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Abstract: Diverse locomotion mechanisms in nature enable organisms to navigate unfavorable
environments, ensuring their survival and propagation. This study proposes the fabrication
and characterization of a bio-inspired actuator based on the flagellar locomotion of single-celled
organisms within the Eukarya domain. Subsequently, the design was refined for enhanced con-
trollability and facile fabrication. The actuator leverages the eukaryotic locomotion principles
while uniquely incorporating self-healing properties inspired by the cell wall structures of bac-
teria and eukarya. This actuator is fabricated from a composite hydrogel of gelatin, silk amino
acids, glycerol, and deionized water and is a sustainable alternative to conventional silicone-
based materials. The self-healing composite exhibited an elongation at break of 156.8 &+ 5.7%;
the bending angle of the assembled actuator recovered by approximately 58% after puncture and
healing. This work provides the inspiration for novel robotic designs and propulsion systems
with specialized functionalities, potentially expanding soft robotics’ operational boundaries.
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1. Introduction

Conventional robotic development heavily relies on motors for actuation and rigid materials,
such as metals, plastics, and composites, for structural components (Licardo et al., 2024; Yang &
Hu, 2023). However, when considering natural organisms that originated on Earth before robots,
various locomotion methods do not require the use of electric motors. Furthermore, biological
structures are not exclusively rigid. They are often composed of soft, compliant materials, a
concept that has been extensively integrated into the development of modern soft robots (Bliah
et al., 2025; Eyvazian et al., 2026; Wang et al., 2025). They possess the remarkable ability to
self-heal, restoring near-original functionality after sustaining damage. Therefore, bio-inspired
robotic design represents an opportunity to learn from an experienced entity that has already
proven its ability to survive. This approach will result in the expansion of the working scope
for the next generation of robots (Ashuri et al., 2020; Chen et al., 2026; Jeong et al., 2025).
Applications include navigating environments with electrical or electronic constraints and de-
ploying robots in high-risk scenarios where damage is likely and subsequent repair is infeasible.
The natural world is immensely diverse, and organisms are classified into numerous categories.
This study focuses on unicellular organisms, which represent some of the earliest forms of life on
Earth. Unicellular organisms exhibit various methods of motility. Organisms in both the Bac-
teria and Eukarya domains commonly possess a locomotive organelle with a similar name: the
flagellum. The bacterial flagellum is rotated by a membrane-anchored basal body that functions
analogously to a direct current (DC) electric motor, whereas the eukaryotic flagellum gener-
ates motion without any rotary element (Berg, 2011; Nakamura & Minamino, 2024). Because
rotary actuation is precisely what conventional robots already provide, this study adopts the
eukaryotic mechanism instead. Eukaryotic flagella are driven by the axoneme, a microtubule
structure arranged in a canonical 9+2 pattern (9 peripheral doublets and 2 central microtubules)
for locomotion, as shown in Figure 1 (Mitchell, 2007). The axoneme moves through localized
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bending rather than rotation caused by dynein motors sliding along microtubules. This bending
mechanism serves as a bio-inspired model for our actuator. Additionally, unicellular organisms
exhibit remarkable self-healing capabilities, such as surviving severe physical damage (del Valle
et al., 2020; Suo et al., 2009).

©
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Figure 1 Schematic cross-section of the eukaryotic axoneme, illustrating the canonical
arrangement of 9 4+ 2. Black outlines represent the microtubules, and the red outline indicates
the cell membrane. (A) Schematic of a bacterium possessing a single flagellum. (B) The cell
body

Existing soft grippers based on pneumatic bending actuators are typically constrained to a
single bending plane, flexing inward to grasp and outward to release, which restricts end-effector
trajectories to two directions (Chen et al., 2023; Kashef Tabrizian et al., 2023). In contrast,
flagellum-inspired actuators demonstrate significantly richer motion capabilities, but they do
not incorporate self-healing functionality (Miao et al., 2023). In this study, the 9+2 axoneme
structure is engineered into three independently controlled pneumatic chambers. This design
enables three-dimensional end-effector control beyond the single-plane bending of conventional
grippers, a capability that could enable tasks such as unscrewing a bottle cap. The actuator is
fabricated entirely from a bio-derived gelatin—silk amino acid—glycerol composite. Unlike many
existing self-healing soft actuators, this composite heals at room temperature without thermal
or photochemical activation or specialized mixing equipment. Together, these characteristics
make the actuator highly suited for pressurized-fluid applications (such as air or water) where
punctures, tearing, and leakage are likely to occur. Relative to previously reported self-healing
materials (Tabrizian et al., 2022), the present system emphasizes material and processing sim-
plicity over absolute recovery, while also offering straightforward fabrication into actuators. Prior
studies generally report higher healing efficiencies, typically in the range of 95% (Huang et al.,
2022; Li et al., 2024). Recovery is also relatively rapid, often within 8-45 minutes. However,
these systems rely on external triggers (Peng et al., 2022; Raman et al., 2024; Tan et al., 2022;
Wang et al., 2021). In contrast, the actuator reported here heals autonomously at room temper-
ature from an entirely bio-derived composite without any external stimulus, albeit with a lower
functional recovery.

