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In this paper, a biological template method is introduced and investigated to fabricate ionic
polymer-metal composite (IPMC) strain sensor with bionic hierarchical structures. We
utilized the multi-level structure of reed leaf surface, which can improve the contact area
between the substrate and the electrode layers. Hierarchical structures were observed on
the IPMC samples, including pyramid strips with the width in the range of 60–80 μm as well
as synaptic scatters with diameter around 10 μm. In addition, five kinds of sensors with
different interface structures were obtained by combining the traditional microneedle roller
roughening and chemical plating processes. It was found that the IPMC sensor with reed-
leaf and microneedle structure on each side presented the best performance, along with a
high linearity, a sensitivity of 62.5 mV/1% and a large generated voltage peak under given
mechanical stimuli, which is 3.7 times that of the sample fabricated without roughening.

Keywords: ionic polymer-metal composite, biological template, ionic sensor, wearable sensing, roughness
identification

INTRODUCTION

Owing to the growing demand of arbitrary surface sensing in soft electro-mechanical systems, such
as wearable electronic equipment and artificial intelligent devices, soft strain sensors have been
explored extensively due to their inherent advantages including biocompatibility, high flexibility and
sensitivity, as well as large sensing range (Amjadi et al., 2016; Gao et al., 2019;Wang et al., 2019; Dong
et al., 2020; Wang et al., 2020). According to the sensing mechanism, soft strain sensors can be
generally classified into piezoresistance type (Ma et al., 2018; Feng et al., 2019; Yin et al., 2019),
capacitance type (Mannsfeld et al., 2010; Pang et al., 2015; Yoo et al., 2018), nanofriction type (Niu
et al., 2013; Zheng et al., 2017; Huang et al., 2021), piezoelectric type (Nguyen, 2019; Stadlober et al.,
2019) and ionic type (Han et al., 2017; Panwar and Gopinathan, 2019). Among them, the ionic strain
sensors can generate electrical signals through the migration and redistribution of internal ions
under mechanical deformation, during which no electrical source was compulsive, and a strain
sensitivity with direction recognition function was presented (Liu et al., 2016).

Ionic polymer-metal composite (IPMC) is a typical ionic strain sensor with promising electro-mechanical
conversion performance (Ming et al., 2018). It is usually consisting of an ionic exchange membrane
sandwiched between two electrode layers. During the past few years, increasing research accentuated the
importance of rough interfaces during the electro-mechanical performance of IPMC, which attracts a growing
attention on its interface optimization. The contact interface between the electrode and the substrate polymer
usually carried a rough characteristic of mutual penetration, which affects the mass transport path, and
subsequently the charge accumulation; therefore, it plays an important role in the electrical and mechanical

Edited by:
Xufeng Dong,

Dalian University of Technology, China

Reviewed by:
Yingdan Liu,

Yanshan University, China
Zicai Zhu,

Xi’an Jiaotong University, China

*Correspondence:
Yanjie Wang

yjwang@hhu.edu.cn
Ying Hu

huying@hfut.edu.cn

Specialty section:
This article was submitted to

Smart Materials,
a section of the journal
Frontiers in Materials

Received: 28 July 2021
Accepted: 09 August 2021
Published: 20 August 2021

Citation:
Chang L, Wang D, Hu J, Li Y, Wang Y
and Hu Y (2021) Hierarchical Structure
Fabrication of IPMC Strain Sensor With

High Sensitivity.
Front. Mater. 8:748687.

doi: 10.3389/fmats.2021.748687

Frontiers in Materials | www.frontiersin.org August 2021 | Volume 8 | Article 7486871

ORIGINAL RESEARCH
published: 20 August 2021

doi: 10.3389/fmats.2021.748687

http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2021.748687&domain=pdf&date_stamp=2021-08-20
https://www.frontiersin.org/articles/10.3389/fmats.2021.748687/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.748687/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.748687/full
http://creativecommons.org/licenses/by/4.0/
mailto:yjwang@hhu.edu.cn
mailto:huying@hfut.edu.cn
https://doi.org/10.3389/fmats.2021.748687
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2021.748687


transduction process. Although some roughening methods, including
sandpaper grinding (Tamagawa et al., 2002; Stoimenov et al., 2006),
chemical etching (Kim et al., 2007), sandblasting (Wang et al., 2016),
plasma etching (Choi et al., 2008; Saher et al., 2010), mould casting Noh
et al. (2002),He et al. (2013) andmicroneedle rolling (Chang et al., 2019)
were proved effective to increase the contact interface between the
electrodes and the substrate of IPMC, it still leaves much room for
further probing on the property enhancement introduced by new
interface manipulation (Seol et al., 2014; Sun et al., 2017; Xia et al.,
2017; Shi et al., 2019; Zhao et al., 2019).

