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Recent advancements in teleoperated surgical robotic systems (TSRSs) for
minimally invasive surgery (MIS) have significantly improved diagnostic and
surgical outcomes. However, as the complexity of MIS procedures continues
to grow, there is an increasing need to enhance surgical tools by integrating
advanced functionalities into these instruments for superior medical results.
Despite recent advancements, TSRSs face significant challenges, including
rigidity, suboptimal actuation methods, large sizes, and complex control
mechanisms. This paper presents a portable, motor-free soft robotic system
equipped with soft robotic arms (SRAs) that provides an innovative solution
for performing MIS within complex human organs. Unlike conventional
approaches, these SRAs leverage a soft fibrous syringe architecture for
operation, eliminating the need for complex control systems. This design
achieves precise motion control with mean errors <300 um, effectively
minimizing physical tremors. Two SRAs—one with and one without a central
lumen—are developed. By integrating microelectrodes into the SRAs, the
system demonstrates capabilities to support cancer detection via electrical
impedance measurements and to perform radio-frequency ablation for
surgical treatments. Additionally, the system supports biomaterial injections
and in situ 3D printing for internal wound healing. This simple, cost-effective
platform represents a promising new direction for developing TSRSs in MIS.

1. Introduction

Lung, gastrointestinal (GI), and brain (ner-
vous system) cancers, along with other can-
cers in tubular organs represent the top
leading causes of cancer deaths worldwide.
Presently, significant challenges emerge
in early detection/diagnosis and treatment
regimes.[!! Traditional diagnostic methods,
including biopsy, imaging (e.g., X-ray, CT
scan, and MRI), or cytology often fail to de-
tect small tumors accurately.”] For instance,
imaging methods can yield false-positive
outcomes, complicating the diagnosis and
subsequent treatment plans. In situ (direct)
detection using onboard electronics such
as electrical impedance measurements via
minimally invasive delivery techniques has
emerged as a transformative solution. This
approach leverages the electrical impedance
spectroscopy (EIS) measured from the in-
tegrated metal electrodes at the tip of
miniaturized surgical instruments to detect
the tumor tissue in suspicious lesions.[>*l
By integrating EIS into flexible surgical
instruments such as endoscopes, bron-
choscopes, and catheters, a more precise
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measurement can be achieved. The presence or absence of can-
cerous cells within suspicious regions can be verified after ini-
tial identification through imaging methods. With this method,
complex procedures such as biopsies may be eliminated.*! To
bring the onboard metal electrode to the internal organs, surgical
instruments with simple, high degrees-of-freedom (DOFs), and
precise tip control methods are highly desired. In addition, these
instruments should ideally possess high flexibility with miniatur-
ized diameters and multi-functional capability for safe, fast, and
successful operations.[>] These requirements for surgical tools
are even more demanding in microsurgeries.”®! This originates
from the fact that poor tip control with imprecise motions could
lead to unexpected tissue damage and complications during and
post-surgery.l”! To achieve such high accuracy, flexible surgical
tools should be equipped with tremor filtering mechanisms for
eliminating or mitigating the physiologic vibrations (i.e., physi-
cal tremors) induced by the surgeons during the operation./1%1!]
To promote wound healing post-surgery or regenerative thera-
pies, in situ, biomaterial injection and 3D printing of bioink in-
corporating living cells on target areas within the human body
via minimally invasive delivery have emerged as an innovative
solution.['?-16] However, to the best of our knowledge, few, if any,
flexible surgical systems can perform in situ cancer detection,
surgical ablation, and in situ 3D bioprinting via minimally inva-
sive delivery.