2. Materials and Methods
2.1 Actuator design

The materials used to construct the actuator are divided into two parts: a strong material
that serves as a substitute for the cell wall in living organisms and a self-healing material that
represents the layer located just inside the cell wall (Tang & Marshall, 2017). However, the
design will be modified to focus on developing materials that do not require special preparation
or specialized equipment for mixing.



International Journal of Technology 17(5) 1719-1731 (2026) 1721

Although numerous actuation methods are available in electrical stimulation, chemical reac-
tions, cable-driven systems, or pneumatics, a pneumatic system is employed in this study. This
choice was made to emulate the dynein-driven sliding mechanism that causes the characteristic
bending of the eukaryotic axoneme, replacing biological sliding with pneumatic inflation (H66g
et al., 2014). The primary objective of this study is to investigate the expanded operational scope
of this actuator, particularly for applications such as soft grippers, handling sharp objects, and
locomotion in hazardous environments where the risk of puncture, tearing, and leakage is high.
The design was simplified to reduce the complexity of the pneumatic control system and mini-
mize the number of required air tubes while retaining the essential flagellar motion. Instead of
actuating all 9 peripheral microtubule pairs independently, they were conceptually bundled into
three distinct, independently controlled groups. Therefore, each group comprises three of the
original microtubule pairs.

Figure 2 Schematic comparison of the fabricated actuator cross-section (right) with its
biological inspiration, the eukaryotic axoneme (left). The 9 peripheral microtubule doublets
are divided into three groups of three, each reduced to one independently controlled pneumatic
chamber: (a) red, (b) green, (c) blue. The same label marks the same group on both sides.

The proposed configuration facilitates versatile and precise 3D control of the actuator’s
end-effector. For example, when applied as the legs of a robot with three or more legs, it allows
the robot to change its movement direction while remaining in the same position. Alternatively,
it could be implemented as a robotic gripper; for instance, a two-fingered gripper could be used
to open a water bottle cap. This level of control is achieved by modulating the air pressure in
each channel to induce the desired bending vector (Edward & Golecki, 2023).

2.2 Preparation of the outer structural material (outer cell wall layer)

Gelatin and glycerol, the basic ingredients, can produce a material with good strength
(Baghali et al., 2023; Hardman et al., 2022). The preparation protocol involved combining
bovine gelatin, deionized water, and glycerol in a beaker. The mixture was heated to 60°C and
stirred with a glass rod until the gelatin was fully dissolved. Six distinct weight ratios were
prepared and compared to determine the optimal formulation, as shown in Table 1.

The selected ratio results in a material with sufficient mechanical strength to support the
actuator’s own weight, particularly for robotic leg applications. After mixing, each formulation
was poured into the Petri dishes for observation. The optimal formulation was selected based
on three criteria: ease of fabrication (mixability), flexibility (elongation), and storage stability
(microbial growth resistance).

o Easy to Fabricate: Formulations S1, S2, and S6 were difficult to process. They
exhibited poor miscibility, and significant undissolved gelatin crystals remained after
stirring. In contrast, S3, S4, and S5 achieved homogeneous mixtures.
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Table 1 Weight ratios of the outer structural material formulations (Gelatin:Deionized
Water:Glycerol)

Formulation Gelatin : Deionized Elongation Rank Easy to fabricate
Water : Glycerol
S1 40:10:50 6 poor
S2 40:20:40 5 poor
S3 40:30:30 3 good
S4 40:40:20 2 good
S5 40:50:10 1 good
S6 40:0:60 4 poor

o Storage Stability: After 100 hours of storage at ambient room temperature (in a room
with open-window ventilation) with an average relative humidity of 75%, samples S4 and
S5 exhibited visible mold growth on the surface. S3 did not show any contamination
within this timeframe.

o Flexibility: Tensile testing was conducted in accordance with the ASTM D412 standard
to evaluate the mechanical properties of the composite materials. Three independent
specimens (n = 3) were tested for each material formulation (designated as S1 through
S6, where S3 represents the primary structural material of the actuator) to ensure re-
peatability. The flexibility of the composite materials was assessed quantitatively based
on their elongation at break. Formulation S5 exhibited the highest flexibility, achieving
a maximum elongation of 187.6 + 1.0%. The primary structural material, S3, provided
an optimal balance of flexibility and structural integrity necessary for the pneumatic
chambers’ bending mechanism, exhibiting an elongation of 143.8 + 5.5%. In contrast,
formulation S1 exhibited the most rigid behavior, with an elongation of only 32.7 £+ 1.9%.

Based on this comparative analysis, S3 was selected as the optimal structural material.
It provided the best balance of homogeneous fabrication, adequate flexibility, and short-term
stability against microbial contamination.

For future development, the addition of organic acids, such as citric acid, has been shown to
inhibit bacterial growth in similar biopolymer composites, a preservation principle also observed
in natural substances such as honey (Mandal & Mandal, 2011).

