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� A self-healable, recyclable, and
degradable soft material (SRDSM)
with a network structure is studied.

� The SRDSM can withstand fracture
stress of 3–4 MPa and be stretched
300 %-400 %.

� The SRDSM can recover 90% and 95%
of its original mechanical properties
after healing and recycling,
respectively.

� With an SRDSM-based soft gripper
made, the SRDSM can be applied in
the field of soft robots.
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Soft materials enable soft robots to accommodate unstructured working environments robustly.
However, they may be easily damaged and destroyed due to their weak mechanical properties.
Moreover, most soft materials are not repairable or degradable after being broken or abandoned, result-
ing in new environmental burdens. Here, a self-healable, recyclable, and degradable soft material
(SRDSM) with a network structure formed with gelatin and polyvinyl alcohol (PVA) is reported. The
SRDSM exhibits a fracture strength of 3–4 MPa and a stretchability of up to 300 %-400 % by controlling
the composition ratio and drying time. Results show that the SRDSM can recover 90 % of its original
mechanical strength after healing and 95 % after recycling. An SRDSM-based soft gripper is demonstrated
that can be self-healed under thermal cycling after minor damage. It can be recycled and remanufactured
to restore its original functionality after severe damage. Furthermore, the soft gripper can decomposes
and degrades entirely after contact with water. This research provides an enabling material to develop
environmental-friendly and recyclable soft robots, reducing their negative environmental impact.
� 2023 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Soft robots, made of soft materials, such as silicone rubbers,[1–
3] polydimethylsiloxane (PDMS),[4] and other polymers,[5–9] have
received extensive attention in various fields, such as bionic loco-
motion,[10–11] human-robot interactions,[12] and advanced med-
ical devices.[13] They can interact with fragile objects without
causing damage.[14] However, after working in an unstructured
environment for a long time, soft robots will show performance
degradation or even failure due to the weak mechanical properties
of soft materials. In addition, after disposal at the end of their ser-
vice life, these robots are difficult to be repaired and recycled,[15]
generating significant environmental concern due to their non-
degradability.[16].

Recently, researchers proposed to develop self-healable,[17–24]
recyclable[25–27] or degradable soft robots.[28–29] For example,
Terryn et al. proposed a soft pneumatic robot composed of Diels-
Alder polymers and explored its self-healing ability.[30] Liu Z
et al. fabricated a self-healable and recyclable starfish robot using
tetraarylsuccinonitrile-liquid crystal elastomers.[31] Baumgartner
et al. used gelatin, glycerol, citric acid, and sugar syrup to create
an elastic and degradable bio-gel polymer for soft robots.[32]
Zhang et al. proposed a self-healable, recyclable, and degradable
flame-retardant gelatin-based bio-gel coating.[33] However, few
materials can simultaneously possess all three properties—self-
healing, recyclability, and safe degradability. Most existing soft
materials can achieve long service life through self-healing and
recycling. However, few materials can have regeneration and
degradation capabilities. This is because the degradable materials
exhibit poor mechanical properties;[28] adding degradability to
renewable materials will reduce their mechanical properties,[32]
making it challenging to meet the actuation requirements in soft
robots. This limits the potential of soft robots to be
environmental-friendly.

In this paper, a self-healable, recyclable, and degradable soft
material (SRDSM) is reported that can be used for constructing
robust soft robots with long service life and completely degraded
(Fig. 1). The mechanical properties of the SRDSM can recover to
90 % of its original state after self-healing and 95 % after recycling.
The degradability of the SRDSM is also demonstrated in water. Soft
grippers, as the most common application in soft robots, have great
Fig. 1. The key properties of the new SRDSM.
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potential for industrial applications with complete interaction and
good flexibility. The cable-driven actuator is commonly used in soft
grippers, and its higher strength and flexibility can well match the
deformation capacity of soft grippers. Therefore, a cable-driven soft
robotic gripper is designed and prototyped with the SRDSM. Exper-
imental results show that the soft robots made of the SRDSM have
unique self-healing, degradability, and recyclability advantages,
enabling their extended service life and completely decomposable
processing after service. The emerging SRDSM will promote the
transition of soft robots from lab research to industrial applications
in the future.
2. Materials and methods

