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Abstract: Flexible and stretchable strain sensors can be applied for human health monitoring and
disease diagnoses via the output of multiple biophysical signals. However, it is still a challenge
to fabricate short-peptide-based strain sensors. Here, we prepared a novel polymer-dipeptide
double-network hydrogel with excellent stretchability, responsiveness, and stability. The poly(acrylic
acid) (PAA) gel, by cross-linking, maintains mechanical and flexible properties, and the fluorenyl
methoxycarbonyl-diphenylalanine (Fmoc-FF) network, by non-covalent interactions, is helpful for
energy dissipation. With increasing tensile or compression strains, the PAA/Fmoc-FF hydrogel
exhibited a high mechanical strength and fast recovery. Moreover, as the presence of KCl improves
the electronic conductivity, the hybrid gel exhibited a cyclic strain-stress performance, which is the
foundation of a strain sensor. Based on that, its application as a motion sensor was demonstrated
by monitoring the movements of human joints, such as the forefinger, wrist, elbow, and knee.
Consequently, the hybrid polymer-peptide gel could be an ideal candidate for wearable sensors
in the future.

Keywords: strain sensor; double-network hydrogel; dipeptide; poly(acrylic acid)

1. Introduction

Flexible sensors have attracted tremendous attention due to their low cost, low modu-
lus, high flexibility, and inexpensive substrate materials [1–3]. However, flexible sensors
face challenges in practical applications where they go through large deformations of bend-
ing, twisting, and stretching or directly integrate with curvilinear substances, leading to the
requirement of stretchable electronics [4]. Recently, flexible and stretchable electrical sensors
attached to the human skin have been used more commonly, as they can perceive external
stimuli, thus exhibiting reliable physical signals for health monitoring [5–7]. Carbon-based
nanomaterials, conductive polymers, metal nanowires, and nanoparticles are also popular
materials for stretchable sensors [8–12]. Further, strain sensors are ideal for the realization
of joint angle estimation, gait recognition, fall detection, and activity recognition [13–17].
This kind of sensor usually integrates slight changes in current, resistance, capacity, or
other relative parameters to fabricate strain-based modules to output multi-dimensional
motion monitoring [18].

As an important soft matter, hydrogels contain three-dimensional porous network
structures and a large amount of water trapped inside [19]. Hydrogels based on peptides
with fibrillar networks have attracted significant attention as they possess excellent and
unique biomimetic and biocompatible properties [20]. However, peptide hydrogels are
prepared through non-covalent interactions, leading to a poor gelation stability and weak
mechanical strength. Therefore, significant efforts have been made to produce highly
durable peptide hydrogels for domestic and industrial applications, including tough double-
network hydrogels (DN gels) [21–23]. DN gels consist of two interpenetrating networks:
a relatively brittle first network with a low concentration and a sparsely cross-linked ductile
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second network with a high concentration [24–26]. Polymer gels are quite superior and
chosen as a member of DN gels due to their excellent mechanical properties via their
covalent chains [27,28]. Therefore, peptide and polymer DN gels with a good flexibility,
stretchability and resilience are potential candidates for strain sensors.

Diphenylalanine (FF) and its derivatives, as popular dipeptides with a subtle biocom-
patibility and powerful self-assembly capabilities, have experienced great development
in the past few decades [29,30]. Among them, fluorenyl methoxycarbonyl-diphenylalanine
(Fmoc-FF), reported as an efficient hydrogelator due to π-stacking, has been revealed to suc-
cessfully form fibrillar aggregates and gels with a perfect biocompatibility [31]. However,
due to the poor mechanical property of FF hydrogels, it is still challenging to use them as
a stretchable strain sensor. Herein, we design and prepare a novel polymer-supramolecular
DN gel with a combination of poly(acrylic acid) (PAA) and Fmoc-FF. We hypothesize that
the break of the Fmoc-FF network could dissipate energy and that the reassembly could
help with the recovery. Therefore, in addition to the PAA gel with a high mechanical
toughness, we use the PAA/Fmoc-FF hydrogel (PAA/FF gel) as a stretchable gel, which
could be applied as a strain sensor in the future.