2.3 Preparation of the self-healing material (self-healing layer)

Silk amino acid composites (Liu et al., 2019; Thirumalai et al., 2024), particularly when
combined with gelatin or glycerol, are known to exhibit self-healing properties (Liu et al., 2022;
Lyu et al., 2022). This capability is attributed to the formation of dynamic chemical bonds
(e.g., hydrogen bonds) involving the amino acid functional groups within the silk amino acid
structure and other matrix components (Mushtaq et al., 2025; Thirumalai et al., 2024). This
study experimented with various formulations of gelatin, silk amino acids (silk amino acids
mixed with DI water at 0.15 wt%), and glycerol to develop a material with healing capabilities.
The self-healing layer was prepared using the same protocol as the structural material: the
ingredients were combined in a beaker according to the specific weight ratios shown in Table 2,
then heated to 60°C and stirred with a glass rod until fully dissolved.

These formulations were part of an initial random screening process to identify a self-
healing material based on a starting blend of gelatin and silk amino acids. SH5 was selected
as the optimal self-healing formulation with an elongation at break of 156.8 & 5.7%. For SH5,
a shallow surface incision closes within 12 h at room temperature (Figure 3), whereas a fully
severed channel barely rejoins under the same conditions.
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Table 2 Weight ratios of the self-healing material formulations (Gelatin:Silk amino

acids:Glycerol)

Formulation Gelatin : Silk amino Healing Easy to fabricate

acids : Glycerol

SH1
SH2
SH3
SH4
SH5

10:60:30 poor good
20:56:24 poor good
30:49:21 poor good
40:30:30 poor poor
40:42:18 good good

Figure 3 Demonstration of the self-healing capability of SH5. (A) As-prepared material
sample after demolding. (B) The sample is intentionally incised with a cutter blade. (C)
Close-up view of the incision, penetrating approximately 2/3 of the depth of the material. (D)
The same sample after 12 h of healing at room temperature, showing the closure of the shallow
incision. Under these conditions, healing plateaued within 12 h; extending the rest period to

72 h produced no further improvement

2.4 Fabrication and assembly of actuators

The actuator was fabricated using a 4-part mold, which was 3D printed from polylactic
acid (PLA) material (Figure 4). The mold components were assembled using 304 stainless steel
screws and nuts. The casting protocol was as follows:

Structural layer casting: Mold parts A and B were assembled. The structural mate-
rial (S3, prepared as described in Section 2.2) was allowed to cool for 15 minutes while
it was still liquid. The mixture was then carefully poured into the A-B assembly. (Note:
This step is time-sensitive due to the rapid gelation of the material).

First gelation: Mold part C was immediately placed on the assembly top and secured
with screws to prevent misalignment. The material was allowed to form a gel (10 minutes
for the prototype volume).

Self-Healing Layer Casting: After gelling the structural layer, the screws securing
part C were removed, and part C was demolded. The self-healing material (prepared as
described in Section 2.3) was then poured on top of the gelled S3 layer.

Second gelation: Mold part D was assembled similarly to part C, and the composite
was allowed to gel completely.

Demolding and curing: All mold components were disassembled, and the actuator
was carefully demolded. The completed actuator was left to cure at ambient temperature
for 12 hours, during which minor shrinkage was observed.
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e Final Assembly: The cured actuator was mounted onto an acrylic base. Pneumatic
tubes were connected, and all components were permanently affixed using polyvinyl
chloride adhesive.

g 0 SN A

Silk amino acids 42%
Water 30% +
N

Glycerol 18%

Glycerol 30%
+

) Gelatin 40%

Figure 4 Multi-step fabrication and casting process of the actuator using the 4-part
3D-printed mold. (A) Mold Part A. (B) Mold Part B. (C) Mold Part C (Inner core for the
structural layer). (D) Mold Part D (Inner core for the self-healing layer). (E) Assembly of
Parts A and B, followed by casting of the structural material (S3). (F) Assembly of Part C.
(G) Part C demolding and casting of the self-healing material. (H) Assembly of Part D. (I)

Fully cured, demolded actuator. (J) Final actuator mounted on the test rig

2.5 Pneumatic Control System (PCS)

Pneumatic pressure was generated and controlled using a custom syringe pump (Supriyanto
et al., 2021). This apparatus consists of a stepper motor that drives a standard syringe and is
mechanically coupled to a lead screw and bushing assembly. The stepper motor’s rotation is
converted into linear displacement of the lead screw, which precisely pushes or pulls the syringe
plunger. This action changes the “dead volume” of the system, forcing air molecules into the
actuator channels (inflation) or drawing them out (deflation). The behavior of this system is
described by the following relationships: The linear displacement of the plunger (AL) related
to the stepper motor rotation angle () is given as follows:
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where AL = L1 — Lo.
L; = Initial distance inside the syringe barrel (m)
Ly = Final distance inside the syringe barrel (m)
p = Lead of the lead screw (0.002 m/revolution)
6 = Rotation angle of the stepper motor (°)
An isothermal process is assumed for the pressure-volume relationship of the closed system
(syringe + tubing + actuator channels):

Vi Vi
P, = Pl@ =P (Vl—(AAL)) (2)
where:
P;, V) = Initial pressure and total volume of the system, respectively
Py, Vo = Final pressure and total volume of the system, respectively

The change in volume AV =V} — V; is a function of the plunger displacement (AL) and
the syringe cross-sectional area (A). Therefore, the final pressure (P) in the system can be
precisely controlled by controlling the stepper motor rotation angle ().

