation. In this respect,
a straightforward approach was introduced and implemented into the commercial FE software
package of COMSOL Multiphysics, which is much simpler than writing a user-defined material
model (UMAT) subroutine or an in-house FE code. The 4D-printed elements were simulated as
functionally graded materials whose thermal expansion changed through the thickness direction.
The excellent accuracy of the proposed technique was checked via a comparative study with
experiments and computational results from the developed in-house FE MATLAB-based solution. Two
periodic architected temperature-sensitive metastructures with adaptive dynamical characteristics
were conceptually proposed. The COMSOL-based computational tool was then applied to dynamically
analyze periodic metastructures with self-bending active elements 4D-printed at different printing
speeds. It was found that the metastructures have the capability of controlling elastic wave propagation
by forming bandgaps or frequency ranges where the wave cannot propagate. It was observed that the
bandgap size and frequency range could be controlled and broadened through local resonances by
changing 4D printing speed and thermal excitation. Due to the absence of a similar concept and results
in the specialized literature, this article is likely to advance the state-of-the-art tunable metastructures
for vibration mitigation and sound attenuation.
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Abstract: In this study, we present a comprehensive review of polymer-based microelectromechanical
systems (MEMS) electromagnetic (EM) actuators and their implementation in the biomedical
engineering field. The purpose of this review is to provide a comprehensive summary on the
latest development of electromagnetically driven microactuators for biomedical application that is
focused on the movable structure development made of polymers. The discussion does not only focus
on the polymeric material part itself, but also covers the basic mechanism of the mechanical actuation,
the state of the art of the membrane development and its application. In this review, a clear description
about the scheme used to drive the micro-actuators, the concept of mechanical deformation of the
movable magnetic membrane and its interaction with actuator system are described in detail. Some
comparisons are made to scrutinize the advantages and disadvantages of electromagnetic MEMS
actuator performance. The previous studies and explanations on the technology used to fabricate the
polymer-based membrane component of the electromagnetically driven microactuators system are
presented. The study on the materials and the synthesis method implemented during the fabrication
process for the development of the actuators are also briefly described in this review. Furthermore,
potential applications of polymer-based MEMS EM actuators in the biomedical field are also described.
It is concluded that much progress has been made in the material development of the actuator. The
technology trend has moved from the use of bulk magnetic material to using magnetic polymer
composites. The future benefits of these compact flexible material employments will offer a wide
range of potential implementation of polymer composites in wearable and portable biomedical
device applications.

Keywords: polymer composites; microelectromechanical system (MEMS); electromagnetic (EM)
actuator; magnetic membrane; microfluidic; biomedical

1. Introduction

Over the past few years, there has been an increasing demand on the employment of flexible
materials for various applications in biomedical field. This has led to the significant growth of the
movable structure development [1,2]. The flexible material having good mechanical properties with
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high surface strength and high elasticity has enabled tremendous innovation in the development of
microelectromechanical systems (MEMS) devices in which the electrical and mechanical property of
the material are the most important characteristics of the technology [3]. One of the most interesting
materials is polymer that currently can be found in various biomedical instrumentation due to its
excellent mechanical properties, compactness, precise control and biocompatibility as well [4].

The flexibility characteristic of polymer is beneficial in obtaining large and controlled structure
deformation of the movable parts. These movable parts include diaphragm (thin membrane), pillars,
cantilevers or the combination of pillars and movable structures [5,6]. This class of functional material
plays very important role in the development of MEMS electromagnetic (EM) actuators, for example
the microfluidic delivery system found in drug delivery, bio-cell preparation system and lab on
chip [7]. The system can also include micropumps, microvalve, micromixer, microgripper and
micromanipulators [8–11].

Studies on electromagnetically driven MEMS actuators in the field of biomedical instrumentation
are currently increasingly popular in which the improvements of the mechanical structures and the
material properties of the movable part became the most interesting topics. The development studies
were done in order to enable efficient and precise structure movement for control, manipulation or
analysis purpose of the biomedical samples [12,13]. These studies also have led to the invention of
flexible structure possessing sensitive interaction with magnetic induction, to be the most important
mechanism in electromagnetic actuation. The moving structures should be made of soft and elastic
material, able to continuously vibrate and capable of reacting to mechanical pressure and magnetic
field exposures [14].

Several reports have been recently published to introduce the interaction between magnetic
flux generated from electromagnetic coil and rotating magnet field [15,16]. This interaction is the
basic principal operation of the electromagnetic actuator that produces magnetic force to enable the
movement of a movable structure. The basic electromagnetic actuator structure consists of a flexible
movable membrane, electromagnetic coil, magnetic chamber or spacer and bulk permanent magnet.
Initially, a thin membrane attached with permanent magnet has been the common structure used as
the moving membrane of the MEMS electromagnetic actuator [17]. Unfortunately, the structure with
attached bulk magnet suffers from high volume and low reliability, especially when the membrane
operates in long vibration mode [18]. Therefore, some innovations in the material structure have been
developed in order to obtain a compact and reliable actuator.

The MEMS structures are usually made of glass, silicon, silicon nitride and metals [19,20]. Those
materials are the common materials in MEMS technology due to the excellent mechanical properties
and matured technology process [21]. However, silicon and glass are easy to break as they have low
fracture strain which is about 0.1% [22–24]. Meanwhile, metals are very sensitive to chemical and
environmental effect [25]. Some other disadvantages of those conventional MEMS materials, especially
for the use as movable structure, are fragile and low flexibility. These drawbacks make them less
favorable compared to polymers.

On the other hand, polymers in MEMS have been used since several years ago as a photosensitive
material [26], sacrificial layer [27], passive structure for microchannel [28], microchamber and passive
micromixer [29] and as the functional layer of micro-structured devices, such as actuators [30] and
sensors [31,32]. Polymer has good mechanical properties with Young’s modulus lower than silicon and
metal, which makes it highly elastic and at the same time possesses high strength [33–38]. In conjunction
with MEMS actuators, the mentioned mechanical properties are useful in obtaining large membrane
deformation under external magnetic stimulus. Furthermore, the most important fact is that the
polymeric structure of MEMS device can be fabricated in inexpensive way, cheaper than silicon-based
micro-processing cost [39–41].

It was also reported that microstructures working under extreme vibration condition like actuators
need enhancement in terms of material quality, design and technological concepts in order to increase
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the lifetime and effectiveness of the structures [38]. Therefore, some magnetic polymers become more
preferable as the structures will have high elasticity, easy to fabricate and photo-patternable.

Some popular polymers have been identified and explored to become the flexible material for
actuation purposes. The common actuator materials that have been reported in the literatures include
PMMA, parylene, polyimide and PDMS elastomer. The properties of those materials are summarized
in Table 1.

Table 1. Material properties of popular polymers used in microelectromechanical systems (MEMS).

Polymer
Name

Density
Young’s

Modulus
(GPa)

Poisson’s
Ratio

Thermal
Expansion

Coefficient @25
◦C (10−6 K−1)

Thermal
Conductivity

(W/mK)

Property
Utilized

Process

PMMA
[41,42] 1.17–1.2 3.1–3.3 0.35 70–90 0.186

Little elasticity,
optical

property

LIGA, Hot
embossing

Parylene
[43] 1.289 4.5 0.4 35 - Vapor barrier Coating

PDMS
[29,39,44] 0.97 0.36–0.87 0.5 310 0.18 Elasticity Molding

Polyimide
[45–47] 1.42 3 0.34 30–60 0.1–0.35 Little elasticity Coating

2. MEMS Actuators

In general, MEMS actuators can be driven either by mechanical actuation or non-mechanical
actuation. Mechanical actuation mechanism with a diaphragm (membrane) as the moving part is
primarily utilized in MEMS devices [48]. Compared to the non-mechanical actuator, the mechanical
actuator has many advantages in terms of controllability, high vibration rate and large membrane
deformation [49].

A large number of mechanical microactuator devices has been demonstrated including microrelays,
microvalves, optical switches and mirrors, micropumps and many others that can be found in various
applications. These actuators use different mechanical actuation principle such as piezoelectric,
electrostatic, electromagnetic, thermo-mechanic, thermo-pneumatic and shape memory. Table 2 shows
a comprehensive analysis of MEMS mechanical actuators, describing different types of energy exchange
mechanism used to obtain kinetic movement, the devices’ structure, the advantages and the typical
applications of each MEMS mechanical actuator.
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The major advantages of electromagnetic actuation are the generated high magnetic force that
enables large membrane deflection and high tunable frequency capability. In addition, rapid generation
of electromagnetic field enables membrane deformation in 2 directions with very fast vibration rate [10].
Additionally, an electromagnetic actuator is capable of precisely tuning the input power. The power
consumption in EM actuators between 13 mW to 7 W is the widest range among the other types of
actuators [59]. However, high power dissipation and large area consumption could be the drawbacks
of the system.

Not many designs for magnetic microactuators specifically used in biomedical field are reported
in literature. Table 3 shows the developed magnetic microactuator devices for biomedical application.
The application of these actuators are classified into biosample delivery/transport, biosample
preparation and biocell manipulation. Mainly, the actuator functioned as a microfluidic handling
system for samples delivery in a drug delivery system and lab on chip. There is a high interest from
industry in the implementation of the electromagnetically driven microactuators for a broad range of
biomedical applications.