Materials: Gelatin (CP grade), glycerol (AR grade), and the rose-
red B dye were purchased from Sinopharm Chemical Reagent Co.
ltd. Polyvinyl alcohol (PVA; DP = 1700 ± 50) was obtained from
Shanghai Yingjia Industrial Development Co. ltd. DI water was
obtained from Henan Xinyuan Technology Co. ltd. Ferric chloride
hexahydrate (FeCl3�6H2O; AR grade) was obtained from Guang-
dong Guanghua Sci-Tech Co. ltd. All the reagents were used as
received without further purification. All solutions were prepared
using deionized water.

Preparation of FeCl3 solution (1.5 wt%.): 2.5 g FeCl3�6H2O was
dissolved in 100 mL DI water and stirred until the solution became
transparent. Let it stand for 30 min and then take 14 mL of FeCl3
solution from the upper clear layer.

Fabrication of the SRDSM (Fig. 2a): The SRDSM was prepared
based on a mass ratio of 2:5:10 for gelatin: PVA: glycerol with DI
water and FeCl3 solution (1.5 wt%.). The gelatin (16 g) was first dis-
solved in DI water (220 g) together with the glycerol (80 g), which
needed 0.5 h for the gelatin to dissolve completely. Then, the
mixed solution was stirred at 150–200 r min�1 in a 50 �C water
bath for 0.5 h until it became transparent. Next, PVA (40 g) powder
was added to the gelatin solution and stirred thoroughly at 150–
200 r min�1 in a 90 �C water bath for 1 h to get a transparent
and sticky PVA/Gel solution. Then, the prepared FeCl3 solution
(1.5 wt%. 14 mL) was mixed with the PVA/Gel solution and stirred
at 150–200 r min�1 in a 90 �C water bath for 1 h to obtain the stock
SRDSM solution. After degassing, the final SRDSM solution was
poured into a mold to cure in an oven at 80 �C. The SRDSM is finally
obtained after demolding at room temperature, which is soft and
can be easily twisted, folded, and stretched (Fig. 2b).

Water content measurement: The SRDSM solution is poured
into tensile molds to dry for 4, 5, 6, 7, and 8 h in an oven at 80℃.
The SRDSM samples were cut into small pieces of
10 � 10 � 2 mm. The initial mass m0 was recorded before drying,
and the final mass m1 was measured after drying in an oven at
100 �C until the mass of the sample no longer decreased. The water
contents of the samples were calculated as Dm/m0, where
Dm = m0-m1 is the mass difference before and after drying.

Fabrication of test sample: Measured samples made by the
SRDSM follow ASTM-D412 standards. In the fabrication process,
the SRDSM are dried for 8 h to maintain the samemechanical prop-
erties, and the finished products are always kept in a sealed bag
before being tested (At least 88 h of storage to ensure stable
mechanical properties of the material).

Fabrication of soft actuator: The casting mold of the soft actua-
tor is formed by 3D printing. The SRDSM solution is poured into the
mold and lets sit for 1 h. Then it is put in an oven at 80 �C for drying
until the material is completely solidified. Next, the material is
placed in a room-temperature environment to cool for 1 h and then
demolded. After that, nylon thread is inserted into the hole of the
actuator, and then it is tied at the top of the actuator.



Fig. 2. The fabrication process and deformability of the SRDSM. (a) Schematic illustration of the fabrication process of the SRDSM. (b) Photographs of the deformed SRDSM
samples when subjected to external loadings: twisting, folding and stretching.
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Fabrication of soft gripper: Three as-fabricated soft actuators
are assembled with three stepper motors(28BYJ-48), which are
fixed on a 3D-printed chassis. The chassis is then mounted on
the robotic arm. The movement of the actuators is driven by a
motor, and the rotation of the motor is controlled by an 8051
microcontroller.