In this paper, a biological template method in combination with
chemical plating was proposed to fabricate IPMC sensors with
bionic hierarchical structures. The results showed that the
sensitivity of a reed-leaf-structure sensor can reach up to
62.5 mV/1%. More rich and diversified structure including
triangular pyramids with width of 60–80 μm as well as synapses
with diameter of about 10 μm were observed on the surface of the
sensors fabricated with reed-leaf template, which we believe would
contribute to its ability of identifying the object surface and may
interpret their outstanding performances. In addition, the
application of the reed-leaf structure ionic sensor was explored in
some facial expression detecting and object surface identification.
Based on the experimental analysis on reed-leaf-structure IPMC
sensor, this paper is expected to present an instruction for the future
interface design and the performance optimization of IPMC sensors.

THE EXPERIMENTAL

Fabrication Process of IPMC Sensors
1) Preparation of Nafion film with biological surface

The biological template method is to replicate the
microstructure of biological surface on the target substrate. In
our experiment, polydimethylsiloxane (PDMS) solution was
utilized to cast a film with contrary structure of biological
surface as an intermediate process. In addition, the surface
structure of PDMS membrane was duplicated by solution
casting method, and Nafion membrane with the same
structure as the leaf was obtained, as illustrated in Figure 1.
The specific preparation process is as follows.

Preparation of PDMS film with the contrary structure:
firstly, a naturally-dried reed leaf was cleaned with
deionized (DI) water, cut to appropriate size, and boiled in
DI bath (100°C, 4 h). Take out the leaf, arrange it evenly on the
filter paper and press them (0.1 MPa, 80°C, 48 h). Attach the
dry and flat leaf to the bottom of the glass mold with double-
sided adhesive tape. At the same time, PDMS precursor and
curing agent with a ratio of 10:1 were stirred for 30 min and
vacuum treated for 20 min. Then, pour the mixed PDMS
solution into the glass mold for curing (80°C, 4 h).
Afterwards, separate the PDMS film with contrary structure
from the reed leaf, cut it into a size of 6 × 6 cm and attach it to
the bottom of the glass mold for next process.

Preparation of Nafion film with the same structure as the leaf:
To prepare a bionic Nafion film with thickness of 150 μm and
area of 6 × 6 cm, around 23 g Nafion (5%) solution and 8 g N,
N-Dimethylacetamide (DMAC) solution were needed and
processed with heating, mixing and stirring (50°C, 500 r/ min,
6 h). Pour the mixed solution into the glass mold with PDMS
template and vacuum it until no macroscopic bubbles can be
observed in the mixture. Finally, curing treatment (90°C, 24 h)
and heat treatment (120°C, 30 min) were carried out.

FIGURE 1 | Preparation process of the substrate membrane with biomimetic template.
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2) Fabrication of IPMC

IPMC samples with Palladium (Pd) and gold (Au) electrodes
were fabricated to evaluate the influence of biological structure on
the sensing properties of ionic sensor. The fabrication process
typically consists of 5 steps: pretreatment, impregnation-
reduction plating (IRP), electroplating (EP) and post-
treatment, as shown in Figure 2.

Pretreatment: Nafion film was treated successively in
ultrasonic water bath (100 Hz, 30 min), hydrochloric acid
(2 mol/ L, 100°C, 30 min) and DI water (100°C, 30 min) for
purification.

IRP: Immerse the pretreated substrate film in Pd(NH3)4Cl2
solution (0.01 mol/ L) for ionic exchange with magnetic stirring
(250 r/ min, 50°C, 2 h). Then, reduce the Pd complex cations in
the membrane with NaBH4 alkaline solution (0.01 mol/ L, pH >
13), along with heating and stirring (50 r/ min, 50°C). Add 3 ml of
the NaBH4 solution (1.37 mol/ L) every 30 min to enhance the
reduction process. The above process was repeated twice.