Table 3. Common magnetic actuator devices used for biomedical applications.

References
Actuating Element

(Structure, Material or
Method)

Magnet Type Input Specifications

Biosample Delivery and Transport

Yamahata et al.
2015 [60]

PDMS membrane &
magnet Iron powder 33–150 mA

Flowrate: 0.4–1.6
mL/min

Frequency: 6–12 Hz
Büttgenbach, 2014

[61]
EM Micromotor rotation

& polymer magnet
90 wt% ceramic ferrites +

polymer 70 mA Forces: 1.2 mN
Torque: 10 μNm

Lee et al. 2011 [62] Silicon catheter Electroplated nickel
70 to 1500 Hz

(resonant
frequency)

Angle > 60◦

Zhou &
Amirouche, 2011

[63]

PDMS membrane &
magnet

NdFeB or CoNiMnP
plate 90–180 mA

Magnetic Force: 16 μN
Flowrate: 319.6 μL
Frequency: 36.9 Hz

Biosample Preparation

Nouri et al. 2017
[64]

Magnetohydrodynamic
interaction with

permanent magnet
Fe3O4 nanoparticles 3000 Gauss Mixing time: 80 s

Mixing index: 0.9 s

Liu et al. 2016 [65] PDMS with permanent
magnet

Magnetic composite
(carbonyl iron) 6 V, 18 Hz Mixing time: 2 min

Flow rate: 20 μL/s

Biocell and Drug Particles Manipulation

Banis et al. 2020
[66]

water-soluble ferrofluid
material (FluidMAG

lipid)
Electromagnetic coils

4 to 8 A
Magnetic particle

size 100 nm

Droplet velocity 135
μm/s

Rinklin et al. 2016
[67]

Magnetophoretic
attraction of microbeads

carboxyl functionalized
particles (Dynabeads)

and laminated magnetic
NiFe parts

5, 10 and 15 mA
Maximum particle
levitation height of

approximately 10 μm

Chen et al. 2015
[68]

PDMS tweezer with
hexapole yoke

10 layers of laminated
magnetic NiFe parts

feedback control at
a speed of up to 1

kHz

Maximum force = 400
pN, force distribution
with actuation from
−30 μm to 30 μm

Choi et al. 2000 [69] silicon cantilever Encapsulated permalloy N/A N/A

Electromagnetic Actuators Principle

The basic mechanism of electromagnetic actuation involves the interaction between magnet and
electromagnetic field that intensively generates the magnetic force. This interaction produces high
frequency vibration of the movable structures, such as membrane and pillars, hence enables various
implementation of biomedical instrumentation.

Thielicke et al., [70] explained that the actuation principle depends on structural dimension,
response time, torque, max power consumption, the technology used and the applied forces. The forces
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are classified into 2 main groups, namely external and internal forces. Electromagnetic actuators fall in
external forces category as the forces are produced from the magnetic fields interaction occurred in the
gap between the stationary and moving parts.

In general, the magnetic membrane actuation is achieved by the deformation of the movable
membrane due to the generated magnetic force acting onto the membrane. The common structure of a
magnetic actuator is schematically displayed in Figure 1a. The system consists of the magnetic field
generator part (electromagnetic coil) and the magnetic membrane part (flexible membrane plus an
attached magnet) [71,72].

Through the interaction between magnet and electromagnetic coil, a vertical magnetic force acting
on the magnetic membrane with vertical magnetization on z-axis is generated. The magnetic force
known as Lorentz force Fmag is given by the following integral over the volume V of the body [73]:

Fmag = Mz

∫
v

∂Hz

∂z
dV (1)

where, Fmag is the magnetic force acting on the magnetic membrane, Mz is the magnetic induction
from the permanent magnet, ∂Hz

∂z is the magnetic field gradient generated by the electromagnetic coils
and dV is the volume of the permanent magnet. The correlation between magnetic force applied on to
the membrane and the resulting membrane deformation hz can be derived from the Equation (1):

hz= C
Fmag lm

D
(2)

where, lm is the membrane size, C is a constant depending on the shape and geometry and D is the
material characteristics of the membrane that is defined by:

D =
E tm

2

12 (1− v2)
(3)

where E is the Young’s Modulus, v is the Poisson’s ratio while, tm is the thickness of the membrane.

  
(a) (b) 

Figure 1. Cross sectional view of an initial electromagnetic (EM) actuator, (a) with magnetic
membrane-based moving parts [50], (b) with embedded planar coil-based moving parts [74].

Another approach to introduce the principal of the actuation mechanism has been described by
Pawinanto et al. [71] and Sugandi et al. [74]. Here, planar electromagnetic coil wires are embedded
inside or attached on the movable membrane surface, as shown in Figure 1b. When an electrical
current is supplied to the planar coil wires, a magnetic flux induction from the permanent magnet onto
the wires is achieved. Through this induction, the magnetic force Fmag is generated and acting onto
the membrane that finally causes the periodical actuation of the membrane structure.

At the location of the coil, magnetic field makes an angle θ with the normal surface (vertical
axis) and the magnetic force (Fmag) between a current carrying wire and a permanent magnet can be
expressed as given by [22]:

⇀
Fmag =

N∑
i=1

2πRiI ×
⇀
Br(Ri) × sinθ (4)
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where I is the coil current, Ri the radius of each turn coil,
⇀
Br the radial component of magnetic field

in the coil plane and θ is angle direction of magnetic field to vertical axis. Therefore, total force for a
single turn coil is given by:

⇀
Fmag = I (l× ⇀Br × sin θ) (5)

with l represents the total length of a single turn coil with a radius r. Using both equations, we can
see where the force vector direction acted. The induced electromagnetic force is principally based
on the magnetic interaction between the current carrying coils, permanent magnets and flexible
membrane materials [71]. It works vice versa, either the membrane with embedded wire moves or the
magnet moves.

3. MEMS Fabrication of Polymer-Based Actuator

3.1. Fabrication of EM Actuator

There are several mechanical actuation mechanisms related to the function of the membrane
such as vibration, peristaltic and flexural plate wave [75]. Some actuators are constructed with flat
movable membranes [45], some others are equipped with pillars or cilia, as found in micromixers [76].
For these purposes, certain MEMS fabrication methods with high resolution pattern are needed in
order to create three-dimensional structures on the membrane. It should be noted that the fabricated
membrane structure must be flexible enough to generate movement and able to withstand the pressure
acting onto the surface. The patterned structures on the membrane were also predicted to improve the
membrane’s flexibility.

The common method used in fabricating a polymer membrane with three-dimensional (3-D)
structure is soft lithography or micro-molding. Soft lithography technique for polymer-based MEMS
device was introduced in 1990 by Varadan [77]. Among the advantages of soft lithography techniques
compared to conventional optical lithography techniques are the unlimited machining resolution of the
emission and dispersion of optical waves and the turbulence in the resin. In addition, soft lithography
with elastomer sealants has the advantage of precise pattern on the target surface and easy to remove
from the mold. All of these advantages make soft lithography a great attractive and highly potential
technique to be used in the field of microfabrication process [78].

Most of the polymer membranes fabricated through soft lithography technique do not have their
own mechanism in order to function as an actuator. They need an external stimulation either from a
permanent magnet or an electromagnet. Via this concept, an actuator disc, a magnetized permalloy
strip, a bulk magnet or an embedded electromagnetic coil can be integrated into the polymer membrane
structure to generate force for the membrane deformation purpose [79–82]. Soft lithography technique
is not only an inexpensive and simple fabrication process but it can also manipulate the texture
of the polymer membrane during fabrication to control its flexibility which is vital for membrane
actuation [83–85].

Some examples of soft lithography process in the fabrication of polymer-based MEMS structure
were reported by Ghanbari et al. [86] and Yunas et al. [87,88]. The microactuator part can be
fabricated separately. Thus, the fabrication process can start with the electromagnetic part (1),
followed by the fabrication of magneto-mechanic part (2) and finally with the bonding of both parts
using epoxy (3). The detailed fabrication process of a micropump system is shown in Figure 2.
The electromagnetic coil pattern is first created followed by the deposition of planar copper (Cu)
microcoil wire (a) and (b). The coil structure is formed after the lift-off process (c) and (d). Next is
the fabrication of the magneto-mechanical part that involves the patterning of mold master using
SU8-based photolithography process (e). Then, the polymer membrane is fabricated by pouring the
PDMS onto the pre-patterned structure (f) followed by peeling-off of the material (g) before transferring
it onto a spacer surface. The final step of the process is the attachment of the permanent magnet onto
the transferred membrane and all fabricated parts are bonded together using epoxy glue (h).

125



Polymers 2020, 12, 1184

 

Figure 2. Schematic process step for the fabrication of polymer-based MEMS EM actuators with
micro-pillar structures using the soft lithography process technique.