2.6 Acquisition of actuator position data

Eight circular markers (3 mm diameter) were affixed in a linear array along with the lateral
profile of the specimen to quantify the actuator kinematics. A high-resolution camera was
positioned to capture a lateral (side-view) video feed of the actuator during operation. The
video was processed using the OpenCV library to perform real-time tracking of each marker’s
centroid. With this configuration, the end-effector position could be accurately determined while
fully characterizing the actuator bending behavior. The resulting deflection was plotted as a
2D trajectory upon pneumatic stimulation, while the coordinates of all eight markers were used
to reconstruct the actuator body’s curvature. The tracking system demonstrated a positional
accuracy of £ 0.2 mm.

3. Kinematic Model for the Actuator

This section introduces the self-healing actuator’s kinematic model. The corresponding
coordinate frames for the self-healing actuator are described using a piecewise universal joint
approach adapted from the Piecewise Constant Curvature (PCC) model (Santina et al., 2023,;
Wang et al., 2023). In this study, the model variables include a translation from the base (Zg) to
the arc center of the self-healing actuator (21) by a distance [;. The rotation at the arc center is
modeled as a universal joint, represented by 61 and 62, respectively. Finally, the transformation
concludes with a translation from the arc center to the end-effector of the actuator by a distance
l2, the precision of this model can be enhanced by increasing the number of segments (Figure
5), corresponding to the distance between each black point shown in Figure 6. The resulting
homogeneous transformation matrix is given as follows:

692 O 892 l2$92
T(? _ 56,502 Co; —S0,Chy _l2501 Co, (3)
—Cp, 89, So;  Co1Co, 11+ l2ce co,
0 0 0 1
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Figure 5 Kinematic representation of the single-segment piecewise universal joint (PUJ)
model: two prismatic joints and one universal joint. The black straight arrows show the
direction of the prismatic joints, of length I; from the base frame (Zo, §o, 20) to the arc-centre
frame (&1, 91, 21) and of length Iy from the arc centre to the end-effector frame (&, Je, Z¢).
The angles 61 and 05 are the two orthogonal rotations of the universal joint. Red, green and
blue arrows denote the &, i and Z axes

4. Results and Discussion
4.1 Testing of the composite actuator (outer cell wall and self-healing layer)

The fabricated actuator successfully demonstrated controllable bending upon pressuriza-
tion. When a single pneumatic channel was inflated, the actuator’s end-effector deflected in
one of the three primary directions (oriented 120° apart, corresponding to the channel layout).
Motion in other directions can be generated by adjusting the pressure within each tube. A crit-
ical observation was made during the over-pressurization testing (conducted on 3 independent
specimens). At a maximum achievable pressure of 214 kPa, the specimen experienced catas-
trophic failure (rupture), resulting in a leak. After a 12-h resting period, the inner self-healing
material repaired the tear. However, the system could sustain approximately 8% of the original
pressure capacity before tearing occurred again. In a separate test (n = 3), a single channel was
deliberately and completely incised (cut). After a 12-hour healing period, the channel healed
and could withstand 16% of its original operational pressure before failure.

4.2 Homogeneous self-healing actuator testing

Given that the previous tests confirmed that the structural material (S3) did not possess self-
healing properties, a homogeneous actuator was fabricated only from the self-healing material
(i.e., the structural layer casting step was omitted). This homogeneous actuator demonstrates
extreme resilience. It could not burst because it could withstand pressures exceeding the maxi-
mum output of the pneumatic control system (214 kPa). In terms of kinematic performance, the
actuator achieved a maximum deflection of 25.62° from the horizontal plane when two channels
were simultaneously pressurized to 214 kPa. One tube was intentionally severed during the
cutting test to evaluate damage tolerance (n = 3). Subsequently, the system sustained approxi-
mately 33% of the original pressure capacity compared to the pre-cut condition. Furthermore,
ten additional specimens (n = 10) were prepared and subjected to a puncture test to assess
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operational repeatability under continuous usage. A scalpel was used to directly inflict a pene-
trating wound into the pneumatic channel. The specimens were then allowed to self-heal for 12
hours. The actuators were then subjected to a cyclic actuation test using an applied pressure
of 80 kPa for 50 continuous bending cycles. The bending angle before and after the puncture
was recorded and compared to evaluate the recovery of kinematic performance. All angles were
measured during the first actuation cycle.

Of the 10 specimens, one actuator experienced a leak after 13 cycles, and the other failed
after 49 cycles. For the remaining eight specimens that underwent the 50-cycle test, the average
bending angle before being damaged was 6.65 + 1.16 degrees. The recovered bending angle after
self-healing was 3.88 + 0.42 degrees, corresponding to a recovery of approximately 58% of the
original bending angle. The reduction in bending angle after healing indicates that the healed
channel did not fully restore its original bending capability. Further testing of healed specimens
is needed to characterize this effect.