2. Materials and Methods
2.1. Materials

Fluorenyl methoxycarbonyl-diphenylalanine (Fmoc-FF, >98%) was purchased from
Leyan Compony, Shanghai, China. Dimethylsulfoxide (DMSO, >99.9%), acrylic acid
(AA, >99%), and ammonium persulfate (APS, >98%) were purchased from Aladdin Reagent,
Shanghai, China. N,N′-Methylenebis-(acrylamide) (MBAA, >98%) and potassium chloride
(KCl) were purchased from J&K Scientific Ltd., Beijing, China.

2.2. Preparation of the Gels

Fmoc-FF hydrogel: Fmoc-FF was diluted in DMSO to a final Fmoc-FF concentration of
0.167 g/mL. Then, deionized water was added into it to obtain a certain Fmoc-FF concentration.

Poly(acrylic acid) (PAA) gel: 0.1 mol% MBAA was diluted in 500 µL AA and then
mixed with 550 µL 5 wt% APS aqueous solution to initiate polymerization aging in a 60 ◦C
oven for 30 min.

PAA/FF gel: Fmoc-FF was diluted in DMSO to a final Fmoc-FF concentration of
0.167 g/mL, and 0.1 mol% MBAA was diluted in 500 µL AA. After mixing the above
two solutions, 550 µL 5 wt% APS aqueous solution was added to initiate polymerization
aging in a 60 ◦C oven for 30 min.

PAA/FF/KCl gel: KCl was added into the APS aqueous solution just before the
mixture. Fmoc-FF was diluted in DMSO to a final Fmoc-FF concentration of 0.167 g/mL,
and 0.1 mol% MBAA was diluted in 500 µL AA. After mixing the above two solutions,
550 µL 5 wt% APS and KCl aqueous solution were added to initiate polymerization aging
in a 60 ◦C oven for 30 min.

2.3. Measurements and Characterizations

Scanning electron microscope (SEM) measurements were taken on JEOL JSM6700F or
Hitachi S-4800 field-emission scanning electron microscopes (Hitachi, Tokyo, Japan). The
freeze-dried samples with gold sputtering were transferred onto the microscope stage and
examined at 10 kV.

Attenuated total reflection (ATR)–Fourier transform infrared (FTIR) measurements
were performed on a Bruker Tensor II spectrometer with a spectral range of 4000–400 cm–1

and a resolution of 4 cm–1 (Bruker, Bremen, Germany).
The mechanical strength of gel was obtained by Texture Analyzers (FTC, TMS-PRO, Irvine,

CA, USA). For tensile experiments, samples were prepared in a cuboid (length = 15 mm,
width = 4 mm, height = 2 mm) and tested at a speed of 20 mm/min; and for compression
tests, samples were shaped into a cylinder (height = 8 mm, radius = 6 mm) and tested at
a speed of 10 mm/min.
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The real-time relative resistance changes of the gel in response to stretching were per-
formed on a VersaSTAT four electrochemical workstation at a frequency range of 1 × 105 Hz
and amplitude of 5 mV, and the data was analyzed using Z-view software to obtain the
resistance. The gel (15 mm × 4 mm) is glued with copper foil on both ends to link the
alligator clips. The relative resistance changes were calculated from (R − R0)/R0 × 100%,
where R and R0 are the dynamic resistance under different strains and the resistance at the
initial state without strain. To investigate the performance of the strain sensor, the gel was
attached to the body part that needed to be tested in the same way.