Another approach to create membrane with 3-D (three dimensional) structures has been reported
by Xu and Cui [89]. They used hot embossing technique to fabricate an actuator membrane by
constructing the membrane layer-by-layer (LbL). In the process, silicon molds were fabricated using a
conventional UV lithography and wet, etching technique. The hot press technique was then used to
transfer the design structure from silicon molds to PMMA sheets. The hot press molding technique
involves the simultaneous application of heat and pressure in the fabrication of a polymeric membrane.

Furthermore, 3-D structures can be created using 3-D printing technique that can print
biocompatible polymers or devices at required dimensions based on the printer’s resolution. The
technique offers more complex and sophisticated design that can be realized at micro-scale which
could not be done with conventional method like soft lithography [90,91]. There have been also
several studies reporting the usage of 3-D printing to fabricate a part of MEMS device such as the
stereolithographic (SL) 3-D printer that fabricates a thin membrane from poly(ethylene diacrylate)
resin [92]. The membrane was then pneumatically pressed to get the thickness smaller than 25 μm.

Zhou et al. [93] also reported in 2019, that a polymer actuator membrane with a thickness of
100 μm was successfully fabricated using a 3-D multijet printer (MJP). The printed membrane was able
to deform in order to close and open the microchannel and fully functioning as a valve. Another novel
3D-printed electromagnetically driven fluidic valve was fabricated by projection–stereolithography
(PSL) in combination with functional elements such as the permanent magnets [94]. There was also a
study on the fabrication of a whole MEMS device using 3-D printing technique that met minimum the
requirement for biocompatible standard [95].
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3.2. Fabrication of Magnetic Polymer Composites Membrane

Embedded magnetic particles in polymer would be the future functional material for many types
of biomedical devices. It becomes a new composite material that possesses the flexible mechanical
characteristic and exceptional magnetic responsive features [96]. The implementation of magnetic
polymer composite as the material structure for the actuator membrane could overcome the need of
a bulk permanent magnet. The soft and flexible properties of polymeric membrane would tend to
rupture and break when a bulk structure is placed on it, like the bulky permanent magnet attached
onto an actuator membrane of a micropump [88].

One of the methods in fabricating magnetic polymer composite MEMS membrane is through a
synthesis method using mechanical stirring under sonication in which a PDMS-based polymer was
mixed with NdFeB magnetic particles having the size ranging from 50 to 100 um [9]. The deformation
capability of the membrane has been tested, by which the highest deflection of 9.16 μm at 6 vol%
magnetic particles density has been measured with an applied magnetic field density of only 0.98 mT.

Here, the PDMS is considered as the most popular material for flexible biomedical device
applications. Apart from its biocompatible property, the mechanical properties can be manipulated
via controlled ratio of the polymer base and curing agent [97]. The PDMS-based membrane has been
successfully fabricated with the integration of the magnetic particles from 2% up to 30% distribution
across the membrane. The magnetic membrane can be deflected when its magnetic field interacts
with the magnetic flux formed from the current flow in the coils. The fluctuating movement of the
membrane is governed by the applied current of only several milliamperes.

Recently, Tahmasebipour and Paknahad have fabricated nano-magnetic membrane made of
PDMS–Fe3O4 for the application of valveless electromagnetic micropump [98]. Nano sized particles of
Fe3O4 were mixed within the PDMS layer in order to create the magnetic membrane. The composite
magnetic membrane is compatible with living tissues and has great magnetic stability. The embedding
of nanoparticles in polymer however can cause agglomeration problem due to the attractive forces
between the particles. Therefore, different approaches have been proposed to minimize particle
agglomeration, such as particle encapsulation with polymeric material [99] or ceramic coating [100] or
by implementation of surfactant [101].

4. Application of Polymers for Electromagnetic Actuators

4.1. Magnetic Polymer Composite-Based Microactuators

A flexible membrane with embedded magnetic particles having small particle size would have
many advantages, because the magnetization and the magnetic anisotropy of the particles can be much
greater than a bulk magnetic specimen [102]. The magnetic polymer composite is very light, hence
would not significantly affect the mechanical properties of the polymer. Hence, this magnetic polymer
composite membrane enables actuators to have larger deflection with a controllable actuation forces,
compared to silicon or metal-based actuators [103]. On other hand, with the help of photo sensitive
mold master material, the polymer composite would be able to be patterned and transferred onto the
substrate as suspended movable part and other MEMS passive structures as well. Thus, the material
composite can find its potential application as sensitive actuator for fluid injection, valves, magnetic
recording media, mechanical relays, optical mirror and switch and other mechanically moving part
driven by magnetic fields [15,104–106].

The evolution of magnetic material used for the actuator membrane shows a transition from
bulk magnet to matrix magnet and now to magnetic polymer composite. The research of magnetism
in electromagnetic actuator has then been extended by reducing the size of the magnetic particles
embedded in the polymer membrane from micro to nanometer. Here, the evolution of the magnetic
membrane is described in Figure 3.
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Figure 3. Development history of magnetic polymer composite-based MEMS actuator membranes,
(a) silicon-based membrane with attached permanent magnet [71], (b) silicon membrane with attached
small permanent magnet in matrix form [19], (c) silicon membrane with electroplated magnetic
material [19], (d) polymer membrane with electroplated magnetic material [107,108], (e) polymer
membrane with embedded magnetic particles [9], (f) polymer membrane with three-dimensional
matrix structured embedded magnetic particles [88].

Initially, silicon material was used as the membrane, which was bonded with a single bulky
permanent magnet glued on the top of the membrane. Then, smaller permanent magnet with matrix
structure was used to replace the single magnetic bulk in order to reduce the membrane stiffness. In
2002, the use of polymer material as the actuator membrane had been started and the permanent
magnetic layer was created on the polymer membrane via electroplating [107]. The concept was
then extended with the use of arrays of electroplated permanent magnetic layer [108]. Finally, the
electroplated permanent magnet has then been replaced with the embedded magnetic particles,
producing a magnetic polymer composite membrane with significant improved performances [88].

The current status of the magnetic polymer composite membrane for biomedical application
was reported by Said et al. [88]. They developed a matrix patterned magnetic polymer composite for
actuator membrane that is integrated with the micropump for bio-sample injection. The composite
membrane is made of polydimethylsiloxane (PDMS) mixed with NdFeB magnetic particles and
patterned into blocks of matrix.

To this concept, the magnetic composite actuator membrane containing 6% NdFeB was capable of
generating a maximum membrane deflection up to 12.87 μm [9]. As shown in Figure 4, the magnetic
property of NdFeB polymer composite is strongly related to the amount of magnetic particles embedded
in the polymer. Thicker polymer layer with more NdFeB particles produces larger magnetization.
However it doesn’t affect the change in coercivity. A 139 μm membrane thickness shows a saturated
remanence magnet of 37.637 mT.

Some other potential applications of magnetic polymer composite in sensors and actuators were
reported by Samaniego et al. [109]. They studied the resultant of magnetic polymer composite to
fabricate soft robots by squeegee–coating method. The soft robots have flexible and compliant bodies
resulting in higher degrees of freedom and improved adaptability to their surroundings. Therefore,
the robot can be used for minimal invasive surgery (MIS) in order to reduce patients’ trauma, pain and
recovery time [110]. The soft polymer-based magnetic actuator was fabricated by mixing ferromagnetic
microparticles (PrFeB) with polymers precursor before its curing. The soft robots were magnetized
under 1 T of uniform magnetic field.

The magnetic polymer composite can also be integrated to the artificial cilia in a microfluidic
system. Zhang et al. demonstrated the versatile microfluidic flow generated by molded Magnetic
Artificial Cilia (MAC) [111]. The MAC can cause versatile flows by changing the magnetic actuation
mode. This on chip microfluidic transport does not require tubing or electrical connections, reducing
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the consumption of reagents by minimizing the “dead volumes”, avoiding undesirable electrical effects
and accommodating a wide range of different fluids.

Figure 4. Hysteresis loop of 6% NdFeB polymer composite.

4.2. Polymer-Based Electromagnetic Actuators for Micropumps and Microvalves

Most important properties of polymer in micropump system as the movable membrane of the
actuator are its flexibility and high surface strength. In general, microfluidic systems are made up
of input and output tubes, channels and pump chambers. Beside the membrane, the valves are also
important in ensuring fluid flow direction and to regulate the flow rate. Some other micropumps are
designed valveless that improve the reliability of the system and reduces the clogging effect [112].

Wang et al. [113] reported a micropump comprising a magnetic PDMS diaphragm, a planar
microcoil and microfluidic channel. When an electric current is applied to the microcoil, an
electromagnetic force is generated at the magnetic diaphragm. The deflection of PDMS diaphragm
generate a push–pull action of the membrane hence creating pressure difference within the chamber
and microchannel and subsequently causing the fluid flow. Their EM micropump achieved a maximum
pumping rate of 52.8 μL/min with diaphragm displacement of 31.5 μm induced by a microcoil input
current of 0.5 A.