Current advancements in minimally invasive surgery (MIS)
have led to the development of innovative teleoperated surgical
robotic systems (TSRSs) with the potential to revolutionize com-
plex surgical procedures. Despite these promising strides, sig-
nificant challenges remain, particularly in the areas of control
and actuation methods for TSRSs, limiting their full potential
in multifunctional surgical applications.>] Teleoperation allows
surgeons to work away from the radiation source required for
real-time imaging during operations.!'”18] TSRSs are equipped
with advanced surgical instruments that provide surgeons with
enhanced dexterity and precision beyond what is possible with
human hands alone. This capability holds significant promise
for a wide range of medical applications throughout the hu-
man body, improving the efficacy and safety of complex surgi-
cal procedures."”! Compared to conventional techniques, TSRSs
enhance safety, accuracy, and speed in both diagnostic and sur-
gical procedures. These improvements contribute to better pa-
tient outcomes by reducing surgical risks, minimizing recovery
times, and increasing the overall effectiveness of treatments.[2!
Several concepts of TSRSs have recently been commercialized
with FDA approval, offering a wide range of therapeutic and
diagnostic procedures. For example, the Flex robotic system
(Medrobotics Corp., MA, USA) was developed for neck surgery
and endoscopy,?! the Ion endoluminal system (Intuitive Surgi-
cal, Inc., Sunnyvale, CA) was tailored for bronchoscopy,?? and
the CorPath GRX system (Siemens Healthcare GmbH, Erlan-
gen, Germany) was employed for interventional cardiology.!?’]
Despite advances, these systems often have limitations primar-
ily owing to the rigidity and complexity of their surgical in-
struments. For instance, they mostly use tendon-driven actua-
tion with pairs of antagonistic wires which are associated with
high friction, non-linear hysteresis, force loss, and difficulty in
miniaturization.?*#! In addition, they require a complex con-
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trol system including electronic components, motors, and a se-
ries of mechanical parts such as gears, pulleys, belts, and lin-
ear sliders. These components inherently lead to signal delays
and degradation,!?°] system complications,?’) and high costs. To
overcome these problems associated with tendon-driven actua-
tion, magnetic composites (e.g., PDMS + NdFeB) controlled by
magnetic fields have been proposed.['®2*28] These flexible robots
could provide advanced navigation abilities by accessing the deep
cerebral vasculature with submillimeter sizes. They, however, re-
quire a bulky magnetic field generator, moving around or un-
derneath the patient bed, causing complications, as well as not
being MRI-compatible. Fluidic-driven actuators!®?>2*3% are also
great candidate to deal with the remnant problems of tendon-
driven and magnetic actuators because they offer high aspect ra-
tios, flexibility, less friction, and miniaturized scale. Nonetheless,
they are often associated with rigid pressure sources including
compressors, electrical pumps/motors, syringes/pistons, valves,
and complicated control systems. Numerous studies have pro-
posed solutions to this problem. However, the attempts have
not been greatly successful due to several limitations includ-
ing the generated pressure being low,31] the need for high-
voltage sources,'****] the overall bulkiness of the technology, and
its rigidity.[36-38

Recently, TSRSs with multifunctional surgical instruments
have emerged as an important step in further development
toward a more mature and adaptable MIS technique. For in-
stance, Lee et al. introduced a multifunctional endoscope-based
interventional system offering a closed-loop solution for colon
cancer treatment comprising accurate detection, delineation,
and rapid targeted therapy of colon cancer and precancerous
lesions.[*l Given the integration of transparent bioelectronics
with theranostic nanoparticles, this system enables optical
fluorescence-based mapping, electrical impedance, pH sensing,
contact/temperature monitoring, radiofrequency (RF) ablation,
and localized photo/chemotherapy.[3**?] Despite great advance-
ments, this system uses a conventional actuation (i.e., a tendon-
driven mechanism) involving the abovementioned limitations
and being restricted to applications in the colon. Additionally,
microsurgery and tissue and organ damage treatment are chal-
lenges for this system. In an attempt to provide in situ bioprinting
for repairing tissue injury after surgical operations, Thai et al.l*%]
introduced a multifunctional and flexible 3D bioprinter with six
DOFs to produce endoscopic procedures and deliver multilay-
ered biomaterials to speed up the healing process of the damaged
tissue. However, this system involves many rigid parts with a
relatively large diameter (20 mm) and lacks sensing capabilities,
limiting its widespread adoption. More recently, Rogatinsky
et al.?l proposed a millimeter-scale soft robotic platform for
cardiac interventions with multiple functions. It can deploy and
self-stabilize at the entrance to the heart, guide existing inter-
ventional tools, and conduct reconstructive procedures inside
the right atrium (RA) of the heart. Despite advances, this system
also lacks feedback information (i.e., no sensing abilities), and
has a large diameter of 8 mm limiting its applications to the RA.
The three multifunctional platforms mentioned above require
complex control systems that integrate multiple motors and elec-
tronic components, which may increase risks and complications.
Furthermore, these instruments often require reconfiguration
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Figure 1. Schematic illustration of the mfSRS and applications: A) Design overview of the mfSRS including a joystick controller and a SRA. This system
is built with an advanced structure developed from the SFSA. B) Potential applications of the system across the human body (e.g., inside the brain,
eyes, lungs, heart, and Gl tract) include cancer detection, laser/ablation microsurgery, and biomaterial 3D printing and injection. C) Designs of two SRA
versions including a functional-channeled SRA and a non-channeled SRA. Some images are used under license from stock.adobe.com.

to accommodate new functionalities, potentially limiting their
widespread adoption. Consequently, there is a strong demand
for a simpler platform that combines essential capabilities
with a compact design, enabling a broader range of medical
applications within a single system.