3. Results and Discussion
3.1. Characterization of the PAA/FF Gel

As illustrated in Scheme 1, we prepared a DN gel (PAA/FF gel), which consisted of
two networks. These are the first Fmoc-FF network and the second PAA network, created
by the heat-induced polymerization of acrylic acid (AA), N,N′-methylenebis-acrylamide
(MBAA), and ammonium persulfate (APS). The insert images in Figure 1a,b show that
the PAA gel is transparent, while in the presence of Fmoc-FF, the PAA/FF gel turns white
and semitransparent, indicating the uniformity of the PAA/FF gel. Figure 1a,b show the
morphology images by scanning electron microscope (SEM) observation. It is found that
because of the addition of Fmoc-FF, the gels changed from a smooth and homogeneous
surface to more compact structures, showing the successful fabrication of double networks.
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To illustrate the interactions in the secondary structures of the gels, Fourier- trans-
formed infrared (FTIR) tests were performed (Figure 1c). Compared with the Fmoc-FF
hydrogel and PAA hydrogel, the observed bands of PAA/FF gel generally correspond
to the characteristic peaks of the individual components. The broad absorption bands
around 3050–3700 cm–1 caused by the stretching vibration of –NH and –OH groups ap-
pear in all three gels. They are attributed to the hydrogen bonding interaction between
–COOH groups in the PAA chains and/or to Fmoc-FF molecules [32–34]. The appearance of
a broad peak around 2950 cm–1 in the PAA/FF gel is assigned to more hydrogen bonding
between PAA and Fmoc-FF [35]. The peak at 1698 cm–1 of the PAA/FF gel is ascribed to
the characteristic peak at 1688 cm–1 in the β-sheet structure in the Fmoc-FF gel and to the
peak at 1702 cm–1 from the symmetrical stretching vibration of C=O groups in the PAA
gel [36–38]. The characteristic peak at 1530 cm–1 based on Fmoc-FF is also assigned to the
C=O stretching vibration [39]. PAA/FF performs the peak at 1652 cm–1, demonstrating that
antiparallel β sheet structures remain among the Fmoc-FF molecules. One can clearly see
that the combination of PAA and Fmoc-FF does not significantly change with the individual
arrangement but only improves the formation of hydrogen bonds.

3.2. Mechanical Properties of PAA/FF Gel

It is worth mentioning that more hydrogen bonding, due to the addition of Fmoc-FF,
plays a key role in this DN gel. When the amount of Fmoc-FF was increased, the mechanical
properties were further explored. The results in Figure 2 show the tensile and compressive
stress-strain curves of PAA/FF with different amounts of Fmoc-FF. The PAA/FF gels were
stretched under a rising strain (Figure 2a,b). As the weight ratio (wt%) of Fmoc-FF was
changed from 0 to 4 wt%, the stress first increased and then decreased. The tensile strength
and stiffness were optimal at 1 wt% Fmoc-FF, with a high stretchability with a 570% elonga-
tion at the break. The variation of Fmoc-FF could result in different interactions in double
networks. As the Fmoc-FF gel is not strong enough to ensure any stretch, the initial im-
provement is because of the extra hydrogen bonding between Fmoc-FF and PAA. However,
the excess Fmoc-FF (1 wt%) in the PAA/FF gel could restrain radical polymerization,
damaging the strength of PAA networks. Moreover, the compressive stress-strain curves
in Figure 2c,d indicate that within a 90% compressive strain (the maximum range of the
instrument), the amount of Fmoc-FF has little impact on the stress of PAA/FF gels.

To further investigate the structural stability of the PAA/FF gel, FTIR was performed
after the final stretched break (Figure 3a). The disappearance of the peak at 1531 cm–1

