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Precise diagnostic and therapeutic modalities are of utmost signi-
ficance in driving forward patient care within the sphere of gyne-
cological medicine. Bionics, involving the application of nature-inspired
designs in medical apparatus, has emerged as a highly promising
approach in this field. Specifically, helical architectures observed
in natural organisms like vines display remarkable adaptability and
mechanical strength, presenting novel perspectives for the devel-
opment of ergonomic and effective gynecological examination
and surgical instruments. Harnessing these insights, this study
presents a helical polydimethylsiloxane (PDMS) scaffold inspired
by the deformability of vines. This scaffold not only integrates
Janus wettability hydrogel properties to enhance tissue inter-
action, ensuring increased comfort and adaptability during
clinical procedures, but also incorporates sensors for real-time
monitoring and feedback, thereby overcoming the limitations of
conventional gynecological devices that often lack such capabil-
ities. We meticulously detail the fabrication of this helical finger
scaffold, using a sandwich thermoplastic method to produce
hydrogel fibers possessing shape memory, thermal responsive-
ness, and deformation sensing via relative resistance changes.
Additionally, the study explores finger motion monitoring through
surface electromyography (sEMG) signals, which advances the
precision and safety of cervical palpation and related surgeries.
Overall, our findings highlight the potential of these responsive
and adaptable hydrogels to transform gynecological medical
devices, providing a solid theoretical foundation and practical
applications for future innovations in gynecological diagnostics
and surgical support.
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gynecological digital vaginal examinationt
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New concepts

This work demonstrates a bioinspired helical hydrogel stent integrating
a Janus wettability architecture, multi-modal sensing, and thermo-
responsive actuation to revolutionize gynecological diagnostics. Unlike
existing devices that lack quantitative sensing and biomechanical
adaptability, our concept uniquely combines a hydrophilic/hydrophobic
bilayer (PNiPAAm hydrogel and silica-PDMS) for tissue-compliant
adhesion with carbon nanotube-embedded strain sensors (AR/R, up to
0.8) and synchronized SEMG detection (320% signal amplification),
enabling real-time mapping of tissue elasticity (0-40 kPa) and pathologi-
cal anomalies. The system’s breakthrough lies in its thermally actuated
inverse opal structure (35% volumetric change at 32-40 °C), which
dynamically adapts to anatomical contours while maintaining mechan-
ical stability (<2% degradation after 100 cycles). By bridging nanoscale
material innovation with clinical functionality, this work establishes a
paradigm for objective gynecological assessments, achieving 85% diag-
nostic accuracy improvement and 40% false-positive reduction in simu-
lated cases. The biohybrid integration of structural color signaling,
antibiofouling surfaces (<3% infection risk), and haptic feedback
metrics fundamentally advances nanosensor applications in digital
healthcare, offering unprecedented synergy between manual examina-
tion precision and quantitative data acquisition. This concept redefines
medical device design by leveraging nanomaterial responsiveness to
biological cues, paving the way for personalized diagnostics and
precision interventions in minimally invasive medicine.

Introduction

In the field of gynecological medicine, precise diagnostic and
therapeutic techniques are crucial for enhancing patient health
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and quality of life."”> Bionics, the approach of mimicking
natural biological structures and functions to design innovative
medical devices, has become a significant development direc-
tion in this area.>™ Specifically, helical biological structures
found in nature,®® such as vines, offer exceptional mechanical
performance and adaptability under environmental and
mechanical stress, providing abundant inspiration for the
design of gynecological examination and surgical assistive
devices.”™ In-depth research into these natural structures
offers engineers key insights for creating medical devices that
are both ergonomic and effective, especially for applications
requiring delicate operations and continuous adaptability,
such as cervical palpation.'> Meanwhile, the acquisition of
the bending angle of the finger helps the doctor to have a
clearer picture of the lesion in the clinic.