Measurement and characterization: The SEM images were
obtained by a scanning electron microscope (TM4000Plus Ⅱ, Hita-
chi). The FTIR spectra were measured by an iS5 FT-IR spectrometer
(Nicolet). The XRD measurements were carried out by an X-ray
diffractometer (PANalytical X’Pert Powder, Spectris Pte. ltd) with
a Cu source, operating at room temperature, 40 kV, and 40 mA cur-
rent. The XPS images were obtained by X-ray photoelectron spec-
troscopy (ESCALAB 250Xi). Differential Scanning Calorimetry (DSC)
tests were performed with a DSC 214 (NETZSCH) tester under
nitrogen (N2) protection at temperatures from �160℃ to 180℃
with a heating rate of 10℃ min�1. Tensile tests were performed
on an EZTest tensile testing machine (Shimadzu). Tensile stress–
strain curves were measured at a stretching speed of 10 mmmin�1.
The cyclic tensile test was done on the device MTS 858 Table Top
System, which was loaded with a sine wave of frequency 1–5 Hz.
3. Results

The SRDSM has a firm and stable network structure [34] formed
by gelatin and PVA (Fig. 3a and Supplementary Information 1). The
gelatin molecular chains contain carboxyl (–COOH), amino (–NH2)
and hydroxyl groups (–OH) while PVA chains have –OH alcohol
groups. With glycerol as a plasticizer, hydrogen bonds are formed
between gelatin and PVA because hydrogen bonds are easier to
form than the intramolecular or intermolecular bonds between
gelatin and PVA.[35] In the literature,[36] Controlled experiments
on gelatin-based gels with and without hydrogen bonding have
shown that hydrogen bonding reduces the brittleness of gelatin-
3

based gel materials. FeCl3 solution will provide mobile iron ions
(Fe3+) to generate coordination cross-links with –NH2, –OH, and
–COOH. Since hydrogen bonds and metal coordination interactions
are dynamically reversible non-covalent bonds, they will enable
the self-healing properties of the SRDSM.[37–39] In addition, the
SRDSM sample is observed to have a flat surface and homogeneous
composition (Fig. 3b and Supplementary Information 2), indicating
the excellent compatibility between gelatin and PVA in forming a
uniform material.

The internal structure of the SRDSM is characterized by a Four-
ier transform infrared (FTIR) spectroscopy. The absorption peaks at
3282 cm�1 and 1418 cm�1 in the FTIR spectra of pure PVA are the
characteristic hydroxyl peaks caused by stretching and bending
vibrations, respectively (Fig. 3c). For pure gelatin, the absorption
peaks at 1641 cm�1, 1552 cm�1, and 1239 cm�1 are caused by
the amide Ⅰ (C@O), Ⅱ (NAH), and III (CAN) peaks of the protein
[35], respectively. For comparison, a gelatin-PVA polymer is syn-
thesized without FeCl3. The peaks of amide I and III in the FTIR
spectra of gelatin-PVA shift to 1650 cm�1 and 1260 cm�1, respec-
tively, while the peak of the amide Ⅱ disappears. Additionally,
the peak of CAO stretching vibration shifts from 1100 cm�1 to
1104 cm�1. This phenomenon indicates the hydrogen bonds
formed between PVA and gelatin[35]. On the contrary, the FTIR
spectra of the SRDSM show a peak at 1540 cm�1, indicating the
amide Ⅱ peaks of the protein. The added Fe3+ competes with PVA
and gelatin to form ligand bonds with non-metallic elements, thus
reducing the number of hydrogen bonds. This bond change results
in the shifts of all the characteristic peaks in the FTIR spectrum of
the SRDSM to the right at 1245 cm�1, 1417 cm�1, 1540 cm�1,
2917 cm�1, and 3280 cm�1, which indicate the successful synthesis
of the SRDSM.