The kinematic model was validated against the measured marker positions of these eight
specimens at 80 kPa, across peak bending angles ranging from 5.1° to 10.3°. The curvature was
estimated from the distal marker, and the six intermediate markers were then reconstructed
from the Piecewise Universal Joint model as an out-of-sample evaluation, since these markers
were not used in the estimation. The model reproduced the measured shape with an RMSE of
0.263 mm and R? = 0.985, which is comparable to the + 0.2 mm tracking accuracy. A regression
slope of 0.941 indicates a slight under-prediction at larger angles, which is expected to decrease
with more segments. These results confirm that the single-segment PUJ model provides an
accurate and compact kinematic description of the actuator (Figure 6).

=8 specimens

R = 0985
RMSE = 0.263 mm

S
T
1

Axial position (mm)
PUIJ predicted (mm)

am'e 000

1 1 L 1 S L 1

0 5 10 15 0 s 10 15
Lateral deflection (mm) Measured deflection (mm)

PUJ model (predicted)
©  Measured markers (n = 8)

Figure 6 Validation of the single-segment PUJ model (planar case, 2 ~ 0). (A) Specimen
bending during actuation. (B) Predicted profile (line) and measured marker positions (circles)
for eight specimens; the shaded band marks the proximal rigid length Iy = 4.71 mm. (C)
Out-of-sample predicted versus measured deflection (n = 8); the dashed line is the 1:1 identity,
giving R? = 0.985 and RMSE = 0.263 mm
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5. Other Properties of the Material

Another important property of the material is its ability to conduct electricity. Beyond
the chemo-mechanical and self-healing properties, both the structural material (S3) and the
self-healing composite (Gelatin: Silk amino acids: Glycerol) exhibited inherent electrical con-
ductivity. This is a highly advantageous characteristic for robotic applications, particularly
for the development of self-healing sensors. A primary challenge in resilient robotics is that
a self-healing actuator is of limited use if its integrated sensors fail permanently after damage
(Tadesse & Liibben, 2023). To address this, we explored the potential of our self-healing material
to function as a piezoresistive strain sensor (Wang et al., 2020). The self-healing composite was
fabricated into a thin rectangular sheet for preliminary characterization. When the material is
stretched or bent, its electrical resistance changes, making it a viable candidate for a strain or
bend sensor. Quantitative sensor characterization (resistance—strain response and gauge factor)
is beyond the scope of this study and is left for future work. The material was found to be
self-adherent to human skin yet easily removable as an interesting secondary property.

The integration of such a sensor with our actuator would create a fully proprioceptive
system. This would be invaluable for detecting operational failures such as an inability to bend
caused by a puncture or cutting signal, signaling that physical damage has occurred and that a
healing cycle is required.

6. Conclusions

This study demonstrated a bio-inspired pneumatic actuator with a self-healing layer fabri-
cated from a bio-derived gelatin—silk amino acid—glycerol composite (SH5, 40:42:18) that heals
at room temperature without thermal or photochemical activation. Two configurations were
evaluated. In the composite configuration, where the self-healing layer is combined with the S3
structural layer, the actuator recovered only approximately 8% and 16% of its original pressure
capacity after rupture and a full channel cut, respectively. The main failure mode was identi-
fied as localized inflation at the layer interface, followed by air penetration along the seam. In
contrast, the homogeneous actuator fabricated entirely from the self-healing material could not
burst below the 214 kPa system limit, retained approximately 33% of its pressure capacity after
a tube was severed, and recovered approximately 58% of its bending angle after puncture and
healing across eight specimens. The single-segment piecewise universal joint model reproduced
the measured shape with R? = 0.985 (RMSE = 0.263 mm), confirming the compact description
of the actuator kinematics. Room-temperature re-bonding plateaued within approximately 12 h
and did not improve up to 72 h. The main practical limitations of this method are the partial
recovery of mechanical performance after healing and the tacky surface of the self-healing layer,
which attracts dust and debris in locomotion or gripping applications.

7. Future Work

Given that the mechanical strength of the current biopolymer composite is closer to that
of a soft polymer or hydrogel than to that of a rigid thermoset, the primary direction for future
research is material reinforcement. The research team proposes the incorporation of graphene
into the biopolymer matrix to create a nanocomposite that significantly enhances the material’s
tensile strength and stiffness. The successful development of such a nanocomposite would enable
the fabrication of robust, functional, and self-healing robotic components, such as load-bearing
legs, for practical, real-world applications. In addition, because the self-healing layer is inherently
tacky, a thin protective coating will be investigated to prevent dust and debris from adhering
during locomotion or gripping without impeding the underlying healing mechanism. Finally, a
future direction is to supply the material with an internal fluid system analogous to blood because
a fully severed channel does not autonomously rejoin at room temperature. For example, silk
amino acid solution could be delivered to the wound site to promote full separation healing.



International Journal of Technology 17(5) 1719-1731 (2026) 1729

Acknowledgements

The authors wish to express their gratitude to the Institute of Field Robotics (FIBO), King
Mongkut’s University of Technology Thonburi (KMUTT), for providing the necessary facilities,
equipment, and institutional support.