EM micropump using PDMS encapsulation layer mounted with small permanent magnets was
reported by Pan et al. [114]. The membrane of the pump actuator which is driven by magnetic
motor shaft or microcoil used two one-way check valve using a micropipette and heat sink tubing.
The magnetic motor shaft was a small DC motor (6 mm in diameter and 15 mm in length) with a
neodymium–iron–boron permanent magnet embedded in its shaft. The EM micropump achieved a
maximum pumping rate of 774 μL/min with magnetic motor shaft and 1 mL/min with microcoil driven
pump. Microcoil driven pump has shown higher flowrate and much higher power consumption.

Furthermore, an EM micropump with embedded planar coil in the thin PDMS membrane reported
by Yin et al. (Figure 5) [115]. The size of the membrane is 7 mm in diameter and achieved 50 μm
deflection with an applied current of 500 mA. The resonant frequency is about 1.43 kHz. Fluids in the
microfluidic chip were driven forward by a local pneumatic pressure provided by the membrane. This
EM pump was claimed to have a pumping volume flow rate of 2 μL/min.

129



Polymers 2020, 12, 1184

 

Figure 5. Polydimethylsiloxane (PDMS)-based EM micropump and valves with embedded
planar microcoil.

A valveless EM micropump reported by Yamahata et al. [60] used composite magnets replacing
the bulk permanent magnets (Figure 6). The composites magnet was developed using PDMS polymer
mixed with 40% of NdFeB powder with a mean size of 200 μm. The actuator was driven by a 1500 turns
coil supplied with sinusoidal current of 150 mA with soft magnetic core in the center to strengthen
the magnetic field. The actuator membrane could deform up to 0.25 mm and pumping water at the
flowrate of 400 μL/min with resonant frequency of 12 Hz by applying nozzle/diffuser microfluidic
system. The passive structure of the pump system is made of four PMMA layers consisting of capping
layer, channel and chamber layer and also spacing layer.

 
Figure 6. Schematic of a valveless EM micropump involving PDMS and PMMA materials and utilizing
magnetic composite membrane to replace the bulk permanent magnet.

Another valveless EM micropump having a composite magnetic membrane of Fe + PDMS was
reported by Nagel et al. [116]. Weight concentration varying from 25%–75% of iron particles with the
size of below 10 μm were mixed in PDMS. Nickel coated NdFeB magnet was used to interact with the
actuator membrane and moved up/down by a crankshaft. This micropump used valveless microfluidic
system with a 6-mm diffuser/nozzle that has produced a maximum pumping flowrate of 35 μL/min at
a frequency of 1.67 Hz.

Shen and Liu fabricated a PDMS-based magnetic composite membrane with IPDP thin film
stacked design (Figure 7a) and embedded system (Figure 7b) [117]). An iron-particle-dispersed PDMS
(IPDP) was a mixture of iron particles with the average size of 55 μm, PDMS and its curing agent.
The mixing ratio of IPDP was 10:10:1. The micropump used a valveless type microfluidic system
and electromagnet block which connected to power supply and combiflex. Micropump with IPDP
embedded design had a pumping flowrate of 1.623 mL/min at a frequency of 6–7 Hz and 30 V of
supply voltage which was higher compared to the flowrate of stack design.
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(a) (b) 

Figure 7. Schematic of iron particle dispersed PDMS (IPDP) for valveless micropumps, (a) stacked thin
film design, (b) embedded thin film design.

A complete PDMS-based micropump including the structure, the membrane and the valveless
microfluidic system was reported by Zhou and Amirouche [63]. The actuator membrane used a thin
NdFeB magnet encapsulated at the center of the PDMS. Maximum deflection of the actuator membrane
was 36.36 μm. DI water is pumped with maximum flow rate of 319.6 μL/min at a frequency of 36.9 Hz
with supply current of 0.18 A.

Said et al. [118] combined the bulky permanent magnet with magnetic composite membrane to
improve the reliability of the membrane and at the same time to increase the magnetic induction. The
hybrid structure could produce a magnetic flux density of 37.637 mT enabling a controllable peristaltic
pumping of microfluidic sample with a flowrate of 6.6 μL/min. When the bulk permanent magnet
was removed from the micropump system and only left with the flat membrane composite alone, the
micropump produced a very slow flowrate of 6.52 nL/min. Hence, the micropump could deliver a
very precise dose for drug delivery system.

Electromagnetically actuation of flexible membrane incorporating microvalve for micropump
application has been also reported by Sadler et al., as shown in Figure 8 (left) in a closed mode and
(right) in an open mode [119]. The normally closed magnetic microvalve has both fluidic and electrical
connections bonded to a glass motherboard. The microvalve comprised a magnetoactive membrane, a
stationary valve seat and inlet/outlet channel. The magnetoactive membrane as a diaphragm plated
with permalloy films on the top will interact with electromagnet flux generated by inductor to produce
the magnetic force. A polymer film was attached to the system to ensure there is no leak. The force
would lift up the membrane from the valve seat thus opened the valve and allowed the fluids to flow
from inlet to outlet due to pressure difference.

 
Figure 8. Electromagnetic actuator incorporating magnetic valves, (left) closed mode, (right)
open mode.

Polymer-based microvalves used to manipulate the fluid flow have been reported by
Gaspar et al. [120]. The actuation of the valve is based on the principle that flexible polymer walls of a
liquid channel can be pressed together by the aid of a permanent magnet and a small metal bar. In
the presence of a small NdFeB magnet lying below the channel of interest, the metal bar is pulled
downward simultaneously pushing the thin layer of PDMS down thereby closing the channel and
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stopping any flow of fluid. Furthermore, Bute et al. [121] reported that the flow manipulation and
proper operation of the valve depends on thickness and percentage load of magnetic material in the
membrane as well as dimensions of channel, chamber and membrane with respect to the location of
outlet channels, while Nakahara et al. [122] reported the use of photosensitive polymer composites for
the fabrication of magnetically driven microvalve arrays in a μTAS (μ- total analysis system)

To summarize, since 1995 there have been many developments in microactuator device design
and materials for micropumps and microvalves incorporating elastic membrane, as listed in Table 4.
The magnetic polymer-based micropumps are working with various applied frequency and various
reading fluid flow rates ranging from 6.5 nL/min to 6.8 mL/min have been obtained. Obviously it is
found that after the use of silicon, polymers have become the subject of researcher’s choice to build
the actuator membrane for micropump. Since 2005, magnetic polymers composites have become the
promising material to replace the conventional bulky permanent magnet.

Table 4. Development of polymer-based MEMS electromagnetic actuators for microfluidic
pump applications.

Year Membrane Structure Flowrate Frequency References

1995 Thermoplastic molding bulk permanent magnet 780 μL/min 5 Hz Dario et al. [123]
1999 Silicon rubber 2.1 mL/min 50 Hz Bohm et al. [124]
2000 PDMS + plate alloy 1.2 μL/min 2.9 Hz Khoo dan Liu [125]
2005 PDMS + bulk permanent magnet 774 μL/min n.a T.Pan et al. [114]
2005 PMMA and composite PDMS + powder NdFeB 400 μL/min 12 Hz Yamahata et al. [60]
2006 Composite PDMS + powder Fe 35 μL/min 1.73 Hz Nagel [116]
2007 PDMS + bulk permanent magnet 2 μL/min n.a Yin et al. [115]
2008 PDMS + bulk magnet NdFeB and PMMA 6.8 mL/min 20 Hz M.Shen et al. [126]
2010 Composite PDMS + powder Fe 1.623 mL/min 6–7 Hz Shen and Liu [117]
2011 Composite PDMS + plated NdFeB 319.6 μL/min 36.9 Hz Zhou and Amirouche [63]
2015 PDMS +magnet pad n.a 28–30 Hz Dich et al. [127]
2017 Composite PDMS + NdFeB particles 6.52 nL/min 1 Hz Said et al. [88,118]

It can be concluded that the polymer-based micropump and valves were able to precisely control
the delivery of the fluidic sample and obtained fluid flow range from 10 mL/min down to several
nL/min. Innovations in the membrane material and structure and the use of the latest technology in
several ways are still necessary to meet the needs and requirements of the biomedical instrumentations.

4.3. Polymer-Based Active Micromixer

Magnetic polymers found its important role in microfluidic mixer system which is mostly used as
the basic material for the passive part of the system such as the channel and chamber formation in
lab on chip system. On the other hand, the polymer has been playing the potential role as an active
part in order to improve the mixing performance of the microfluidic system, especially for the bio-cell
analysis. This is called active microfluidic mixer, which means that the mixing mechanism is due to the
turbulences of the fluidic sample inside the mixer chamber, usually based on magneto-hydrodynamic
and magnetic structure actuation, which is driven by an external magnetic field [128].

In 2018, Tang et al. presented a research on embedded flexible magnets in PDMS membrane [129].
Three designs were introduced and compared, namely (a) concentric type with the magnetic material
in the center of the membrane; (b) eccentric type with the magnetic material offset from the center
of the membrane and (c) split type with two regions of magnetic materials with opposing polarities.
Oscillating fluid flow was induced at a frequency of 100 Hz to enhance mixing performance. Split type
design proved to have better mixing performance than the others.