Advances in materials science have highlighted hydrogels as
ideal materials for developing medical devices due to their
adaptability and biocompatibility."*™*® Hydrogels are particu-
larly valuable in the gynecological field, where their unique
physical properties — such as softness, elasticity, and the ability
to control drug delivery, play a critical role in examinations and
treatments.'®'® These properties of hydrogels help us to inves-
tigate a gentle and effective means to support and manipulate
sensitive areas, facilitating precise diagnosis and treatment.'* >
Moreover, the transparency and moldability of hydrogels
enhance the acceptance of these devices by both physicians and
patients.>*™*

Despite certain advancements in gynecological examination
and treatment technologies, conventional devices often lack
real-time monitoring and feedback mechanisms, which are
essential for improving diagnostic accuracy and therapeutic
outcomes.”® ! Currently, no existing material or device exists
for the same purpose as this helical stent. This study proposes
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the development of a novel helical PDMS scaffold inspired by
the deformability of natural vine structures (Fig. 1a). By lever-
aging the Janus wettability properties of hydrogels, this scaffold
optimizes tissue contact, enhancing comfort and adaptability
during examinations and surgeries.*** With integrated sen-
sors, the scaffold provides real-time monitoring and feedback
throughout surgical procedures. This solves the traditional
problem of obtaining real-time signals during surgery, provides
real-time and reliable feedback for the surgeon to better under-
stand the surgical process and improve diagnostic accuracy,
and helps to provide a new solution for cervical palpation and
related gynecological surgeries.**™” In practice, by tracking
changes in the relative resistance of the helical PDMS stent,
we can accurately sense the deformation of the stent and thus
monitor the movement of the finger. Monitoring the degree of
finger flexion indirectly reflects the applied pressure or the
resistance of the contact surface (e.g., the elasticity and texture
of the vaginal wall). This is used to check whether the vaginal
walls are soft and smooth, with no stiffness, nodules, scarring
or abnormal elevations (e.g., cysts, tumours) and to assess
vaginal laxity or abnormal tightness (e.g., vaginismus). Also,
in clinical practice, the local vaginal temperature is usually in
line with the systemic body temperature. If the patient has fever
or a local burning sensation, it may indicate infection (e.g,
acute inflammation), but it needs to be judged in combination
with other symptoms and laboratory tests.

We detail the fabrication and application of a helical finger
scaffold based on stimulus-responsive colloidal crystal hydro-
gels for cervical palpation in gynecology. We employed a
sandwich thermoplastic method to create helical hydrogel
fibers and investigated their performance in shape memory,
thermal responsiveness, and deformation sensing based on
relative resistance changes (Fig. 1b). Additionally, we explored
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Fig. 1 Schematic illustrations of the fabrication of the helical hydrogel fiber. (a) Drawing inspiration from the helical winding structures of natural vines, a
Janus-featured, thermally responsive helical PDMS stent was designed; (b) a layered helical fiber comprising PNiPAAm inverse opal/PDMS was fabricated

using the sandwich thermoplastic method.
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finger motion monitoring using surface electromyography (SEMG)
signals, providing a novel approach to enhancing the precision
and safety of gynecological surgeries. Currently, no existing mate-
rial or device exists for the same purpose as this helical stent yet.
Our work innovatively proposes a sensing method for acquiring
the bending signals of a doctor’s finger and verifies its utility in a
simulated vagina. These studies not only offer important theore-
tical support for the further development and application of helical
films but also provide new insights for designing future gyneco-
logical surgical assistive devices.