To address these challenges, this paper introduces a novel
motor-free soft robotic system (mfSRS), which is driven hydrauli-
cally and designed for portability. This system serves as a sim-
ple, cost-effective platform that delivers high accuracy for MIS.
It leverages recent advancements in the design and theoreti-
cal framework of the soft fibrous syringe architecture (SFSA)
to provide enhanced performance and versatility in surgical
applications.[**] The proposed system incorporates multifunc-
tional tools designed for cancer detection, surgical procedures,
and in situ 3D printing of biomaterials. Central to this system
are two newly developed miniature soft robotic arms (SRAs)-
one with a functional channel and one without-that act as es-
sential instruments controlled by an innovative master controller
(Figure 1A). These SRAs serve as flexible platforms for various
functions; for example, by integrating microelectrodes, they can
be adapted for tasks such as detection and ablation. The sys-
tem’s precise and stable motion control makes it especially suit-
able for microsurgical applications. Demonstrated procedures in-
clude RF for microsurgery, 3D printing and injection of biomate-
rials for wound healing, and electrical impedance measurements
for supporting cancer detection. These capabilities have been val-
idated through ex vivo and in vitro experiments (see Note S1, Sup-
porting Information). Overall, this mfSRS shows great promise
as a comprehensive and adaptable solution for MIS across vari-
ous parts of the body, including the brain, eyes, lungs, blood ves-
sels, heart, and GI system (Figure 1B).
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2. Results

2.1. System Design and Characterization
2.1.1. Design and Working Principle of the mfSRS

Two fundamental configurations for the SRA are proposed in
this study (Figure 1C). Both SRAs feature 3-DOFs with four fluid
chambers (i.e., silicone microtubes) and a fiber-reinforced layer
(i-e., helical coils) with original dimensions of @3 x 12.5 mm.
One of them possesses a hollow channel while the other does not.
The former SRA with a functional channel diameter of 30.4 mm
was developed to deliver biomaterials (e.g., hydrogels) for in situ
3D bioprinting and biomaterial injection for tissue regeneration
purposes (see Figure 7). With this hollow channel, an optical fiber
can be inserted into this channel to transfer surgical energy (e.g.,
laser!®)) for cutting or functional lights for biomaterial curing.[*¥]
The latter, non-channeled SRA integrates microelectrodes to en-
able multifunctionality. For instance, Au/PI thin films can be
incorporated to monitor impedance differences between abnor-
mal tissues and the surrounding environments, supporting can-
cer detection efforts*! (Figure 4). Additionally, an ablation elec-
trode can be integrated into the SRA for ablation procedures!*!
(Figure 5). Figure S1 (Supporting Information) (Note S2, Sup-
porting Information) details the fabrication method for these two
SRAs.

Once the SRA fabrication was completed, its four fluid cham-
bers were hydraulically connected to four master artificial mus-
cles (Figure 2A) to form four SFSAs.[*}] These master muscles,
made of a rubber tube and a helical coil possessing a diame-
ter of 3 mm, were then assembled in a novel master controller
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Figure 2. Schematic of the system’s working principles with two phases: A) Phase 1: Initial pressure is applied into four fluid chambers of the robot as
well as four master muscles to elongate them to the initial lengths, making the workspace of the SRA. Experimental data of Phase 1 with the relationship
between the SRA’s elongation and the applied pressure. B) Phase 2: Control strategies for three DOFs (05, T,,, 65) — (6], Ah, ;) of the system in the
XZ and XY planes. C) The actual prototype of the system includes the SRA, the master controller, and a station storing syringes for initial pressure in
Phase 1 and external pressure sensors for system characterizations. D—F) The experimental results of Phase 2 for system characterizations of each DOF
with fitting curves and computed root-mean-square errors (RMSE).