suggests damage of the C=O stretching vibration in Fmoc-FF, proving that Fmoc-FF was
sacrificed first. In addition, the broad band at 2950 cm–1 is less weak, demonstrating that
the hydrogen bonds are a little damaged. These results suggest that the Fmoc-FF network
can easily dissipate energy during the stretching and that the reassembly of the Fmoc-FF
network allows for the flexible and tough mechanical property to recovery quickly, as
demonstrated for other polymer-supermolecoular double-network hydrogels [22]. The
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non-covalent interactions within Fmoc-FF molecules, such as hydrogen bonds and π-π
interactions, dominate during the stretching process.
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As the tensile mechanical performance of the PAA/FF gel is highly stretchable and
mechanically compliant under different strains, it shows promise for the fabrication of
flexible electronic devices. To increase the electrical conductivity of the PAA/FF gel, inor-
ganic salt KCl was introduced into the gels. The molecular interactions of the PAA/FF/KCl
gel are displayed by FTIR in Figure 3b, demonstrating the same interactions as with the
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PAA/FF gel. The addition of K+ and Cl− improved the stretchability a bit, and it was with
6 wt% KCl that the best stretchability was achieved, with a 760% elongation (Figure 4a).
The antifatigue property of the PAA/FF/KCl gel was evaluated by cyclic tests (Figure 4b).
Within 10 cycles, especially after the first cycle, the maximum stress gradually decreased
due to damage to the networks. However, the effective energy dissipation of hydrogen
bonds helped maintain the maximum stress from the third to tenth cycle, thus showing
a good antifatigue ability. As its performances are not repeatable in the first two cycles,
an intial cycling of three cycles might be needed before sensor use.

Figure 4. (a) The tensile stress-strain curves of the PAA/FF/KCl gels with different KCl (wt%).
(b) The cyclic tensile stress-strain curves of the PAA/FF/KCl gel with 6 wt% KCl.

3.3. Performance as a Strain Sensor

Given the good recovery and reliability of the PAA/FF/KCl gel, it was further investi-
gated as an applied strain sensor. The water in the gel provides a conductive pathway for
K+ and Cl− transport [40–42]. When the gel is stretched, it becomes long and narrow. The
incremental strain of the gel led to an increased ion transport distance, leading to a change
in the sensor’s current. Therefore, the gel strain sensor can translate the stretching force into
electrical signals. As Figure 5a proves, the strain sensor maintained uniform output signals
with the repeated stretching force, and the relative resistance change also increased as the
strain increased in the range of 0–150% for a period of time (10 s). Figure S1 shows the
linear relationship between the ratio of the relative resistance change and the applied strain
(0–100%), demonstrating a good sensitive stretchability as a potential detector. Figure S2
shows the resistance results after 200 cycles with a 50% strain. It can be observed that with
repeatable stretching, the relative resistance was a bit higher than that in the beginning.
This is because the mechanical structure of the gel may not completely recover under such
highly frequent and repeated stretching.

The PAA/FF/KCl gel-based strain sensors performed with quite a reliable and stable
response to the applied stretched strain. These strain sensors were attached to the finger,
wrist, elbow, and knee joints to monitor body motions. The strain sensor could recognize
different bending degrees of the forefinger (Figure 5b). Moreover, the bending movements
of joints could be detected with repeatable signals (Figure 5c–f), suggesting a favorable
responsiveness and stability. Although the light hysteresis of the response time and a small
vibration of the relative resistance were the results of long-time damage to the structures,
the strain sensor exhibited a good performance.
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4. Conclusions

In summary, we fabricated a stretchable strain sensor based on a polymer-peptide
double network hydrogel (PAA/FF gel). It had Fmoc-FF as the first network and cross-
linked PAA as the second network. The presence of Fmoc-FF strengthened the hydrogen
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bond interaction in the system, and then increased the stretched strain. However, the
excess Fmoc-FF partly damaged the PAA network and decreased the strains in reverse.
Therefore, the optimal amount of Fmoc-FF was chosen to be 1 wt%. PAA/FF displayed
a good performance with the cyclic, stretched strains because of the energy dissipation and
recoverability from non-covalent interactions of Fmoc-FF. In addition, the water in the gel
provided a conductive pathway for K+ and Cl− transport, helping the PAA/FF/KCl gel
successfully translate the stretching strains into electrical signals. Then, the sensitivity and
reliability of this gel-based strain sensor were demonstrated by monitoring different human
motions such as the bending of the forefinger, wrist, elbow, and knee. We anticipate that
this work could expand the application of polymer-peptide hybrid gels as multifunctional,
wearable sensors for human health or disease diagnosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10090360/s1, Figure S1: Relative resistance change
of gels as a function of the applied strain; Figure S2: Cyclic stability of gels after repeated stretching
with a strain of 50% for 200 cycles.
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