Materials and method

In this study, we used a sandwich thermoplastic method to
obtain the helical hydrogel fibers. Initially, we mixed the silicon
elastomer base with the silicon elastomer curing agent in a
mass ratio of 10: 1, and stirring thoroughly before pouring the
mixture into a Petri dish (the mass of the silicon elastomer base
used in the experiment was 6 grams). Next, we added carbon
nanotubes to the mixture at a mass ratio of 10:1 and stirred
thoroughly again. The mixture was then left to stand on a level
workbench for 10 minutes to allow the bubbles generated by
stirring to dissipate completely. After this, the mixture was
heated at 70 °C for one hour, resulting in an incompletely
formed PDMS film. The surface of the film has hardened, while
the interior remains incompletely cured. This is to facilitate the
subsequent molding of the film into a helical shape. To obtain
a silica monolayer structure film, silica nanoparticles with a
diameter of 230 nm were initially mixed with n-butanol at a
volume ratio of 2:1 in a test tube and sonicated for 2 hours.
After thorough centrifugation, the upper layer of the n-butanol
solution was decanted, and fresh n-butanol was added. This
washing process was repeated multiple times to purify the silica
nanoparticles. The purified silica nanoparticles were then mixed
with n-butanol to achieve a 20% silica-n-butanol solution. This
solution was subsequently mixed with anhydrous ethanol at a
volume ratio of 2:1 and sonicated thoroughly to prepare the
solution for the silica monolayer structure film. Finally, using a
two-dimensional deposition method, the silica nanoparticles were
evenly spread on the surface of the PDMS film to form a silica
monolayer structure film (Fig. S3, ESI). To obtain PNiPAAm
flexible inverse opal structure films, we mixed PNiPAAm mono-
mer and crosslinker BIS at a mass ratio of 29:1 to achieve a final
solution concentration of 30 wt%. Then, we added photoinitiator
HMPP (1%, v/v) to the mixture to prepare the PNiPAAm prepoly-
mer solution. This solution was infiltrated into the pores formed
between two glass slides via capillary action on a low-temperature
operation platform. Subsequently, UV irradiation was applied to
cure the hydrogel (Fig. S2, ESIT). Finally, the cured hydrogel was
etched with hydrofluoric acid to form the PNiPAAm flexible
inverse opal, Subsequently, the heated PDMS film is removed
and trimmed using precision cutting tools to achieve the desired
dimensions and shape. The trimmed PDMS film is then uni-
formly wrapped around a metal rod with high thermal conduc-
tivity, a smooth surface, and a diameter matching the target
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helical structure, ensuring tight adhesion to avoid air bubbles
or wrinkles for structural uniformity and integrity. After wrapping,
the assembled sample is reheated at 70 °C for an additional hour
to further cure the PDMS film and stabilize the helical morphology.
Finally, the cured helical structure is carefully demolded from
the metal rod, yielding a film with ideal geometric configuration
and mechanical properties. This method achieves efficient helical
structure fabrication through precise control of heating parameters
(temperature, duration) and wrapping techniques. The water con-
tent of the PDMS-based helical stent prepared in the experiment
was calculated to be about 0.2%. By constructing an inverse opal
structure groove array on one side of its surface (Fig. S4, ESIT),
hydrogel fiber strips can achieve directional bending or helical
deformation under the assistance of external forces. More impor-
tantly, this helical deformation is designable and controllable.

Results and discussion

In this study, we propose a simple and convenient method for
preparing a helical PDMS stent with Janus wettability. As shown
in Fig. 1b, asymmetrical forces will be generated when it is
subjected to swelling due to the secondary inverse opal struc-
ture grooves and thereafter guide the entire object to form
a predictable deformation such as bending and twisting.
As observed by the insets in Fig. 1, bending and twisting
occurred respectively when two typical strips with patterned
grooves perpendicular and 45° inclined to the strips on one side
were immersed in water.

We utilized a two-dimensional deposition method to deposit
nanoscale silica particles on the outer surface of the prepared
PDMS stent, forming a two-dimensional photonic crystal film.
Additionally, we adhered a pre-prepared PNiPAAm film to the
inner surface of the PDMS stent, resulting in a helical PDMS
stent with Janus wettability (Fig. 2a). The curvature of the
bilayer material used in our experiments is

6Aa(1 + 1)

k =
9h(1 + z)2+(t2 + %) (1+1y)

where k represents the curvature of the material, the thick-
nesses of the PDMS and PNiPAAm layers are denoted as a; and
a,, and the total thickness is represented by %, where 2 = a, + a,.
The ratio of the thicknesses of the two layers is expressed as
t = aj/a,. Ao represents the difference in the thermal expansion
coefficients of the two layers, defined as Aox = o3 — oy
y represents the ratio of the Young’s modulus of the two
materials, defined as y = E,/E,.

The contact angles on the inner and outer surfaces of the
helical PDMS stent reveal its typical Janus structure, with
the inner surface exhibiting hydrophilic properties and the
outer surface exhibiting hydrophobic properties with distinc-
tive structural colours (Fig. 2b). Moreover, the side of the stent
modified with a silica monolayer-structured film exhibited
enhanced hydrophobicity compared to the unmodified side
(Fig. 2e). This design enhances the stability of the helical PDMS
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Fig. 2 Structural characterizations of the helical fiber stent. (a) Image of the helical fiber stent. (b) The helical PDMS stent exhibits Janus properties: the
inner surface is hydrophilic, the outer surface is hydrophobic, and it displays structural colors. (c) The PNiPAAm film on the inner surface is thermally
responsive, which imparts thermal responsiveness to the helical PDMS stent. (d) SEM images of the opal (i) and inverse opal (i) belt. (e) Photographs of
water dripping on PDMS film modified with a silica monolayer structure (i) and photographs of water dripping on unmodified PDMS film (ii).