(Figure S2, Supporting Information). This master device incorpo-
rates a joystick-like structure, allowing the operator to either bend
or rotate the joystick around its central point—the ball joint. Fab-
rication details of this master controller can be found in Note S2
(Supporting Information). Based on the theory of the SESA, the

Adv. Healthcare Mater. 2025, 14, 2404623 2404623 (4 of 1 5)

bending motions of the SRAs can be controlled by the length
of these master muscles. Specifically, the working principle of
the mfSRS consists of two phases: Phase 1-Initializing pres-
sure in four SFSAs to elongate both the SRA and the master
muscles (Figure 2A), generating the workspace of the device;
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Phase 2-Modifying the length of the master muscles (by manipu-
lating the joystick as shown Figure 2B) to change the inner pres-
sure of the SFSAs (Figure S2B, Supporting Information), thus
bending the SRA.

Figure 2C shows the prototype of the mfSRS, which includes
a station equipped with initial pressure suppliers and external
pressure sensors, positioned alongside the master controller and
the SRA. It is worth noting that this station can be detached after
completing the initial phase and system characterization. This
design provides three DOFs and enables direct 1-to-1 motion
mapping between the master controller and the SRA. Figure 2B
presents the control strategies for the three DOFs including
bending along the X- and Y-axis (6,, 65) — (@], 6}) and trans-
lating along the Z-axis T,, —» Ah. Compared to the soft robotic
catheter system presented in previous work,*}] this new de-
vice allows a more uniform and compact design. This has been
achieved by replacing the outer sheath, made of heat shrink, with
an outer helical coil, and eliminating the helical coils from the
artificial muscles (Figure S1A, Supporting Information). Specifi-
cally, the previous device possessed three main components: four
silicone rubber tubes, four helical coils, and a heat-shrink outer
sheath. At the same time, the new design requires only four sili-
cone rubber tubes and a single outer helical coil (Table S2, Sup-
porting Information). Notably, although a fifth silicone tube and
a small helical coil for the functional lumen were incorporated
into the device to form the hollow-channeled SRA, uniformity,
and compactness were maintained (Figure S1B, Supporting In-
formation). Additionally, more precise Z-axis control for the SRA
allows operators to adjust the nozzle’s height (i.e., the SRA’s tip)
with greater resolution.

2.1.2. SRA Motion Comparisons

From two fundamental SRAs given in the previous section, four
different instruments (Figure 3A,B) were constructed and inves-
tigated in this study. Given the diverse construction of these in-
struments, it is necessary to examine the effects of the structures
and embedded components on the SRA’ bending motions. To
obtain this, we conducted an experiment where a single input
pressure was induced in one fluid chamber of each SRA to make
it bend in a 2D plane. Meanwhile, the movements of the SRA’s
tip in a 2D plane were recorded (Figure 3C). Itis noted that one of
the main focuses of this study is to validate the integration of flex-
ible electronics into a SRA to support tumor detection. Thus, we
aimed to select an electrode design that is both simple and effec-
tive, ensuring minimal impact on the soft arm’s bending motion.
Based on our analysis, serpentine, and spiral electrode structures
are the most suitable choices for this application due to their sim-
plicity and efficiency. Through experimental comparisons of the
bending motions facilitated by these two structures, we found
that the serpentine structure enables significantly greater mo-
tion than the commonly used spiral structure (Figure S3C, Sup-
porting Information). Additionally, the serpentine structure of-
fers distinct advantages, including superior flexibility, reduced
stress concentration, and efficient signal transmission, reinforc-
ing its suitability for this application. Therefore, the serpentine
structure has been employed as the optimal design for this appli-
cation.
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Results shown in Figure 3D-F indicate that the channel-
attached sensing electrodes and the inserted optical fiber reduced
the bending motions of the SRAs by ~35%. However, these ad-
ditional components greatly reduced the hysteresis exhibited by
the non-channeled SRA (Figure S6B, Supporting Information).
Figure 3E reveals that the optical fiber has the most pronounced
effect on the motion of the SRAs. This can be attributed to the
non-stretchable material properties of the optical fiber and the
additional stiffness it imparts to the SRA. Therefore, this instru-
ment was selected for use in characterizing the system in the sub-
sequent section.