Turbulence inside the fluidic chamber to improve mixing performance can also be produced by
using pillars rotation as reported by Rahbar et al. [76]. Here, an individual or arrays of micromixer
element in form of high aspect ratio of small pillar was fabricated using a micromolding process of
nanomagnetic-composite polymers. The cilia, which are realized in PDMS (polydimethylsiloxane)
doped with (Nd0.7Ce0.3)10.5Fe83.9B5.6 powder are then magnetized to produce permanent magnetic
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structures with bidirectional deflection capabilities, making them highly suitable as mixers controlled
by electromagnetic fields. Similar to this concept, Zhou et al. [130] reported the development of
magnetic pillars made of polymers composite with embedded Fe3O4 magnetic particles. Through an
external magnetic field exposure, the magnetic pillar will react in rotation mode.

Furthermore, Pawinanto et al., [131] has developed polymer pillars on a movable flexible magnetic
membrane with an attached permanent magnet (Figure 9, left). The movement of the pillars followed
the deformation profile of the membrane (Figure 9, right). The concept of pillar rotations or membrane
with pillar deformation in a mixer chamber has significantly increased the index of turbulence enabling
higher mixing efficiency. These improvements thank to the advancement in the fabrication method of
active micromixer that simplifies the mixer structure and its fabrication.

 

Figure 9. Schematic diagram of a pillar-based active microfluidic mixer device (left) and the micromixer
structure showing the polymer pillars swing profile following the deformation of the actuator
membrane (right).

5. Conclusions and Future Aspects of Polymers for EM Actuator

In this study, a comprehensive review on electromagnetically driven MEMS actuators with
polymer-based movable structure is presented. The flexible characteristic of polymer is beneficial in
attaining large and controlled structure deformation of the movable parts, such as thin membrane
diaphragms, pillars or cantilevers. Significant discovery of polymer-based functional material has led
to a wide range application of electromagnetic MEMS actuator. The flexible actuator structure with
high magnetic property plays an important role in various biomedical instrumentations, such as lab on
chip and drug delivery system.

These actuators can function as micropumps, microvalves and micromixers which execute the
imperative roles of delivering biomedical samples. The wonderful combination between flexibility and
magnetic properties of the magnetic polymer actuators can accurately control the microfluidic flow in a
microchannel and determine its direction. In addition, the fluidic samples can be delivered precisely at
a wide range of fluid flow rate, from 30 mL/min down to several nL/min. It will be a challenging effort
to widen the flow rate range of an electromagnetic injection system which may require significant
arrangement in pump and valve system design. This will eventually improve the reliability and quality
of the electromagnetically driven microactuator system, specifically designed for drug delivery and
artificial kidney.

The actuator structure also plays an important role as an active microfluidic mixer in the
preparation process of the biomedical samples for drug delivery and lab on chip system. The polymer
actuator can potentially reduce the mixing time and increase the mixing index. The increase of fluid
sample turbulence inside the mixer chamber driven by external magnetic fields improves the mixing
performance. Here, the innovation in design and fabrication technology for magnetic polymers
introduces more compact mixer structure.

The presence of bulk permanent magnet attached onto the actuator has been identified as one
of the main drawbacks for making an electromagnetically driven MEMS actuator to be large in size.
Hence, it is crucial to make the actuator structure compact, as this will ultimately reduce the overall size
of the system. A polymer membrane diaphragm with embedded magnetic nanoparticles can become a
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compact actuator with better mechanical properties. The developmental concept for magnetic actuator
has evolved from the utilization of hard and fragile materials to more flexible polymeric materials with
matrix magnet and now progresses towards embedded magnetic nanoparticles polymer composites.
In the future, the polymer composites will eliminate the need of a conventional bulky permanent
magnet in electromagnetic actuators.

To conclude, much progress has been made on magnetic actuator development and the future
trend shows magnetic polymer composites as the new functional materials for flexible biomedical
device technology. The magnetic polymer composite will be a fascinating material to be implemented
in wearable and portable biomedical device applications that are currently and rapidly growing.
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Abstract: It is an ongoing challenge to fabricate an electroconductive and tough hydrogel with autonomous
self-healing and self-recovery (SELF) for wearable strain sensors. Current electroconductive hydrogels
often show a trade-off between static crosslinks for mechanical strength and dynamic crosslinks for SELF
properties. In this work, a facile procedure was developed to synthesize a dynamic electroconductive
hydrogel with excellent SELF and mechanical properties from starch/polyacrylic acid (St/PAA) by
simply loading ferric ions (Fe3+) and tannic acid-coated chitin nanofibers (TA-ChNFs) into the hydrogel
network. Based on our findings, the highest toughness was observed for the 1 wt.% TA-ChNF-reinforced
hydrogel (1.43 MJ/m3), which is 10.5-fold higher than the unreinforced counterpart. Moreover, the 1 wt.%
TA-ChNF-reinforced hydrogel showed the highest resistance against crack propagation and a 96.5%
healing efficiency after 40 min. Therefore, it was chosen as the optimized hydrogel to pursue the
remaining experiments. Due to its unique SELF performance, network stability, superior mechanical,
and self-adhesiveness properties, this hydrogel demonstrates potential for applications in self-wearable
strain sensors.

Keywords: dynamic hydrogels; tannic acid; chitin nanofibers; starch; self-healing; self-recovery

1. Introduction

Hydrogels are hydrophilic polymers cross-linked mostly by static covalent bonds in a
three-dimensional (3D) structure [1–4]. They can maintain a large amount of water without losing
their structures, and are suitable for many applications, including sensors [5], scaffolds [6], wound
healing substrates [7], and actuators [8]. However, due to the presence of static bonds, they are
usually prone to permanent failure while under load before any noticeable cracks appear, thus
losing their functionality [1,2,9]. The insertion of dynamic non-covalent crosslinks within their
networks can be considered as one feasible way to fabricate hydrogels with the ability to restore their
structures and functionalities from damage, thus improving their safety, reliability, and durability.
Furthermore, the reversibility of dynamic crosslinks in such hydrogels also imparts another interesting
feature to their networks: autonomous self-healing and self-recovery (SELF) properties [1,3,10,11].
Therefore, dynamic hydrogels are good candidates for preparing soft flexible electronics, biomedicine,
and wearable strain sensors [3,4,12,13]. However, the insertion of dynamic crosslinks may reduce
the toughness of electroconductive hydrogels, the main prerequisite for fabricating hydrogel-based
strain sensors that are subjected to repeated deformations [2,9]. Therefore, it is an ongoing challenge
to fabricate an electroconductive hydrogel with toughness and autonomous SELF behaviors that are
sufficiently suitable for wearable strain sensors because of the compromise between static crosslinks
for mechanical strength and dynamic crosslinks for SELF properties [1,9,14,15].
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The current solution to fabricate a tough SELF hydrogel relies on embedding dynamically
modified nanofillers, e.g., nanoclay, graphene oxide, carbon nanotubes, and nanocellulose, within
the network of hydrogels containing covalently cross-linked bonds [16–18]. By doing so, nanofillers
with dynamic motifs increase the binding affinity at the interface of polymer chains and enhance the
energy dissipation within the structure of hydrogels. However, due to employing irreversible covalent
crosslinks, a full restoration of damaged hydrogels is not feasible. As an example, Shao et al. [18]
employed tannic acid-coated cellulose nanocrystals (TA-CNCs) into a covalently cross-linked polyacrylic
acid-aluminum-ion (PAA-Al3+) hydrogel to impart both SELF and mechanical strength to PAA hydrogel.
Herein, TA, as a non-toxic, biocompatible plant-based polyphenol, provided strong metal-phenolic
networks with Al3+ ions, thus imparting both SELF and mechanical strength to the PAA hydrogel;
however, the presence of static bonds in the structure of the hydrogel restricted the fabrication of a
fully reversible hydrogel [18].

In this work, TA-coated chitin nanofibers (TA-ChNFs) were employed as dynamic motifs for
bestowing SELF and mechanical strength to a starch-based hydrogel without using any static bonds.
ChNFs are highly crystallized fibrous structures that are mainly found in the exoskeleton of arthropods,
e.g., crabs, shrimp, and insects [19,20]. They are formed linearly by the synthesis of glucosamine
monomers connected by β-(1-4)-N-acetyl glucosamine linkages with an approximate diameter within
a range of 2–20 nm [21]. ChNFs, similar to CNCs, have a good modifiability and provide excellent
mechanical strength to hydrogels. Therefore, it is believed that TA-ChNFs can provide a high level of
dynamic crosslinks between their adjacent nanofibers and polymer networks, thereby imparting both
SELF and mechanical properties at the same time to a hydrogel network.

To fabricate hydrogels, polysaccharides are usually the most commonly used hydrophilic polymers
because they are cheap, cytocompatible, biocompatible, and biodegradable, and among them, starch (St)
is the most inexpensive and readily available polysaccharide [1]. In contrast with cellulose and chitin,
which contain linear chains, St has highly-branched portions (amylopectin) with α(1,4)-anhydroglucose
chains interlinked with α-(1→ 6)-glycosidic bonds, in association with some linear portions (amylose)
with α(1,4)-linked anhydroglucose units [22]. As such, the presence of highly-branched chains in St
always results in brittle and moisture-sensitive products with a poor mechanical strength. Therefore, it is
almost impossible to use St in load-bearing applications, e.g., wearable strain sensors, due to its limited
flexibility and stretchability. Herein, an electroconductive, tough hydrogel based on St with unique
SELF properties was fabricated, suitable for wearable strain sensors.