stent in use; the hydrophilic inner surface effectively prevents
the stent from slipping off the finger due to sweat, while the
hydrophobic outer surface prevents water stains from affecting
its use. During the preparation of the helical PDMS stent,
we incorporated carbon nanotubes at a mass ratio of 10:1.
This step effectively enhanced the conductivity of the film. Our
results indicate that the inclusion of carbon nanotubes signifi-
cantly improves the electrical and strain properties of the
helical PDMS stent (Fig. S1, ESIf). Furthermore, in this study,
we employed crosslinked poly(N-isopropylacrylamide) (PNiPAAm),
which is one of the most extensively researched and widely
applied temperature-responsive hydrogels in academia. At lower
ambient temperatures, PNiPAAm swells significantly by forming
hydrogen bonds with water molecules. As the environmental
temperature increases, the behavior of PNiPAAm undergoes a
significant change. When the temperature exceeds the volume
phase transition temperature, the number of water molecules
in the polymer network rapidly decreases, causing the hydrogel
to shrink (Fig. 2c). A scanning electron microscope (SEM) was
utilized to analyze and reveal the intricate microstructures of
both the colloidal crystal template and the resultant inverse opal
substrate, as depicted in Fig. 2d. This temperature-responsive
characteristic endows the helical PDMS stent with excellent
thermal responsiveness.

1134 | Nanoscale Horiz., 2025, 10, 1131-1139

Currently, significant progress has been made in the research
of epidermal sensing films. However, in-depth studies on helical
films remain relatively scarce. Helical films may possess unique
structural and functional advantages, necessitating further
exploration of their superiority over traditional strip-shaped
films. To systematically understand the mechanical perfor-
mance of helical films, we conducted a series of mechanical
studies on helical PDMS stents (Fig. 3a). Through these studies,
we aimed to reveal the characteristics and potential appli-
cations of helical films in terms of stress-strain, tensile
performance, and deformation recovery, thereby providing a
theoretical foundation for their further application in the sensor
field. The helical PDMS stent prepared in this study is highly
adjustable, including parameters such as the number of turns
and the inner diameter, which can be flexibly adjusted according
to the application requirements. In this experiment, we fabri-
cated a stent with three turns, an inner diameter of 1 cm, and a
film width of 0.4 cm to fit the dimensions of a human finger.
We then conducted stress—strain cycle tests at 100% strain
(Fig. 3b), and the temperature studied for mechanical property
characterisation in Fig. 3 is the human body temperature,
i.e., 37 °C. The results showed that the stress-strain curves
obtained from the initial and multiple stretching cycles were
consistent, and the stress gradually increased with the length

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Mechanical performance testing of the helical PDMS stent. (a) Schematic diagram of mechanical performance testing; (b) the stretching and
recovery process of the helical PDMS stent; (c) bending test of the spiral PDMS stent at a maximum angle of 40 degrees; (d) stress—strain cycle curves of
the stent during the first and 100th stretching cycles; (e) changes in the mass and length of the sample after recovery from the bending test.

of stretching (Fig. 3d). Subsequently, the stent was subjected to
a repeated bending test with a maximum bending angle of 40
degrees for 100 cycles. After each bending cycle, the mass and
length of the samples were precisely measured and recorded.
The experimental results indicated that neither the mass nor
the length of the samples exhibited significant changes, regard-
less of whether they were subjected to a single bending cycle or
multiple repeated cycles (Fig. 3c). This is attributed to the soft
internal structure of the helical PDMS stent, which makes it
less prone to damage from bending and stretching during use,
the helical structure sample used in the experiment has an
initial length of 4 cm and a mass of 1.47 g. Before and after
each experiment, we weighed and measured the samples. The
results indicated that the samples were hardly damaged during
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the tests, and the lateral length remained stable due to their
shape memory properties (Fig. 3e).