2.1.3. Characterization of the mfSRS

To evaluate the system’s motion control capabilities, experiments
were conducted across both phases. Experimental details can be
found in Section 4. The results shown in Figure 2A (bottom) re-
veal a nearly cubic relationship between the SRA’s initial elon-
gation and the initial pressure, with a maximum elongation of
~1.5 mm (x12.5% of the initial length) occurring at an initial
pressure slightly exceeding 0.6 MPa. In Phase 2, each DOF was
characterized separately as shown in Figure 2D—F with computed
curve-fitting equations and RMSEs. It was observed that the re-
lationships between inputs and outputs were nearly linear with
small RMSEs of #0.01 rads compared to their range for the DOF
0, and 6’;, 16.54 pm for the DOF T,, and Ah, and 0.19 rads for
the DOF 0, and 6',. Furthermore, Figure S5 (Supporting Infor-
mation) presents the recorded pressure changes of the four SF-
SAs and the data points of the SRA’s end-effector in the XZ plane
with a parabolic fitting curve and RMSE of 0.01 mm for the first
DOF 6, and ¢',.

It is worth noting that the combination of the screw
mechanism-converting rotational motion T,, into linear motion
Ah—at the master controller and the SFSA established an ultra-
high resolution in controlling the Z-axis of the system. Specifi-
cally, the inner pressure of the four hydraulic channels dropped
from ~0.6 to just under 0.4 MPa after 45 turns of the master DOF
T, (Figure S2B, Supporting Information), lifting the SRA tip by a
distance of ~400 um, creating a significantly high resolution of
roughly 9 pm per turn for control of the Z-axis. This unique capa-
bility of the system offers a great solution for microsurgical tasks
to either create or remove ultrathin layers. In addition, this con-
trol resolution can be simply modified by either changing the ini-
tial pressure of the SFSA or the screw pitch of the master device,
or both. The workspace of this system is defined by the initial
pressure (or energy) stored in its actuators as the nature of the
SFSA, meaning there are motion limits that cannot be exceeded.
This greatly helps the system meet the rigorous requirements of
MIS safety by avoiding overreaching into regions of the healthy
tissue, highlighting the novelty of mfSRS as there are few if any
systems possessing this ability. The limited workspace may, how-
ever, restrict its application to small targeted objects. Despite that,
the system can be scaled up by simply adjusting the size of its
components to accommodate larger targeted objects. It is worth
noting that this work represents an advanced step in design and
material selection, pushing the boundaries of compactness and
achieving the smallest version of the system using the SFSA tech-
nology. One typical example is presented in our previous study,*!
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Figure 3. Motion comparisons and micro-operations: A,B) Designs of four miniature instruments: non-channeled SRA, non-channeled SRA with inte-
grated serpentine electrodes, functional-channeled SRA, and functional-channeled SRA with an inserted optical fiber. C) Experimental setup for motion
comparisons with a single input pressure. Results of motion comparisons with the relationship of: D) SRA’s tip along the X-axis and corresponding input
pressure; E) SRA’s tip along the Z-axis and the corresponding input pressure; F) SRA’s tip in the XZ plane. G) The experimental setup where both SSC'’s
and SRA’s motions are captured on the XY plane (top-view camera). H) Input and output data points of the master joystick and the SRA following targeted
trajectories of two circles with radii of R; = 1 mm and R, = 1.75 mm. |1-K) Magnified data points of the SRA’s tip following the two circular patterns, a
triangular trajectory, and a rectangular trajectory, respectively. L-O) Errors of the data points compared to the targeted trajectories with calculated RMSE
and SD for the circular (R, and R,), triangular, and rectangular trajectories, respectively.
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Figure 4. A) Schematic of an exemplary application of the device performing EIS for detecting tumors. B) The results of in vitro impedance measure-
ments. C) Experimental setup of in vitro EIS, where a frequency response analyzer, the non-channeled SRA with integrated serpentine electrodes, and

cancer cells (spheroid) are used.

an SRA having an overall diameter of ~4.5 mm (with an outer
sheath made of heat shink) can result in a larger workspace. This
scalability and adaptability make the system versatile, ensuring
it can address broader surgical needs while maintaining its com-
pact and electricity-free design.