Author Contributions

Chawisorn Samrit: Designed the study, developed the methodology, developed the exper-
iments, performed data analysis, and drafted the manuscript. Narongsak Tirasuntarakul: Re-
viewing and providing guidance on data management and data visualization. Orapadee Joochim:
Liaised with field experts, performed comparative analysis of related literature, and conducted
final manuscript review.

Conflict of Interest

The authors declare no conflicts of interest.

References

Ashuri, T., Armani, A., Jalilzadeh Hamidi, R., Reasnor, T., Ahmadi, S., & Igbal, K. (2020).
Biomedical soft robots: Current status and perspective. Biomedical Engineering Letters,
10, 369-385. https://doi.org/10.1007/s13534-020-00157-6

Baghali, M., Ziyadi, H., Ramakrishna, S., Chernova, A., & Di Martino, A. (2023). Effect of
glycerol content in gelatin/glycerol composite films loaded with erythromycin. Polymer
Science, Series A, 65, 714-724. https://doi.org/10.1134/S0965545X23600357

Berg, H. C. (2011). E. coli in motion. Springer New York.

Bliah, O., Hegde, C., Tan, J. M. R., & Magdassi, S. (2025). Fabrication of soft robotics by
additive manufacturing: From materials to applications. Chemical Reviews, 125, 7275—
7320. https://doi.org/10.1021 /acs.chemrev.4c00749

Chen, G., Lei, X., Li, S., Lodewijks, G., Zhang, R., & Zou, M. (2026). Bioinspired design for
space robots: Enhancing exploration capability and intelligence. Biomimetics, 11, 30.
https://doi.org/10.3390/biomimetics11010030

Chen, R., Li, X., Xiong, Q., Zhu, X., Wang, H., Wang, W., Bao, G., Chen, Z., Cao, C., & Luo,
J. (2023). A self-healable, recyclable and degradable soft network structure material for
soft robotics. Materials € Design, 227, 111783. https://doi.org/10.1016/j.matdes.2023.
111783

del Valle, A., Torra, J., Bondia, P., Tone, C. M., Pedraz, P., Vadillo-Rodriguez, V., & Flors,
C. (2020). Mechanically induced bacterial death imaged in real time: A simultaneous
nanoindentation and fluorescence microscopy study. ACS Applied Materials € Interfaces,
12, 31235-31241. https://doi.org/10.1021/acsami.0c08184

Edward, S., & Golecki, H. M. (2023). Gelatin soft actuators: Benefits and opportunities. Actu-
ators, 12, 63. https://doi.org/10.3390/act12020063

Eyvazian, A., Song, Y., Hovhannes, C., Savari, A., & Sawaran Singh, N. S. (2026). State-of-
the-art soft robotic systems for unstructured and real-world environments: A systematic
review. Engineering Science and Technology, an International Journal, 73, 102264. https:
//doi.org/10.1016/j.jestch.2025.102264

Hardman, D., George Thuruthel, T., & Iida, F. (2022). Self-healing ionic gelatin/glycerol hy-
drogels for strain sensing applications. NPG Asia Materials, 14, 11. https://doi.org/10.
1038/s41427-022-00357-9

Hoog, J. L., Lacomble, S., O’Toole, E. T., Hoenger, A., McIntosh, J. R., & Gull, K. (2014). Modes
of flagellar assembly in chlamydomonas reinhardtii and trypanosoma brucei. eLife, 3,
€01479. https://doi.org/10.7554 /eLife.01479


https://doi.org/10.1007/s13534-020-00157-6
https://doi.org/10.1134/S0965545X23600357
https://doi.org/10.1021/acs.chemrev.4c00749
https://doi.org/10.3390/biomimetics11010030
https://doi.org/10.1016/j.matdes.2023.111783
https://doi.org/10.1016/j.matdes.2023.111783
https://doi.org/10.1021/acsami.0c08184
https://doi.org/10.3390/act12020063
https://doi.org/10.1016/j.jestch.2025.102264
https://doi.org/10.1016/j.jestch.2025.102264
https://doi.org/10.1038/s41427-022-00357-9
https://doi.org/10.1038/s41427-022-00357-9
https://doi.org/10.7554/eLife.01479

International Journal of Technology 17(5) 1719-1731 (2026) 1730

Huang, L., Yang, Y., Niu, Z., Wu, R., Fan, W., Dai, Q., He, J., & Bai, C. (2022). Boronic ester
bonds crosslinked vitrimer elastomers with mechanical robustness, shape memory, self-
healing and recyclability properties. Composites Science and Technology, 228, 109621.
https://doi.org/10.1016/j.compscitech.2022.109621

Jeong, Y., Majidi, C., & Ko, S. H. (2025). Self-healing soft robots: Materials, sensors and inte-
grated systems. International Journal of Precision Engineering and Manufacturing, 26,
2781-2801. https://doi.org/10.1007/s12541-025-01272-7