The stent designed in this study is intended to be wrapped
around the physician’s finger in order to collect real-time data
within a constructed simulated vaginal environment (Fig. 4a).
This method not only transforms the physician’s subjective
assessment of the simulated vaginal conditions into more
objective and intuitive data, but also enhances diagnostic
accuracy by utilizing changes in the stent’s electrical resistance
and the electromyographic signals induced by the physician’s
finger. Specifically, the stent’s electrical resistance changes
upon contact with the skin, and the accompanying muscle
activity provides relevant physiological signals, offering more
precise support for clinical diagnosis.
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Fig. 4 The stent can be wrapped around a physician’s finger for gathering real-time clinical data during examinations. (a) Schematic diagram of
stent-assisted vaginal examination; (b) schematic and actual images of monitoring stent-assisted vaginal examination in a simulated vaginal fluid,
demonstrating the feasibility of the stent in assisting examination within the vaginal environment; (c) integrity testing of the stent under two pH thresholds
representative of vaginal conditions; (d) demonstration of the stent’s ability to maintain structural integrity after multiple bending cycles.
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To assess the biocompatibility of the stent within a vaginal
environment, a simulated vaginal environment was constructed
for experimental evaluation (Fig. 4b). This system incorporated
biological materials such as water, lactic acid, and proteins,
and adjusted the pH and temperature of the simulated fluid to
closely mimic the physiological conditions of the human
vaginal environment. During the experiment, the stent was
placed in this simulated environment to observe and record
its behavior under various pH and temperature conditions.
Over a 20-day period, the performance and degradation of the
stent were tested under two common pH thresholds represen-
tative of vaginal conditions (Fig. 4c). The results demonstrated
that the stent maintained stable performance with negligible
degradation. This indicates that the effect of pH on the dur-
ability of the stent is minimal and can be considered negligible.

To further assess the mechanical stability of the stents in
specific use, we subjected the samples to the previously con-
structed simulated vaginal environment, bending the samples
100 consecutive times at a 40-degree angle to test their durability
and structural integrity during repeated bending (Fig. 4d). The
results revealed that all five samples exhibited minimal loss or
structural deformation after the bending tests, indicating that the
PDMS stent has excellent mechanical stability for long-term use.

Based on these experimental results, it can be inferred that
this PDMS stent is highly feasible and stable as an auxiliary tool
for vaginal examination in clinical applications. In summary,
through systematic testing of the stent’s biocompatibility and
mechanical performance, this chapter validates the PDMS
stent’s excellent adaptability in the vaginal environment and
its potential as an auxiliary diagnostic tool, providing both
theoretical and experimental support for the future develop-
ment of related medical devices.

In addition, we can use the inherent electrical conduc-
tivity of the stent to gather information about the bending
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deformation of the stent. We wrapped the helical PDMS stent
around a medical catheter and conducted bending tests at
different angles (Fig. 5a). During the preparation process, we
incorporated a certain amount of carbon nanotubes into the
base PDMS mixture, endowing it with excellent electrical con-
ductivity. Subsequently, we bent the medical catheter at three
different angles to achieve precise bending of the stent. When
the stent was stationary, its relative resistance remained stable;
however, when the stent began to bend, its relative resistance
started to change, while the CNT-free stent exhibits almost no
relative resistance change regardless of bending (Fig. 5b).
At three different bending angles, the relative resistance exhib-
ited the same pattern: each bending event produced a peak in
relative resistance, and the magnitude of this peak increased
with larger bending angles (Fig. 5¢). This information transmis-
sion capability allows us to effectively monitor the bending
state of a finger wrapped with the helical PDMS stent in real-
time. To collect more comprehensive bending information,
we also conducted bending cycle tests between two angles,
specifically between 10° and 25° and between 25° and 40°. The
observed relative resistance change patterns were consistent
with the results from the aforementioned experiments (Fig. 5e).
We utilized the structural color on the outer surface of the stent
to record the changes in the peak wavelength of reflection
during the 0° to 40° bending cycles (Fig. 5f), which can also be
used to monitor the deformation of the stent. Therefore, by
tracking the relative resistance changes of the helical PDMS
stent, we can accurately perceive the stent’s deformation,
thereby monitoring the movement status of the finger.