The presence of interactions is also confirmed by the XRD anal-
ysis of PVA, gelatin, and the SRDSM (Fig. 3d). The characteristic
peak at 40.64872� of PVA exists in the XRD peaks of the SRDSM,
thereby confirming the existence of PVA in the prepared SRDSM.



Fig. 3. Experimental characterization of the SRDSM. (a) Schematic diagram of the internal structure of the SRDSM. (b) SEM image of the SRDSM’s cross-section. (c)
Measured FTIR spectra for PVA, Gelatin, Gelatin-PVA, and the SRDSM. (d) X-ray diffractograms (XRD) of PVA, Gelatin, and the SRDSM. (e) Full spectrum of XPS for SRMSM. (f)
Fitting spectra for XPS analysis of elemental Fe.
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The characteristic peak at 19.79783� of PVA and the characteristic
peak at 20.16548� of gelatin also exist in the XRD peaks of the
SRDSM, which shift to 19.50896�, thereby confirming the existence
of PVA and gelatin in the prepared SRDSM and the presence of
interactions between PVA and gelatin.

The SRDSM carries out XPS tests to investigate the coordination
state of Fe3+ ions. Due to the small amount of FeCl3 added, only a
little elemental Fe peak is shown in the full SRDSM spectrum
(Fig. 3e). In contrast, four typical peaks (733 eV. 725.1 eV.
4

720 eV. 712.5 eV) are shown in the Fe 2p region of the single ele-
ment spectrum (Fig. 3f), which can be attributed to the Fe (III) 2p
3/2 and Fe (III) 2p 1/2 electron configurations. The above experi-
ments and data (Supplementary Information 3) show that the
binding energy peak of Fe3+ (binding energy of Fe3+ and Cl- coordi-
nation) from 730.2 eV, 725.2 eV, 717.5 eV, and 713.6 eV to 733 eV,
725.2 eV, 720 eV, and 712.5 eV(binding energy of Fe3+ in SRDSM),
the peak value shifted to the right. And the higher the content of
Fe3+, the greater the intensity and binding energy. Indicating that
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the interaction between Fe3+, PVA, and gelatin chains leads to sub-
tle changes in the molecular structure and that Fe3+ can produce
metal coordination with –NH2, –OH, and –COOH.

3.1. Mechanical properties and stability of the SRDSM

The mechanical properties of the SRDSMwith different material
ratios are characterized (Supplementary Information. 4). It can be
seen that as the gelatin mass increases, the fracture strain and
Young’s modulus of the SRDSM decrease (Fig. 4a). When the gela-
tin: PVA ratio changes from 1:5 to 2:5, the fracture stress of the
SRDSM slightly increases from 3.85 MPa to 3.94 MPa, and then
decreases with the increase of the material ratio. This indicates
that the polymer becomes softer and weaker with more gelatin
added. On the other hand, the fracture strain, fracture stress, and
Young’s modulus of the SRDSM increase as the PVA ratio increases
(Supplementary Information. 5), which indicates that more PVA
Fig. 4. Mechanical properties of the SRDSM. (a) Stress–strain curves of the SRDSMs wit
times show fracture strain and fracture stress for different drying times. (c) Tensile test re
(0 h, 16 h, 40 h, 64 h, 88 h, 168 h), show fracture strain and stress of the SRDSM after b
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can improve the fracture strength of the SRDSM. This phenomenon
is because PVA is a linear crystalline polymer with good tensile
properties, while gelatin is more brittle. Thus, a higher ratio of
gelatin will reduce the tensile properties of the SRDSM, and a high
percentage of PVA will lead to better stretchability of the SRDSM.