Using such a hydrogel for wearable strain sensors also requires an external glue for fixing sensors
onto substrates to prevent the interfacial delamination between the contacted substrates and sensors.
This complicates the fabrication of hydrogels [23]. Therefore, there is a substantial need for developing
self-adhesive soft wearable strain sensors. Polydopamine (PDA) is usually the main candidate for this
additional feature, but its high cost and dark color may not always be useful for practical applications.
In this regard, TA appears to be a better candidate than PDA because of its low-cost, non-toxic,
nonirritant to human skin, and biocompatible plant-based nature [24,25]. Herein, by employing TA,
a mussel-inspired self-adhesive performance was also added to the hydrogel. This resolves the need
for using external glue to attach the hydrogel onto the contact substrate, thus avoiding interfacial
delamination under a repeated deformation state and improving the stability of the signal detection.

2. Materials and Methods

2.1. Chemicals and Materials

Mechanically isolated chitin nanofibers (ChNFs) were supplied by Nano Novin Polymer Co. (Sari,
Iran). Tannic acid (TA), acrylic acid (AA), starch (St), ammonium persulfate (APS), Tris buffer solution,
and ferric chloride hexahydrate (FeCl3·6H2O) were purchased from Sigma-Aldrich (Castle Hill, Australia).
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2.2. TA-ChNFs Preparation

The suspension of TA-ChNFs was prepared by a procedure proposed by Shao et al. [18]. In brief,
the pH was first adjusted to 8.0 by dropwise adding Tris buffer solution into 150 cc of ChNFs
suspension (∼1 wt.%). After that, 0.51 g of TA was loaded into the ChNFs suspension. The suspension
was then magnetically stirred for 6 h at room temperature to coat the surface of ChNFs with TA.
Next, the suspension was purified by a repeated centrifugation, followed by redispersing in distilled
water. By doing so, the color of the suspension was changed from white to brown. The TA-ChNFs
suspension was then sealed and cryopreserved at 4 ◦C.

2.3. Hydrogel Preparation

The hydrogels were fabricated based on the method developed by Hussain et al. [26] for fabricating
glycogen-PAA hydrogels. In brief, 2 g of St was dissolved in 24 cc distilled water at 80 ◦C for 2 h,
followed by cooling it down to room temperature. Next, 50 mg APS was added into the dissolved St
to activate the functional groups of St and stirred for 10 min. After that, 4 g of AA was added to the
mixture and stirred for another 10 min. Finally, 0.1 M ferric (Fe3+) ions were loaded to the mixture,
and the mixture was stirred again for 10 min at room temperature. TA-ChNF-loaded hydrogels were
also fabricated at different concentrations (0.1, 0.5, 1, 1.5, and 2 wt.%) by loading TA-ChNFs into the
dissolved St and sonicating for further 10 min in an ice-water bath to form a uniform mixture, followed
by repeating the mentioned procedure for loading APS, AA, and Fe3+ ions. As seen in Scheme 1, after
inclusion of TA-ChNF into St (Scheme 1b), AA monomers were polymerized using APS to impart a
higher molecular polarity to starch/TA-ChNFs (Scheme 1c–e). Afterward, 0.1 M solution of Fe3+ ions
was loaded into the St/PAA/TA-ChNFs mixture while mixing for almost 10 s at room temperature
(Scheme 1f). Finally, superfluous cations from the Fe3+-loaded hydrogels were removed by soaking
them in deionized water for 24 h. All samples were coded according to St/PAA/TA-ChNF (x%), which
is the weight ratio of the TA-ChNF against AA/St (constant at 6 g). As an example, 1.0 wt.% TA-ChNF
hydrogel refers to the hydrogel containing 60 mg of TA-ChNF and is coded as St/PAA/TA-ChNF
(1%). Table 1 shows the detailed composition of the hydrogels, and Scheme 1g shows the possible
coordination modes after formation of the hydrogel.

Table 1. Compositions of the hydrogels.

Code
TA-ChNFs

(wt.%)
TA-ChNFs

(mg)
AA (g) St (g) APS (mg) Water (cc)

St/PAA 0 0 4 2 50 24
St/PAA/TA-ChNF (0.1%) 0.1 6 4 2 50 24
St/PAA/TA-ChNF (0.5%) 0.5 30 4 2 50 24
St/PAA/TA-ChNF (1%) 1 60 4 2 50 24

St/PAA/TA-ChNF (1.5%) 1.5 90 4 2 50 24
St/PAA/TA-ChNF (2%) 2 120 4 2 50 24
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Scheme 1. (a–f) Different steps for forming St/PAA/TA-ChNFs hydrogels; (g) different possible modes
of coordination crosslinks.

2.4. Hydrogel Characterization

The morphologies of ChNFs and TA-ChNFs were observed using transmission electron microscopy,
TEM (JEOL, Tokyo, Japan, 2100). Each sample was diluted to about 0.001 wt.% with ethanol and
sonicated well to separate the individual nanofibers and avoid aggregation during the analysis.
Then, a quantity of 5 μL of the ChNFs was cast on perforated carbon-coated grids, and the excess
ethanol was absorbed by a filter paper. An image analyzer program (version 1.52t, ImageJ, Bethesda,
MD, USA) was used to measure the diameter of the nanofibers from the TEM images.

Next, the mechanical tests were performed using a universal mechanical tester equipped with
a 200 N load cell at room temperature (Instron, Norwood, MA, USA) to find the hydrogel with the
highest toughness at an optimum TA-ChNFs concentration. To do so, rectangular-shaped specimens,
with dimensions of 10 mm in width, 6 mm in depth, and 35 mm in length, were prepared to test the
mechanical properties of the TA-ChNF-loaded hydrogels at different concentrations (0.1, 0.5, 1, 1.5,
and 2 wt.%). The constant stretching rate and initial distance between two clamps were respectively
60−160 mm/min and 15 mm. Prior to the test, the surface of hydrogels was coated with a layer of
silicone oil to minimize water evaporation. The fracture strains of hydrogels were determined from the
elongation at the break values. The toughness, that is the ability of the hydrogel to absorb energy prior
to fracture, was calculated from the area under the stress–strain curves. All tensile tests were repeated
five times. Rheological measurements were also performed to support the mechanical characterization
using a rotational rheometer (TA Instruments, New castle, Delaware, USA) equipped with a parallel
plate geometry (40 mm in diameter and a gap of 49 μm) at different strains and a frequency of 1.0 Hz.
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After determining the hydrogel with the highest toughness, further experiments were performed
on the samples with the optimized TA-ChNFs concentration. Scanning electron microscopy, SEM
(Zeiss, Supra, Oberkochen, Germany), was employed to investigate the morphology of the freeze-dried
hydrogel before and after loading TA-ChNFs. To do so, the optimized hydrogel was cut to expose
the inner structure and coated with gold in a vacuum coater to avoid charging and then observed
under SEM operating at 8.5 and 17.5 kV. The spectra of ChNFs, TA-ChNFs, and the hydrogels at the
optimized TA-ChNFs concentration were obtained using FTIR (Bruker Vertex 70, Billerica, MA, USA)
between 600–4000 cm−1. Prior to the test, the samples were dried in a vacuum oven for 24 h.

The healing efficiency of hydrogels was also calculated according to the strength ratio between the
healed hydrogel and the original one at different TA-ChNFs concentrations (0.1, 0.5, 1, 1.5, and 2 wt.%).
Furthermore, a visual inspection was conducted to evaluate the self-healing properties of the hydrogel
at an optimum TA-ChNFs concentration by cutting the hydrogel into pieces, followed by immediately
recombining the pieces into the original shape through self-adhesion.

The self-adhesiveness properties of the hydrogel were measured at an optimum TA-ChNFs
concentration on different substrates (plastic, glass, metal, leather, and rubber with 25 × 100 × 1 mm3

dimensions) using the same universal mechanical tester under ambient conditions. For this purpose,
all solid specimens were washed with water and ethanol and dried to remove any dirt from their
surfaces. Next, the hydrogels (with 20 × 20 × 1 mm3 dimensions) were attached to the substrates
and were pulled at a crosshead speed of 10 mm/min until separation. Each sample for measuring the
self-adhesive test was repeated five times [27].

3. Results and Discussion

3.1. Tannic Acid Coated-Chitin Nanofiber-Assisted Hydrogels

According to the TEM image of ChNFs (Figure 1a), the average diameter of ChNFs is in the
nanosize range (48 ± 12 nm), while their lengths are in the micrometer scale. Therefore, ChNFs have a
high aspect ratio containing a lot of hydroxyl groups able to interact with the pyrogallol/catechol groups
of TA. Based on the TEM image (Figure 1b), the average diameter of TA-ChNFs is slightly thicker than
ChNFs (51 ± 11 nm), which may be due to the deposition of TA onto ChNFs. The successful deposition
of TA on ChNFs was confirmed using the FTIR test. As shown in Figure 1c, unlike the pristine ChNFs
(Figure 1ci), there is a detectable peak at 813 cm−1 in the TA-ChNFs spectrum (Figure 1cii) due to
the introduction of C=C in benzene rings. There are also detectable peaks at 1531 and 1612 cm−1

due to stretching vibrations of C−C aromatic groups in the spectrum of TA-ChNFs. These results
are in agreement with the results obtained by Shao et al. [18] when depositing TA on the surfaces of
cellulose nanocrystals.
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Figure 1. TEM image of (a) ChNFs and (b) TA-ChNFs; and FTIR results of (ci) ChNFs and (cii) TA-ChNFs.