EP: Cut the edge of Pd-IPMC to prevent the short circuit of
electrodes on both sides and immerse the sample in the gold
plating electrolyte with a concentration of 1.2 g/ L. Contact the
cathode spring needle with the target surface, and the anode with
a titanium mesh, under a voltage of 5 V and current of 0.1 A. The
plating time for one surface of our samples was 10 min.

Post-treatment: Immerse the Au-Pd-IPMC after
electroplating in NaOH solution, along with mild heating and
stirring (0.2 mol/ L, 250 r/ min, 50°C, 2 h).

For comparison, we also prepared the unstructured interface and
microneedle rolling interface, which was fabricated according to our
formerly proposed roughening method (600 times rolling, needle
length: 2.5 mm, needle diameter: 0.2 mm, load: 1,000 g) (Chang
et al., 2019). The membrane was roughened after the first
impregnation process. According to our exploratory experiments,

when roughening before the ion exchange, the pores or rough
grooves in the membrane will be squeezed together by the
shrinking during ion exchange, which is not conducive to the
formation of needle-like penetrating interface electrodes. The
roller used for the fabrication in this paper was with a length of
35 mm, needle diameter of 20mm and exposed needle height of
2.5 mm. Between the ionic exchange and ionic reduction steps, the
films were rinsed with DI water and then fixed to a clean base glass
by tape on the edge. The roller loaded with a mass of 1000 g was
horizontally pushed uniformly back and forth on the surface for total
600 circles, with the film being rotated by 90° after roughening of
every 150 cycles. The fabrication of IPMC with microneedle roller
roughening is illustrated as in the red dotted block in Figure 2. All
the samples were fabricated with the same plating process.

IPMC Sample Design
In order to compare the influences of interface structure on the
sensing performance, five samples with different interface structures
were prepared, as listed in Table 1. The substrate surface roughened
with microneedle roller is marked as R; the surface without
roughening is marked as N and that fabricate with the reed leaf
template is marked as L. Among these samples, the LN and LR were
fabricated based on the Nafion film fabricated with the reed leaf
template, while the others were with the casting Nafion film

FIGURE 2 | Preparation process of IPMC.

TABLE 1 | Process combination of the IPMC sensor samples.

Marking Different fabrication combination

LN Reed leaf template/Non-roughening
LR Reed leaf template/Microneedle roller roughening
RN Microneedle roller roughening/Non-roughening
RR Both sides with microneedle roller roughening
NN Both sides without roughening
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FIGURE 3 | The test platform of IPMC sensor. (A) The setup for sensing performance measuring. (B) The schematic diagram of the cantilever configuration.

FIGURE 4 | The surface SEM images of IPMC films with different microstructures. (A) Surface of sample NN. (B-C) Surface structure of sample RR. (D-F) The
surface biological structure in sample LN.

FIGURE 5 | Voltage generated by the five IPMC samples. (A) The instantaneous real-time response of IPMC samples with the comparison of the displacement
stimuli. (B) The diagram of the generated peak voltage value.
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fabricated with flat glass mold. Taking LR for example, the non-
templating side of the substrate was treated with micro roller
roughening, followed by the above-mentioned plating process.

Measurement Platform and Methods
The sensing performance of IPMC was tested with a specific
platform, with the sample fixed in a cantilever configuration, as
illustrated in Figure 3. The test platform mainly consisted with a
displacement generation system controlled by a stepper motor
controller and a voltage signal acquisition system regulated by an
electrochemical work station. During operation, the parameters
of the stepper motor controller were set, including relative motion
distance (8 mm for our experiments), cyclic times and speed

frequency. Then, the front clamp of the stepper motor was
contacted with the end point of the IPMC sample, and a
forward and backward reciprocating movement of the front
clamp was used to drive the IPMC sample fixed on the
clamping platform to produce a bending deformation, thus
generating the sensing voltage signal, which was collected and
processed by the electrochemical workstation.

As can be seen from Figure 3B, the bending strain of IPMC
film can be calculated based on the cantilever geometry. Before
measurement, the film was placed in a flat state. The strain ε
corresponding to the bending deformation ΔX can be obtained
with Eq. 1, according to the classic beam theory.