Based on the tensile testing, it can be seen that the mechanical
properties of the SRDSM are related to the gelatin, PVA, and glyc-
erol concentration. When the ratio of glycerol: PVA changes from
1:1 to 5:1, the fracture stress of the SRDSM first increases, then
keeps almost as constant, and finally decreases (Supplementary
Information. 6). It is found that the fracture strain of the SRDSM
increases while Young’s modulus of the SRDSM decreases as the
percentage of glycerol increases. Thus, the mechanical properties
of the SRDSM can be tuned by adjusting the percentages of each
component according to the specific requirements for different
applications. For example, for soft robots, Young’s modulus in the
range of 0.1 MPa-10 MPa is desirable[32]. Therefore, the specific
h different gelatin: PVA ratios. (b) Stress–strain curves of the SRDSMs under drying
sults of the SRDSMs after being placed in an ambient environment for different time
eing placed in a room-temperature environment for 0, 16, 40, 64, 88 and 168 h.
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ratio of 2:5:10 for gelatin: PVA: glycerol will be used for the SRDSM
in the following experimental study.

The water content in the SRDSM varies with the drying time.
After the fresh prepared SRDSM has a water content of 55 %. When
the drying time increases from 4 h to 8 h, the water content of the
SRDSM reduces from 33.9 % to 27.2 %, leading to a change of the
mechanical properties (Fig. 4b). In addition, as the drying time
increases, the fracture stress of the material gradually increases
from 3.81 MPa to 3.94 MPa while the fracture strain gradually
decreases from 350.25 % to 314.91 %. These results indicate that
the decreased water content in the SRDSM causes a reduction of
its fracture strain and an increase in its fracture stress.

When the SRDSM is removed from the oven and placed in the
environment, it will absorb water from the environment through
hydrodynamic equilibrium. The moisture absorption ratio ma/mi

can be calculated based on the mass ma measured after moisture
absorption and the initial mass mi. It is found that for the SRDSM
with the same water content (19 %) at the temperature of 25℃,
the SRDSM absorbs moisture faster in an environment with higher
relative humidity (RH) before reaching equilibrium (Supplemen-
tary Information. 7). For the same temperature and RH environ-
ment (25℃, 62 % RH), the SRDSM with a lower water content
will have a larger moisture absorption rate before reaching equilib-
rium (Supplementary Information. 8). Stored at the same environ-
ment (25℃, 62 % RH) for 16, 40, 64, 88 and 168 h, the water content
of the SRDSM changes from 30.2 % to 37.60 %, 40.61 %, 42.70 %,
43.65 %, and 43.63 % respectively. Meanwhile, the fracture strain
of the SRDSM gradually decreases and the fracture stress gradually
increases. After 88 h, the fracture strain and fracture stress do not
change anymore (Fig. 4c). When the water content of the SRDSM
increases from 30.20 % to 43.63 %, the fracture strain increases
from 341.55 % to 427.61 %, and the fracture stress reduces from
3.94 MPa to 3.15 MPa. With the increased water content, the elon-
gation at break increases slightly while the strength at break
decreases slightly. The SRDSM is suitable for fabricating soft robots
regardless of the mechanical properties change. To test the stabil-
ity and service life of the SRDSM at room temperature, the SRDSM
is tested in cyclic tension (Supplementary Information. 9). The
experimental data showed that SRDSM can be used for a long time
in the strain range of 150 % to 300 %. When the SRDSM was
strained at 150 % in the experiment, it could be effectively cycli-
cally stretched 100,000 times and still did not break; when the
SRDSM was strained at 300 % in the experiment, it could still be
effectively cyclically stretched 20,000 times; demonstrating the
good stability and service life of the material. At the same time,
with the increase of loading times and loading time, the length
of the material will have a linear plastic deformation. But not
beyond the use of the demand range (Supplementary Information.
10). Therefore, the SRDSM can be considered reliable and stable in
a room-temperature environment.
3.2. Self-healing, recyclability, and degradability of the SRDSM