Kashef Tabrizian, S., Terryn, S., Cornella, A. C., Brancart, J., Legrand, J., Van Assche, G., &
Vanderborght, B. (2023). Assisted damage closure and healing in soft robots by shape
memory alloy wires. Scientific Reports, 13, 8820. https://doi.org/10.1038 /s41598-023-
35943-6

Li, N., Cui, Z., Yue, X., Zhang, Y., Ren, Z.-H., & Guan, Z.-H. (2024). Molecular hard-segment
engineered polyurethane with thermochromism, shape memory, humidity-driven, and
self-healing capabilities. Sensors and Actuators B: Chemical, 404, 135266. https://doi.
org/10.1016/j.snb.2023.135266

Licardo, J. T., Domjan, M., & Orehovacki, T. (2024). Intelligent robotics—a systematic review
of emerging technologies and trends. Electronics, 13, 542. https://doi.org/10.3390/
electronics13030542

Liu, L., Han, Y., & Lv, S. (2019). Design of self-healing and electrically conductive silk fibroin-
based hydrogels. ACS Applied Materials & Interfaces, 11, 20394-20403. https://doi.org/
10.1021/acsami.9b04871

Liu, M., Zhang, Y., Zhang, Y., Zhou, Z., Qin, N., & Tao, T. H. (2022). Robotic manipula-
tion under harsh conditions using self-healing silk-based iontronics. Advanced Science, 9,
2102596. https://doi.org/10.1002/advs.202102596

Lyu, H., Sun, Z., Liu, Y., Yu, X., & Guo, C. (2022). Processing-structure-properties relation-
ships of glycerol-plasticized silk films. Molecules, 27, 1339. https://doi.org/10.3390/
molecules27041339

Mandal, M. D., & Mandal, S. (2011). Honey: Its medicinal property and antibacterial activity.
Asian Pacific Journal of Tropical Biomedicine, 1, 154-160. https://doi.org/10.1016/
S2221-1691(11)60016-6

Miao, J., Zhang, T., Li, G., Guo, D., Sun, S., Tan, R., Shi, J., & Shen, Y. (2023). Flagellar/ciliary
intrinsic driven mechanism inspired all-in-one tubular robotic actuator. Engineering, 23,
170-180. https://doi.org/10.1016/j.eng.2022.09.014

Mitchell, D. R. (2007). The evolution of eukaryotic cilia and flagella as motile and sensory
organelles. In Eukaryotic membranes and cytoskeleton. Springer New York. https://doi.
org/10.1007/978-0-387-74021-8_11

Mushtaq, A., Do, K. L., Wahab, A., Yousaf, M., Rahman, A., Hussain, H., Ali, M., Du, P., &
Su, M. (2025). Silk fibroin-derived smart living hydrogels for regenerative medicine and
organoid engineering: Bioactive, adaptive, and clinically translatable platforms. Gels, 11,
908. https://doi.org/10.3390/gels11110908

Nakamura, S., & Minamino, T. (2024). Structure and dynamics of the bacterial flagellar motor
complex. Biomolecules, 14, 1488. https://doi.org/10.3390/biom14121488

Peng, J., Xie, S., Liu, T., Wang, D., Ou, R., Guo, C., Wang, Q., & Liu, Z. (2022). High-
performance epoxy vitrimer with superior self-healing, shape-memory, flame retardancy,
and antibacterial properties based on multifunctional curing agent. Composites Part B:
Engineering, 242, 110109. https://doi.org/10.1016/j.compositesb.2022.110109

Raman, R., Labisch, S., & Dirks, J.-H. (2024). A starfish-inspired 4d self-healing morphing
structure. Scientific Reports, 14, 22024. https://doi.org/10.1038/s41598-024-71919-w

Santina, C. D., Duriez, C., & Rus, D. (2023). Model-based control of soft robots: A survey
of the state of the art and open challenges. IEEE Control Systems, 43, 30-65. https:
//doi.org/10.1109/MCS.2023.3253419


https://doi.org/10.1016/j.compscitech.2022.109621
https://doi.org/10.1007/s12541-025-01272-z
https://doi.org/10.1038/s41598-023-35943-6
https://doi.org/10.1038/s41598-023-35943-6
https://doi.org/10.1016/j.snb.2023.135266
https://doi.org/10.1016/j.snb.2023.135266
https://doi.org/10.3390/electronics13030542
https://doi.org/10.3390/electronics13030542
https://doi.org/10.1021/acsami.9b04871
https://doi.org/10.1021/acsami.9b04871
https://doi.org/10.1002/advs.202102596
https://doi.org/10.3390/molecules27041339
https://doi.org/10.3390/molecules27041339
https://doi.org/10.1016/S2221-1691(11)60016-6
https://doi.org/10.1016/S2221-1691(11)60016-6
https://doi.org/10.1016/j.eng.2022.09.014
https://doi.org/10.1007/978-0-387-74021-8_11
https://doi.org/10.1007/978-0-387-74021-8_11
https://doi.org/10.3390/gels11110908
https://doi.org/10.3390/biom14121488
https://doi.org/10.1016/j.compositesb.2022.110109
https://doi.org/10.1038/s41598-024-71919-w
https://doi.org/10.1109/MCS.2023.3253419
https://doi.org/10.1109/MCS.2023.3253419