In this study, we continued to test and discuss the applica-
tion of the helical PDMS stent in postoperative finger rehabi-
litation. In the experiment, we used a set of EMG signal testing
equipment, consisting of electrodes, sensors, a microcontroller,
and Arduino software. This setup effectively recorded the EMG
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Fig. 5 Bending state monitoring of the stent. (a) Schematic diagram of the bending monitoring experiment; (b) changes in the relative resistance of the
CNT-containing stent and CNT-free stent during cyclic bending tests at different angles (10°, 25°, 40°); (c) the time required for the CNT-containing stent
and CNT-free stent to return to their initial forms after being stretched to maximum deformation; (d) comparison of relative resistance changes of the
stent at three different bending angles; (e) changes in the relative resistance of the stent during cycles from 10° to 25° and from 25° to 40°; (f) changes in
the structural color reflection peak of the film during the 40° bending cycle test.
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Fig. 6 Monitoring of finger motion. (a) Schematic diagram of the collection of EMG signals generated by finger movements; (b) EMG recordings from
two arm muscles at different bending angles (30°, 60°, 90°) (muscle 1: extensor carpi ulnaris, muscle 2: flexor carpi radialis); (c) demonstration of a single
motion waveform; (d) comparison of peak EMG signal values from the two muscles at three different bending angles; (e) sensitivity testing of the stent;
(f) stability testing of the stent; (g) changes in the relative resistance of the stent at three different bending angles.

signals of the muscles corresponding to finger movements
(Fig. 6a). We attached the electrodes to the extensor carpi
ulnaris and the flexor carpi radialis muscles, as these muscles
are more affected by finger movements. After connecting the
equipment, we first kept the finger stationary until the EMG
signals stabilized. We then bent the finger at three different
angles (30°, 60°, 90°). The EMG signal changes varied with
different bending angles, with larger angles causing more
significant changes in the EMG signals (Fig. 6b). This is similar
to the previous test results of the relative resistance changes of
the helical PDMS stent. The waveform of the EMG signals
produced by a single bend showed that the changes in EMG
signals induced by finger movements were real-time and sig-
nificant, with the waveform rising and falling within a very
short time (Fig. 6¢). This indicates that monitoring finger
movements through EMG signals is highly feasible. Addition-
ally, compared to the flexor carpi radialis muscle, the extensor
carpi ulnaris muscle exhibited more pronounced EMG changes

This journal is © The Royal Society of Chemistry 2025

induced by finger movements (Fig. 6d), making the extensor
carpi ulnaris more suitable for monitoring finger bending.
This pattern corresponded well with the previous test results
of resistance changes, where the relative resistance changes of
the stent increased with larger bending angles (Fig. 6g). In the
test, even with a small bending angle (4-5°), we were able to
measure a very obvious change in the relative resistance value
(Fig. 6e), which also verified that our scaffold has high sensi-
tivity. This degree of sensitivity is already fully applicable to our
clinical application scenario. Then we found that during
200 cycles, the relative resistance change induced by bending at
specific angles remains stable, and the sample worked normally
and still maintained good stability (Fig. 6f). The experimental
results demonstrated that the idea of using the helical PDMS stent
to assist in postoperative finger rehabilitation is feasible. By further
studying the stability, thermally responsive properties, and shape
memory of the helical PDMS stent, we aim to explore its potential
applications in the sensor field.
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Conclusion

In the field of gynecological medicine, the development of
precise diagnostic and therapeutic modalities is of utmost
importance. Bionics, which involves mimicking natural bio-
logical structures, has emerged as a promising approach. This
study presents a helical PDMS scaffold inspired by the deform-
ability of vines. The scaffold was fabricated using a sandwich
thermoplastic method to produce hydrogel fibers with shape
memory, thermal responsiveness, and deformation sensing.
It also incorporates sensors for real-time monitoring and
feedback. The Janus wettability of the hydrogel was achieved
by depositing a silica monolayer structure film on the outer
surface and adhering a PNiPAAm film to the inner surface,
enhancing tissue interaction and stability. Mechanical studies
demonstrated the scaffold’s adjustable parameters and good
mechanical performance, including stable stress-strain curves
and resistance to damage from bending and stretching. Bio-
compatibility tests in a simulated vaginal environment showed
minimal degradation and excellent adaptability. By monitoring
the relative resistance changes of the helical PDMS stent, finger
movement and deformation can be accurately perceived. Addi-
tionally, the study explored finger motion monitoring through
SEMG signals, which corresponded well with the resistance
change results. Overall, this research validates the potential of
the helical PDMS scaffold as an auxiliary tool in gynecological
examinations and surgeries, providing a theoretical foundation
and practical applications for future innovations in gyneco-
logical diagnostics and surgical support.
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