ε � h/2R (1)

Where h is thickness of the film, which is 0.11 mm for our
samples, R is the curvature. And R can be derived from the
following formulas.

θ · R � L (2)

R(1 − cosθ) � ΔX (3)

Where L is the length of IPMC film, which is 2 cm, θ is the
central angle.

The sensitivity of the sensor, evaluated by the gauge factor GF,
is calculated by the relationship between generated voltage V and
strain, as in Equation 4.

GF � (V − V0)/ε (4)

Where V0 is the initial voltage when the IPMC is in free state.

RESULTS AND DISCUSSION

Microscopic Morphology
In order to distinguish the surface structure characteristics, the
Nafion films processed after the first IRP were observed with

FIGURE 6 | The linearity and sensitivity of the IPMC samples. (A) The strain-voltage curve. (B) The gauge factor value comparison diagram.

FIGURE 7 | The sensing voltage of the IPMC samples under
displacement speed.
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scanning electron microscopy (SEM). The Figure 4A shows the
surface without roughening. The surface is smooth and small holes
can be found occasionally, whichmight be ascribed to the expansion
and contraction process during the plating. Figures 4B,C are the
SEM pictures of the surface fabricated with the microneedle roller
roughening. The surfaces are covered with holes of uneven size, with
the diameters in the range of 20–100 μm. Figures 4D–F is the SEM
image of the surfaces fabricated with reed leaf template. Many
triangular pyramid structures can be found, of which the entire
stripe is not completely vertical to the section and the width is in the
range of 60–80 μm. Some round synapses were scattered on the
bottom of the vertebral body, with a diameter around 10 μm. This
hierarchical structure may contribute to the accumulation of the
sensing charge and the increasing sensitivity to the contact surface
characteristics.

Sensing Performance
To investigate the influences of interface structures on the sensing
performances, the generated voltage of the 5 samples with the
application of mechanical displacement was recorded, as
illustrated in Figure 5. Some of the samples with asymmetric

electrodes would present different sensing properties when
bending in opposite direction. For example, LR (L) means the
sample LR bending towards the leaf template (L) surface
direction. The instantaneous voltage and displacement curve
were compared, with a route of 8 mm and velocity of 0.3 Hz.
The sensing voltage of all the IPMC samples has strong
periodicity and is positively correlated with the displacement.
The Figure 5B showed the maximum voltage produced by
different structural sensors at the peak displacement point. It
can be seen that all the 4 samples with microstructure interface,
both microneedle interface and reed leaf template, displayed
higher voltage compared to that with flat interface, indicating
a distinct promoting effect of the interface structure on the mass
transporting and subsequently the voltage generation. The peak
voltage of sample RR was 8.6 mV, which was 2.3 times that of NN
(3.7 mV), while the peak voltage of sample LR (L) and LR (R)
were 14 and 8.6 mV, which are 3.7 times and 2.3 times that of NN,
respectively. The distinct voltage increased from sample NN to
sample LN and from RN to LR provided sound evidence for the
performance improvement resulted from the hierarchical
structure of the leaf template.

FIGURE 8 | Facial expression recognition. (A) Image of the IPMC sensor taped on the muscle around the mouth, 1 refers to the state without smiling; 2 is the state
when smiling. (B) Voltage response of face muscle shifting from being expressionless to smile. (C) Image of the IPMC sensor taped on the eyebrow center; 3 means no
frowning; 4 means frowning. (D) Voltage response during frowning.

Frontiers in Materials | www.frontiersin.org August 2021 | Volume 8 | Article 7486876

Chang et al. Hierarchical Structure IPMC Strain Sensor

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


To evaluate the linearity and sensitivity of these IPMC sensors,
the strain and the gauge factor were calculated based on the
above-mentioned equations, as displayed in Figure 6. It can be
found that all the IPMC samples exhibited a good linearity during
the corresponding range, especially the sample LR when bending
towards the leaf structure direction. In addition, the gauge factor
for test LR(L) was as high as 62.5 mV/1%, indicating the highest
sensitivity among these samples. For comparison, the sensitivity
of the sensor NN is 17.6 mV/1%, approximately 28.1% of that for
LR(L) and 80.3% of that for RR. It can be deduced that the rich
micro structure might contribute to the increasing linearity and
sensitivity.