International Journal of Technology 17(5) 1719-1731 (2026) 1731

Suo, Z., Avci, R., Deliorman, M., Yang, X., & Pascual, D. W. (2009). Bacteria survive multiple
puncturings of their cell walls. Langmuir, 25, 4588-4594. https://doi.org/10.1021/
1a8033319

Supriyanto, A., Anggriani, R., Suciyati, S., Surtono, A., Junaidi, J., & Hadi, S. (2021). A control
system on the syringe pump based on arduino for electrospinning application. Journal
of Physical Science, 32, 1-12. https://doi.org/10.21315/jps2021.32.1.1

Tabrizian, S. K., Sahraeeazartamar, F., Brancart, J., Roels, E., Ferrentino, P., Legrand, J.,
Van Assche, G., Vanderborght, B., & Terryn, S. (2022). A healable resistive heater as
a stimuli-providing system in self-healing soft robots. IEEE Robotics and Automation
Letters, 7, 4574-4581. https://doi.org/10.1109/LRA.2022.3150033

Tadesse, M. G., & Liibben, J. F. (2023). Recent progress in self-healable hydrogel-based elec-
troluminescent devices: A comprehensive review. Gels, 9, 250. https://doi.org/10.3390/
2els9030250

Tan, M. W. M., Bark, H., Thangavel, G., Gong, X., & Lee, P. S. (2022). Photothermal modulated
dielectric elastomer actuator for resilient soft robots. Nature Communications, 13, 6769.
https://doi.org/10.1038 /s41467-022-34301-w

Tang, S. K. Y., & Marshall, W. F. (2017). Self-repairing cells: How single cells heal membrane
ruptures and restore lost structures. Science, 356, 1022-1025. https://doi.org/10.1126/
science.aam6496

Thirumalai, D., Santhamoorthy, M., Kim, S.-C., & Lim, H.-R. (2024). Conductive polymer-
based hydrogels for wearable electrochemical biosensors. Gels, 10, 459. https://doi.org/
10.3390/gels10070459

Wang, F., Wang, W., Zhang, C., Tang, J., Zeng, X., & Wan, X. (2021). Scalable manufactured
bio-based polymer nanocomposite with instantaneous near-infrared light-actuated tar-
geted shape memory and remote-controlled accurate self-healing. Composites Part B:
Engineering, 219, 108927. https://doi.org/10.1016/j.compositesb.2021.108927

Wang, J., Tang, F., Wang, Y., Lu, Q., Liu, S., & Li, L. (2020). Self-healing and highly stretchable
gelatin hydrogel for self-powered strain sensor. ACS Applied Materials & Interfaces, 12,
1558-1566. https://doi.org/10.1021 /acsami.9b18646

Wang, Y., Xu, J., Tang, Z., Wu, Y., Zhang, Q., Ding, H., & Xie, J. (2025). An inchworm-
inspired fast-moving micro flexible robot for autonomous terrain-adaptive exploration.
Soft Robotics, 12, 787-798. https://doi.org/10.1089 /soro.2025.0004

Wang, Z., Wang, G., Chen, X., & Freris, N. M. (2023). Dynamic modeling and control of a soft
robotic arm using a piecewise universal joint model. 2023 IEEFE International Conference
on Robotics and Biomimetics (ROBIO), 1-6. https://doi.org/10.1109/ROBIO58561.
2023.10354732

Yang, G., & Hu, S. (2023). Review of robotics technologies and its applications. 2023 Interna-
tional Conference on Advanced Robotics and Mechatronics (ICARM), 322-329. https:
//doi.org/10.1109/ICARM58088.2023.10218815


https://doi.org/10.1021/la8033319
https://doi.org/10.1021/la8033319
https://doi.org/10.21315/jps2021.32.1.1
https://doi.org/10.1109/LRA.2022.3150033
https://doi.org/10.3390/gels9030250
https://doi.org/10.3390/gels9030250
https://doi.org/10.1038/s41467-022-34301-w
https://doi.org/10.1126/science.aam6496
https://doi.org/10.1126/science.aam6496
https://doi.org/10.3390/gels10070459
https://doi.org/10.3390/gels10070459
https://doi.org/10.1016/j.compositesb.2021.108927
https://doi.org/10.1021/acsami.9b18646
https://doi.org/10.1089/soro.2025.0004
https://doi.org/10.1109/ROBIO58561.2023.10354732
https://doi.org/10.1109/ROBIO58561.2023.10354732
https://doi.org/10.1109/ICARM58088.2023.10218815
https://doi.org/10.1109/ICARM58088.2023.10218815

	Introduction
	Materials and Methods
	Actuator design
	Preparation of the outer structural material (outer cell wall layer)
	Preparation of the self-healing material (self-healing layer)
	Fabrication and assembly of actuators
	Pneumatic Control System (PCS)
	Acquisition of actuator position data

	Kinematic Model for the Actuator
	Results and Discussion
	Testing of the composite actuator (outer cell wall and self-healing layer)
	Homogeneous self-healing actuator testing

	Other Properties of the Material
	Conclusions
	Future Work