Inspired by the adhesiveness of blue mussels, a tough hydrogel with SELF properties was fabricated
via the incorporation of TA-ChNFs into St/PAA, followed by loading Fe3+ ions. The nearly instant
gelation of 0.5 wt.% TA-ChNF-reinforced St/PAA is shown in Video S1 from Supplementary Materials.
The instant gelation was not observed for the mixture containing 0.1 wt.% TA-ChNFs (Video S2).
The instant gelation can be attributed to the sufficient contribution of pyrogallol/catechol groups of TA
performing intermolecular interactions with Fe3+ ions, thus forming coordination crosslinks. In fact,
after loading Fe3+ ions into the TA-ChNFs-assisted mixture, three possible coordination modes are
likely to happen, consisting of hybrid bridging, metal-carboxylate coordination, and metal-phenolic
coordination (Scheme 1g). All of these modes, as well as the presence of hydrogen bonding, result in a
reversible dynamic network that can instantly form a 3D gel.

3.2. Mechanical and Rheological Properties

Since toughness is one of the most important prerequisites of a wearable strain sensor, mechanical
measurements were first performed on all hydrogels at different TA-ChNFs concentrations (0.1, 0.5, 1,
1.5, and 2 wt.%) to indicate the hydrogel with the highest toughness. As mentioned, St is inherently
a brittle polymer, so the graft polymerization of vinyl monomers, e.g., acrylic acid and acrylamide,
can be a facile way to modify the mechanical strength of St. Moreover, the incorporation of nanofillers
within the St network can improve the mechanical strength of St [28]. Therefore, it is anticipated
that the incorporation of TA-ChNFs and the graft polymerization of AA without using any static
cross-linkers can considerably increase the toughness of St-based hydrogels while imparting excellent
SELF properties to them. These two properties (toughness and SELF properties) usually oppose each
other [9]. Figure 2a displays the stress–strain curves of the hydrogels incorporated with different
concentrations of TA-ChNFs (0.1, 0.5, 1, 1.5, and 2 wt.%). As can be seen, the incorporation of TA-ChNFs
as both dynamic motifs and nanofillers significantly improved the mechanical properties of the St-based
hydrogels. The highest stretchability of 1015% is observed for the 0.5 wt.% TA-ChNF-reinforced
hydrogel. The highest tensile strength is seen for the 2 wt.% TA-ChNF-reinforced hydrogel (274.8 kPa).
Moreover, the 1 wt.% TA-ChNF-reinforced hydrogel shows the highest toughness (1.43 MJ/m3), which
is 10.5-fold higher than the unreinforced hydrogel, whereas the decrease in toughness at higher
TA-ChNFs may be due to a higher degree of crosslinking at higher TA-ChNFs concentrations.
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Figure 2. (a) Tensile stress–strain curves of PAA/St hydrogels at different TA-ChNFs concentrations;
(b) Storage modulus and loss modulus of the hydrogel at different TA-ChNFs percentages; (c) tensile
properties for notched hydrogels at different TA-ChNFs concentrations; (d) tensile properties of the
hydrogel reinforced by 1 wt.% TA-ChNFs at different strain rates.

To evaluate the effects of different percentages of TA-ChNFs on the mechanical properties
of the hydrogels, rheological measurements were performed. As seen in Figure 2b, the storage
modulus (G’) of the hydrogel is higher than its loss modulus (G”), and the inclusion of TA-ChNFs,
even at a very low concentration (0.5 wt.%), increases both the storage modulus (G′) and the loss
modulus (G”) of the hydrogel; however, the trend is approximately the same at different TA-ChNFs
concentrations, mainly due to both the nano-reinforcing and dynamic cross-linking effects of TA-ChNFs
via non-covalent interactions. To assess the notch sensitivity of the TA-ChNF-reinforced hydrogels
at different concentrations, all hydrogels were notched and stretched under tensile loading. It was
observed that the hydrogel reinforced by 1 wt.% TA-ChNF had the highest notch-insensitivity, remaining
remarkably stable and blunted. The toughness behavior of this hydrogel can be considered as the main
reason for the resistance of hydrogel against crack propagation (Figure 2c). Based on the results from
the mechanical, rheological, and notch-insensitivity measurements, the 1 wt.% TA-ChNF-reinforced
hydrogel was considered as the optimum sample to pursue the remaining experiments.

The mechanical properties of the 1 wt.% TA-ChNF-reinforced hydrogel at different stretching rates
(60–160 mm/min) was then tested to track the strain-rate dependency of the hydrogel. It was observed
that the higher strain rates resulted in a higher breaking stress, reaching a maximum at 140 mm/min,
beyond which the strain rate dependency of the tensile strength diminished. This can be attributed to
a reduced dissipation energy by the coordination bonds [18]. While increasing the stretching rate up
to 120 mm/min increased the breaking strain of the hydrogel, it decreased after 120 mm/min, mainly
because of the inability of the broken physical bonds to reform (Figure 2d).

3.3. Morphological and FTIR Studies

In the next step, the morphological and FTIR studies of the optimized hydrogel were performed.
Figure 3 shows the fracture surface of the pristine and 1 wt.% TA-ChNF-reinforced hydrogels. As can
be seen, there exists a significant difference in the pore size and morphology of the reinforced and
unreinforced hydrogels. While the reinforced hydrogel with 1 wt.% TA-ChNFs (Figure 3b) has a smaller,
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denser, and more uniform pore size, with a larger surface area, its unreinforced counterpart (Figure 3a)
lacks any homogeneity and uniformity in pore size distribution. Therefore, it can be stated that the
presence of TA-ChNFs enhances the homogeneity of the network by providing reversible interactions
with the matrix. It can also be noted that the uniform structure of the 1 wt.% TA-ChNF-reinforced
hydrogel resulted in better mechanical properties compared to its unreinforced counterpart.

Figure 3. SEM images of (a) the unreinforced hydrogel and (b) the reinforced hydrogels with 1 wt.%
TA-ChNFs; FTIR results of (ci) 1 wt.% TA-ChNF-reinforced hydrogels and (cii) unreinforced hydrogels.

Based on the FTIR results for the 1 wt.% TA-ChNF-reinforced hydrogel, there exist two amide
I bands at 1622 and 1661 cm−1 and the amide II band at 1559 cm−1 (Figure 3ci,cii) due to the graft
polymerization of AA on starch, and two characteristic bands at 1154 and 1017 cm−1 in Figure 3ci after
the inclusion of 1 wt.% TA-ChNFs into the system. According to Ifuku et al. [29], these peaks are the
C–O and C=O stretching vibration modes of the carboxylic acid resulting from the grafting of AA onto
the chitin nanofibers.

3.4. Self-Healing and Self-Recovery (SELF) Properties

Using the rheological measurement, the self-recovery of the hydrogel containing 1 wt.% TA-ChNFs
was demonstrated at the microscopic level. For this purpose, an alternate step strain test (strain = 1, 80,
300, 800, and 1000%) at a fixed time interval (100 s) was performed (Figure 4a,b). As can be seen, under
small oscillatory strains, the hydrogel network is intact thanks to the presence of TA-ChNFs as dynamic

148



Polymers 2020, 12, 1416

motifs. It can be said that the polymer chains in the hydrogel are attached by TA-ChNFs; thus, they can
bear a large deformation and show a rapid and complete self-recovery at a low strain of 1% due to the
interactions between the nanofillers and matrix. This proves the excellent self-recovery of the hydrogel
under repeatable cycles and the fact that the hydrogel could withstand large deformations without
showing shear-thinning behavior, which stands in contrast with many self-healing hydrogels due to
the presence of strong dynamic motifs created by TA-ChNFs [9,30,31]. At a 1000% strain, the value
of G′ and G” overlapped, which means the structure of the polymer hydrogel starts collapsing at
such large strains (Figure 4b). When stepping the strain back to 1% at a fixed frequency (1.0 Hz),
an instantaneous self-recovery to the gel-like character (G’ > G”) was observed in each repeatable
cycle of the recovery. This observation can be attributed to a fully dynamic network that enables a
response to the strain at a molecular level. The hydrogel also showed a shear-thinning behavior at
strains higher than 1000%, which indicates the transformation of the hydrogel into its sol-gel state due
to the destruction of the hydrogel network (Figure 4c).