The voltage response under different displacement speeds
was displayed in Figure 7. The voltage amplitudes of all the
samples had a downward trend with the increase of
displacement velocity, which was a distinct characteristic of
ionic transport. This trend is especially dominating for sample
LR and LN. The hierarchical structure induced by the
biological template increased the length as well as the
complexity of the path for mass transport, subsequently
enhanced the frequency-dependency of the sensors.

APPLICATION EXPLORING

Flexible sensors were widely explored in intelligent wearable devices.
Combined with the characteristics of bionic structure flexible sensor,
such as good adhesion to skin, biocompatibility and high sensitivity,
some application exploration in expression recognition and roughness
recognition were carried out to display the unique properties of those
fabricated IPMC sensors. Two electrode sides of the sensors were
connected with the conductive wire by using silver glue, and the
voltage signals were recorded by electrochemical workstation.

Expression Recognition
In recent years, with the development of human computer
interaction and wearable devices, movement sensing including
expression recognition attracted growing attention. People’s
expressions are diversified and closed related to the mild
movement of facial muscles. Here two of the IPMC strips
fabricated with biological template were taped with VHB (Very
High Bond, Acrylic foam tape, 3M™) adhesive around the corner of
an experimenter’s mouth and the center of her eyebrows,
respectively, to detect facial expressions. As shown in Figure 8,

FIGURE 9 | Voltage response of sensor sliding upon surface of different roughness. (A) Smooth A4 paper; (B) Sandpaper of 800 #; (C) Sandpaper of about 600 #;
(D) Sandpaper of about 320 #.
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when the experimenter shifted from being expressionless to a smile
expression, the corners of her mouth raised, and the corresponding
sensor strip generated an identifiable pulse voltage signal, while if the
experimenter shifted to a frowning expression, the upper sensor
wound gave a voltage peak. The voltage pulses were observed
immediately with the expression change, well indicating the
feasibility of IPMC sensor utilizing in facial expression detecting.

Roughness Identification
Haptic feedback is an important sensing technique, which is of
great potential in the design of soft electro-mechanical devices.
The sensing of textures or other surface properties provides
possibility for adaptable lifting and flexible contact, which are
unique instinct for almost every living being yet quite difficult to
realize with traditional mechanical designs.

Inspired by the fingerprint microstructure to touch and pick up
objects, IPMC with hierarchical interface were probed in roughness
recognition. A IPMC strip of above-mentioned sample LR was taped
to the index fingertip with VHB, with the reed leaf structure surface
contacting the object surface. Sliding the fingertip sensor on object
surfaceswith increasing roughness, successively aA4 paper, sandpaper
of about 800 Grit (800 #), 600# and 320#, and the generated voltage
were recorded as illustrated in Figure 9. When sliding upon a smooth
A4 paper, the sensor displayed a single voltage pulse; while upon the
rough sandpapers, more disordered peaks appeared. Putting aside the
amplitude difference mainly resulted from the pressure variation, it
can be seen that, with the increase of surface roughness, the noise
peaks of the voltage increased visibly. The microcosmic contact and
departure of the object surface with the two-scaled structure, the
triangular pyramid strip and the synapses, induced several local stress
pulses and subsequently led to multiple voltage peaks. We believe this
IPMC sensor can be incorporated intowearablemedical equipment to
achieve artificial tactile sensation for human-computer interaction
devices with further manipulation design.

CONCLUSION

In this paper, we proposed a biological template method to
fabricate IPMC strain sensors with bionic hierarchical

structure. Reed leaf was chosen as the template due to its rich
microstructure, and with PDMS utilized as an intermediate
template material, the bionic structure was copied to the
surface of the IPMC substrate membrane successfully. The
two-scaled rough interface, including triangular strips and
synaptic structures, contributed to the sensing performance of
IPMC sensors. By comparing five groups of different structural
samples, it is found that reed leaf/microneedle roughened sensor
can achieve the highest sensitivity of 62.5 mV/1%, along with high
linearity. In addition, facial expression recognition and rough
surface identification were explored primarily with the new IPMC
sensor. We hope this new fabrication method can inspire more
strategy on the performance improvement of ionic sensors and
promote future exploration on their diversified application.
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