Soft materials with repairability, such as self-healing capabili-
ties and recyclability, have a longer service life than those materi-
als without such properties. The hydrogen bonds and metal ion
coordination interactions in the SRDSM are dynamically reversible,
enabling the SRDSM’s self-healing capabilities and recyclability.
Fig. 5a shows the self-healing process of the SRDSM. Two require-
ments must be met during the healing process to ensure a firmly
bonded interface: the two fractured surfaces are compressed
tightly, and sufficient hydrogen bonds and metal coordination
interactions are restored. When heated in an oven under 85℃,
which is in the molten region of the SRDSM (Supplementary Infor-
mation. 11), the SRDSM sample absorbs thermal energy, and the
6

fracture interfaces are melted. As a result, the mobility of the
SRDSM’s polymer chains on the fracture interfaces increases. The
gap between the two interfaces is filled, and new hydrogen and
metal coordination bonds will be formed. Long-time curing in
the oven will further break more chains, increase the material’s
mobility, and provide sufficient time for the fracture interfaces to
heal. After that, the sample is cooled down to 25℃ to reduce the
movement of the molecular chains and achieve stable new hydro-
gen bonds and metal coordination interactions. After the two
pieces of the SRDSM (one piece is dyed pink) are healed together,
the SRDSM film can undergo deformations under stretching
(Fig. 5b). At the same time, to demonstrate the influence of Fe3+

on the healing effect, the samples with and without Fe3+ are pre-
pared, and the controlled healing experiment is carried out (Sup-
plementary Information. 12). The results show that Fe3+ added in
the healing process of the material would make the Fe3+ interact
with more –OH to produce coordination bonds, so as to achieve
better healing effect.

The recovery of the SRDSM’s mechanical properties is charac-
terized by the self-healing recovery efficiency (RE), as defined by
the fracture stress RE1 = Sh/So and the fracture strain RE2 = She/
Sor, where the Sh, So, She, and Sor are the fracture stress after healing,
the original fracture stress, the fracture strain after healing and the
original fracture strain, respectively. These parameters are
acquired after the sample’s water content stabilizes (42.5 %-
43.6 %) in the ambient environment (25℃, 62 % RH). The influences
of heating temperature and time on the self-healing RE of the
SRDSM are studied. When the SRDSM is cured at 55 �C, 65 �C,
75 �C, and 85 �C for 5 h, the fracture strain and stress after self-
healing gradually increase with the temperature (Fig. 5c). The frac-
ture strain and stress REs of the sample at 85℃ can reach 90.4 %
and 85.9 %, respectively. The fracture strain and stress are also
improved after a longer heating time (Fig. 5d). With the heating
time increasing from 1 h to 5 h, the fracture strain and stress recov-
ery rates increase from 45.6 % to 90.4 % and 42.9 % to 85.9 %,
respectively. Therefore, a higher heating temperature and longer
heating time can increase the self-healing RE of the SRDSM. This
can be explained by the fact that under a higher temperature for
a longer time, the movement of SRDSM’s molecular chains on the
fracture surfaces increases, thereby forming more new hydrogen
bonds and metal coordination interactions.

When the SRDSM is severely damaged, such as irreparably
deformed or losing its original function, it can be recycled to pro-
duce new products (Fig. 5e). For example, the broken material
can form a five-pointed star or rectangular shape product. Experi-
mental results show that after recycling five times, the fracture
strain and fracture stress of the SRDSM can recover 95.8 % and
97.3 % of its original values (Fig. 5f). The recovery capability is
attributed to the reformation of dynamic hydrogen bonds and
metal coordination interactions in the material. The SRDSM is
water-soluble, and the hydrogen bonds and metal coordination
interactions in the SRDSM can be broken and accelerated by heat-
ing. However, as the solved SRDSM is cast and dried, new bonds
will form to restore its mechanical properties. The recyclability of
the SRDSM enables it to be used for multiple times, thereby pro-
longing its service life and saving resources.