Figure 4. (a) Breakup and reformation ability of the hydrogel containing 1 wt.% TA-ChNFs at different
strains = 1, 80, 300, and 800% and a fixed time interval; (b) breakup and reformation ability of the
hydrogel containing 1 wt.% TA-ChNFs at 1 and 1000% strains and a fixed time interval; (c) shear-thinning
behavior of the hydrogel containing 1 wt.% TA-ChNFs; (d) typical stress–strain curves of the pristine
and healed hydrogels containing 1 wt.% TA-ChNFs; and (e) healing efficiency of the hydrogels at
different TA-ChNFs.

To evaluate the self-healing performance of the hydrogel, a macroscopic test was performed using
a direct visual inspection, followed by a tensile test. As shown in Video S3, a cylindrical-shaped
hydrogel containing 1 wt.%. TA-ChNFs was cut into several pieces, and the pieces were then
immediately rejoined together without applying any pressure. As seen, the hydrogel instantly healed
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itself without any external stimuli or healing agents. Moreover, the self-healed hydrogel showed
immediate and stable self-support and stretchability across the cutlines due to the strong dynamic
crosslinks. Clearly, the hydrogel showed a good healing ability, stability, and mechanical properties
due to the presence of the rigid but dynamic TA-ChNFs motifs together with the coordination bonds.

To further investigate the effect of time on the healing efficiency of hydrogels, further tensile tests
were performed by defining the healing efficiency as a tensile strength ratio between the healed and
original hydrogel at the breaking point. As shown in Figure 4d, the hydrogel shows a time-dependent
self-healing performance, and the tensile strength increases significantly by increasing the time,
especially during the earlier step of healing. The self-healing efficiency reached 80% after 20 min,
but after that it slowed down slightly and reached 96.5% after 40 min. Therefore, it can be said that this
rapid and autonomous self-healing performance of the hydrogel is due to the presence of coordination
crosslinks and TA-ChNFs dynamic motifs. Figure 4e shows the influence of different TA-ChNFs
concentrations on the healing efficiency of the hydrogel. As can be seen, by adding 2 wt.% TA-ChNFs,
the healing efficiency reached 98.5% after 40 min of healing. Therefore, the presence of TA-ChNFs plays
a crucial role in the high SELF performance, network stability, and superior mechanical properties of
the hydrogel due to providing dynamic metal-phenol networks.

3.5. Self-Adhesiveness Properties

The incorporation of TA into ChNFs, in addition to providing high SELF and mechanical
properties, can impart a mussel-inspired adhesive mechanism to the hydrogels due to the presence
of pyrogallol/catechol groups in TA, allowing the hydrogel to adhere to almost any surface [18,23].
As demonstrated in Video S4, the hydrogel containing 1 wt.% TA-ChNFs can merge the glass–plastic
slides while lifting a load of 5 kg without using extra glue. It has been reported that the mussel-inspired
adhesive mechanism of hydrogels depends on the availability of pyrogallol/catechol moieties and the
type of interactions at the hydrogel–substrate interface, while the mechanical strength of the hydrogel
depends on the number of TA/Fe3+ coordinations [32,33]. The self-adhesive properties of the hydrogel
reinforced by 1 wt.% TA-ChNFs were quantified to different surfaces consisting of rubber, metal, glass,
plastic, and leather using a tensile test. As Figure 5a depicts, the highest self-adhesive strength was
found between hydrogel–metal interfaces. This can be attributed to the presence of metal complexation
and hydrogen bonding at the interfacial layer [23]. The adhesiveness of hydrogel–plastic can be
attributed to hydrophobic interactions, e.g., π-π stacking or CH-π interaction. Hydrogen bonding
can also be considered for the adhesiveness of the hydrogel to rubber, glass, and leather. [18] A cyclic
peel-off test was also performed four times by adhering 1 wt.% TA-ChNF-reinforced hydrogel onto
different substrates and peeling them off by the tensile load, followed by re-adhering them onto
the same substrates and repeating the test (Figure 5b). Based on the results, the hydrogel showed
good repeatable self-adhesive properties. As an example, 76% of the initial self-adhesive strength
between the hydrogel–metal at the first cycle was restorable after the fourth cycle. As Video S5 shows,
the hydrogel can easily adhere to rubbery gloves while being stretched without adding any additional
adhesive tapes. Therefore, the added functionality of self-adhesiveness to the hydrogel can, without
influencing the mechanical performance and self-healing, increase the versatility of the hydrogel in
many practical applications, e.g., wearable strain sensors [32].
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Figure 5. (a) Self-adhesive strength of the 1 wt.% TA-ChNF-reinforced hydrogel on different substrates
measured by a tensile test; (b) cyclic self-adhesive tests on different substrates.

3.6. Electrical Conductivity and a Potential Application

The electrical conductivity is demonstrated by a light-emitting diode (LED) indicator and the
hydrogel reinforced by 1 wt.% TA-ChNFs as the conductor in Videos S6 and S7. As shown in Video S6,
the LED bulb reversibly darkened and lit up by applying and releasing the stress due to the presence
of local disconnections, indicating the fast resistance response of the hydrogel to the strain. The soft
electrical switching behavior of the hydrogel was observed using the LED indicator and is shown in
Video S7. As can be seen, the LED bulb in the electric circuit was lit by connecting the hydrogel to
the electric circuit. The hydrogel was then cut in half using scissors, and the cut pieces were again
connected. As seen in Figure 6a,b, The LED bulb in the electric circuit was instantly lit, and the circuit
was restored due to the migration of free Fe3+ ions from one side to another (Figure 6c), imparting
a restorable ionic conductivity to the hydrogel. The resistance of the hydrogel was measured using
a multimeter at a probe distance of 1 cm. It was observed that by increasing the strain values from
0 to 600%, the resistance of the hydrogel increased. This can be attributed to the increased distance
between the conductive segments of the hydrogel network, resulting in increased local disconnections
within the network (Figure 6d) [23].
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Figure 6. (a) Before connecting the cut hydrogel containing 1 wt.% TA-ChNFs; (b) after connecting the
cut hydrogel with 1 wt.% TA-ChNFs; (c) the mechanism of electrical self-healing of the hydrogel and
(d) the resistance of the hydrogel at different strains.

Most hydrogel-based wearable sensors require an external glue for affixing to the body.
Moreover, they are usually brittle and are likely to lose their functionality while under load [18].
By taking advantage of TA-ChNFs, a self-adhesive hydrogel with the potential to solve this problem
can be fabricated. The potential use of the hydrogel as a self-wearable strain sensor was examined
by adhering it onto the top surface of the forefinger without employing any glue for detecting the
bending movement of the finger. As Figure 7 depicts, the hydrogel could be easily attached to the
forefinger without using any glue, and by increasing the angle of bending from 0◦ to approximately
90◦ the resistance of the hydrogel increased, whereas the resistance did not change when the forefinger
was held static at approximately the same angle. Interestingly, by returning the bending angle to
0◦, the initial resistance of the hydrogel was restored. Hence, the hydrogel can distinguish between
different bending angles based on the relative resistance changes in real time, making our hydrogel an
ideal candidate for self-wearable strain sensors.
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Figure 7. (a–d) Adhered 1 wt.% TA-ChNFs hydrogel to the first author’s forefinger while bending to
approximate angles and (e) its relative resistance change in real time.

4. Conclusions

In this work, a dynamic mussel-inspired hydrogel was designed and fabricated by incorporating
Fe3+ ions and TA-ChNFs into a starch-based network. TA-ChNFs play the role of nanofillers and
dynamic cross-linkers, thus imparting a SELF ability and high strength to the hydrogel. The hydrogel
shows a high SELF ability, mechanical strength, and electro-conductivity. According to our results,
the hydrogel reached the highest toughness and notch insensitivity after loading 1 wt.% TA-ChNFs into
the hydrogel. Moreover, the hydrogel reinforced by 2 wt.% TA-ChNFs showed the highest self-healing
efficiency (98.5%) after 40 min. Additionally, the hydrogel showed repeatable self-adhesive properties,
with the ability to attach to almost any surface because of the existence of pyrogallol/catechol groups in
TA. The hydrogel is also able to monitor and distinguish motions, showing a good capability as a soft
wearable strain sensor. Thus far, there has not been any available research on using TA-ChNFs and starch
as potential candidates for fabricating such hydrogels. We anticipate that the hydrogel will be ideally
suited for use in self-wearable flexible strain sensors because of its excellent self-healing ability—without
needing any external stimuli—and reliable mechanical, electrical, and self-adhesive properties.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/6/1416/s1,.
Video S1: 0.5 wt.% TA-ChNF-reinforced hydrogel. Video S2: 0.1 wt.% TA-ChNF-reinforced hydrogel. Video S3:
Visual self-healing inspection of a cylindrical-shaped 1 wt.%. TA-ChNF-reinforced hydrogel. Video S4: Merging
glass-plastic slides by a 1 wt.%.TA-ChNF-reinforced hydrogel. Video S5: 1 wt.%.TA-ChNF-reinforced hydrogel
adhered to rubbery gloves while being stretched without adding any additional adhesive tapes. Video S6:
Darkening and lightening of 1 wt.%.TA-ChNF-reinforced hydrogel after applying and releasing the stress using
an LED bulb indicator. Video S7: Electrical self-healing ability of the hydrogel reinforced by 1 wt.%.TA-ChNF.
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