The degradation time of the SRDSM in water increases as the
volume of the SRDSM increases (Supplementary Information. 13).
The degradation time of the SRDSM samples with a dimension of
20 � 20 � 1 mm in 1000 mL of DI water at 95℃ is approximately
44 min (Fig. 5g). The degradation time increases to 40 h in 1000 mL
of DI water at 25℃ (Fig. 5h). The pH, suspended solids (SS), and the
chemical oxygen demand (COD) are 6.5, 27.73 mg/L, and
68.054 mg/L, respectively (GB 8978–1996, secondary standard:
pH: 6–9; SS, 150 mg/L; COD, 150 mg/L). This result means after
the degradation of the material, and the obtained solution can



Fig. 5. The SRDSM’s self-healing and recycling properties. (a) The healing process of the SRDSM. (b) Photos of the SRDSM before and after self-healing. (c) Tensile test
results of SRDSMs with the same healing time and different healing temperatures. (d) Tensile test results of the SRDSMs with the same healing temperature and different
healing times. (e) (i) The recycling process of the SRDSM. (ii) The initial SRDSM after recycling into a star shape and a rectangular shape. (f) Tensile test results of the SRDSMs
with different recycle times and the recovery rate of fracture stain and fracture stress of the SRDSMs with different recycle times. (g) The SRDSM decomposed in 95 ℃ DI
water. (h) The SRDSM decomposed in 25 ℃ DI water. (i) The SRDSM degrading in soil.
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meet emission standards, that is, the material can be degraded
completely. In addition, the SRDSM will take 33 days to degrade
in the soil (Fig. 5i). The SRDSM is easily affected by temperature
in water, resulting in the breakdown of hydrogen bonds and
7

decomposition into various components. The higher the tempera-
ture, the faster the decomposition rate of SRDSM and the faster
the dissolution rate of components. Therefore, the disappearance
of SRDSM in water mainly involves decomposition and degradation
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processes. The decomposition process is mainly affected by tem-
perature, while the degradation is mainly affected by microorgan-
isms and enzymes [32] (Fig. 5g&5h and Supplementary
Fig. 6. Demonstration of the Soft gripper made of the SRDSM. (a) Grasping a golf ball, a
(c) A soft actuator with a 1 mm deep cross-shaped wound can recover after self-healing (
(d) Grasp a kiwi fruit by a soft gripper self-healed once and grasp an orange by the grippe
that healed once, and the twice-healed actuator. Photographs of the severed soft actuat
recycled gripper for grasping a toy and a coil bobbin. (g) The trajectory of the tip of the
decomposition process of the soft actuator in 90℃ DI water. (For interpretation of the refe
article.)
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Information. 14). With the SRDSM degraded completely, the mate-
rial can be decomposed without specific treatment or processing
after being discarded.
tomato, a 3D printed mold, and a tape. (b) The bending profile of the finger actuator.
i. ii), and a completely cut-off soft actuator can also recover after self-healing (iii. iv).
r self-healed twice. (e) The trajectory of the tip of the original actuator, the actuator
or before and after self-healing. (f) Recycling a soft actuator and demonstrating the
original actuator and the once-, twice-, and three-times recycled actuator. (h) The
rences to colour in this figure legend, the reader is referred to the web version of this
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3.3. Evaluation of the soft robotic gripper made of the SRDSM

The developed SRDSM can be utilized to fabricate soft robots
capable of self-healing, recycling, and degradation. A cable-
actuated soft gripper (Supplementary Information. 15) is demon-
strated to grasp objects of different sizes and shapes (Fig. 6a and
Supplementary Movie 1). As shown in Fig. 6b, the bottom of the
gripper finger is fixed on the substrate and the finger body can
bend freely under the actuation of the cable driven by a DC motor
(Supplementary Information. 16). A finite element model is built to
calculate the strain distribution of the soft finger (Supplementary
Information. 17 and 18). The maximum bending force was mea-
sured by placing a load cell on the tip of the finger in the initial
state. The maximum vertical force is around 0.6 N.

The gripper can be used in unknown and dynamic situations
with possible sharp tips. It is demonstrated that minor superficial
wounds (cuts and abrasions) or fractures have little impact on
the grasping performance of the gripper. As the number of uses
increases, the concentrated stress on the wounds will increase,
causing wounds to grow and damage their grasping stability. In
severe cases, a fracture wound can cause complete failure of grasp-
ing operations. Therefore, self-healing will be essential to restore
its performance. The self-healing process of the SRDSM can be
achieved through a thermal heating process. As shown in Fig. 6c,
a 1 mm deep cross-shaped wound is cut on the surface of one
finger-like actuator by a scalpel. Then, to heal the actuator, the
two surfaces of the wound are pressed together tightly and placed
in an oven at 85℃ for 5 h to let the hydrogen bonds and metal coor-
dination interactions reform along the cut surfaces (Fig. 6c(ii)). It
also works for a completely cut-off finger along the cross-section
(Fig. 6c(iii)-(iv)). After the self-healing procedure, the wounds are
completely healed, almost invisible, and the actuators can work
well again to perform grasping tasks, such as picking up a kiwi fruit
or an orange (Fig. 6d). It is also used to manipulate a golf ball (Sup-
plementary Movie 2) after the first and second healing. In addition
to healing damages, it is crucial to restore the mechanical perfor-
mance of the actuator after the self-healing process. Therefore,
the actuator’s bending performance is also evaluated after self-
healing repair. This damage-healing cycle is repeated three times.
It is found that the finger’s bending profile shows a little variation
(Fig. 6e) and the mechanical performance of the bending actuator
is nearly completely restored after each damage-healing test cycle.

When a gripper is completely destroyed into small pieces, the
self-healing process may not be applicable due to the impossible
to form a tight contact between surfaces. Thus, they can be recy-
cled to make a new gripper, which completely restores its initial
shape and mechanical properties. To demonstrate the recyclability
of the gripper, one finger actuator was cut into small pieces (Fig. 6f)
and then dissolved it in DI water to form an SRDSM solution. The
solution was poured into a mold to fabricate a new actuator
(Fig. 6f). The remanufactured gripper from the recycled SRDSM
can keep its grasping ability well, such as picking up a toy and a
coil bobbin (Fig. 6f(iv)). This recycling-fabrication process is
repeated four times, and find that the fingers’ motion trajectories
slightly shift upward after recycling, while the bending force at
the tip is tested to be 0.6 N after the fourth recycling (Fig. 6g).
Finally, a soft finger-shaped actuator is placed in deionized water
at 90 �C to verify its degradability. As shown in Fig. 6h, the soft
actuator completely dissolves after 150 min, remaining a transpar-
ent solution. The self-healing ability and recyclability of the SRDSM
enable the soft actuator to have a longer service life, and its
degradability prevents it from generating possible pollution at its
end of life. This SRDSM-based soft actuator can be used to develop
various soft robots, such as soft crawling robots, auxiliary medical
devices, and smart wearable devices capable of recycling, self-
healing, and degradation.
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4. Conclusions

A new SRDSM is developed to fabricate a soft gripper success-
fully. The SRDSM is formed with hydrogen bonds and metal coor-
dination interactions. It is self-healable, recyclable, and degradable
and can survive under fracture stress of 3–4 MPa. Therefore,
SRDSM can be used as a high-quality material in soft robot fields
under medium–low loads. The mechanical properties of the
SRDSM can be tuned by changing the material composition ratio
during the synthesis process and be affected by the drying time.
It is demonstrated that the SRDSM can be self-healed by heating
the fractured parts to 85℃ in an oven to recover its mechanical
properties. The recycled SRDSM based on a simple molten solvent
casting-heating procedure showed little reduction in its mechani-
cal properties after five recycling-fabrication cycles. When the
SRDSM-based soft robots are retired or fail at the end of their ser-
vice life, the soft components can degrade completely. The possible
applications of the SRDSM in soft robots are demonstrated. A
cable-driven gripper made of the SRDSM exhibited excellent grasp-
ing capability after healing and recovery, and the gripper fingers
can degrade completely. The SRDSM will provide a new solution
to develop versatile, environmental-friendly soft robots for differ-
ent kinds of applications.
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