2.1.4. Micro Motion Control

During micro-operational tasks such as laser cutting or RF ab-
lation, the distal SRA is actively maneuvered and ultimately ac-
counts for the overall steering precision of the system. The SRA
with an inserted optical fiber was tested to validate its accuracy us-
ing a series of exercises that map to predefined patterns including
circles with different radii, a triangle, and a rectangle (Figure 3G;
Movie S1, Supporting Information). Two cameras (HD Pro We-
bcam C920, Logitech) were set up at 60 FPS and HD 1080p to
capture the input motions of the joystick controller and the out-
put motions of the SRA’s tip. The workspace in the XY plane was
designated to be a circle radius of 5 mm with a maximum bend-
ing angle of 30 degrees in the XZ plane. Figure 3H shows the
data points of the input and output motions for the case of the
circular patterns. In contrast, Figure 3C-E presents the outputs’
magnified data for circular, rectangular, and triangular patterns,
respectively. The errors, RSMEs, and standard deviations (SD)
were computed for each pattern and presented in Figure 3E-H.
Specifically, the RSME for a circle R; = 1 mm was 167 pm, which
was increased to 272 um for the larger radius circle R, = 1.75 mm.
The RSMEs of the triangle and rectangle were similar at just un-
der 200 ym. Similarly, the calculated SD for each test showed a
maximum of only ~156 pum.

It is worth noting that soft robots controlled by conventional
methods (e.g., using DC motors with rigid pressure suppliers)
often face challenges due to sudden volume changes in their soft
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actuation chambers.['>254¢] This is particularly problematic for
steering the robot’s tip to track patterns involving sharp turns,
such as triangles and rectangles, which can induce snap motions.
Despite these challenges, our proposed mfSRS maintains high
accuracy (see Figure 3N-O). Furthermore, this proposed system
also greatly reduces physical tremors induced by the operator’s
hand, significantly enhancing the accuracy of the procedure. As
discussed above, the RMSEs of the SRA for the cases of two cir-
cles were minimal, ~#9 and 6 times smaller than those of the mas-
ter controller. As illustrated in Figure S7 (Supporting Informa-
tion), these RMSEs were ~1.52 and 1.64 mm, respectively.

2.2. In Vitro Impedance Measurements

In this study, we experimented with flexible serpentine electrodes
attached to the tip of the SRA composed of a thin Au/PI film for
performing EIS to assist in cancer detection (Figure 4A). Fabrica-
tion of these electrodes is presented in Section 4 while the inte-
gration of them into the SRA is detailed in Note S3 (Supporting
Information). To validate the device, in vitro contact impedance
measurements were performed in a cell medium with spheroids,
3D cultured from U87 glioblastoma cells (detailed in Section 4),
selected by diameters ranging from 350 to 500 pm. By construct-
ing a two-electrode system with an electrode spacing of 0.8 mm
connected to a frequency response analyzer (PalmSens4, Palm-
sens, Houten, Netherlands), this configuration was employed to
measure the change in contact impedance on a healthy spheroid.
The encapsulating layer (Eco-flex 00-10, Smooth-on Inc.,) covers
the electrodes along the SRA’s body, leaving only the top surface
exposed to the environment. Figure 4C shows the actual setup
of this experiment, where the SRA was inserted into the wells of
a round-bottom 96-well plate and stabilized by a 3D printed fix-
ture to ensure proper contact between the working serpentine
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electrode and the spheroid. Figure 4B depicts the change in
impedance observed through Au-coated flexible PI electrodes,
where an increase in impedance upon contact with the spheroid’s
surface. The maximum discrepancy is observed at a frequency
of 100 Hz, where the impedance of the medium is =376 kQ,
while the impedance in the spheroid-involved step is ~183 kQ.
The change in impedance before and following contact with the
spheroid suspended in liquid media is primarily attributable to
the regulated free ion gradient at the cell membrane, which func-
tions as a selective barrier. This lipid bilayer exhibits high insulat-
ing properties and impedes the flow of electrical current, thereby
contributing significantly to the overall impedance by causing the
membrane to behave as a capacitor, accumulating charge rather
than permitting unrestricted ion movement, thus increasing the
impedance. This finding demonstrates the device’s capability to
detect differences in impedance, highlighting its potential for
supporting the identification of cancerous tumors within their
environment.

2.3. Minimally Invasive RF Ablation

Section 2.1 has highlighted the mfSRS’s capabilities in provid-
ing high-precision motion of the SRA’s tip. To evaluate the fea-
sibility of this telemanipulation of the system for microsurgery,
a minimally invasive RF ablation test was conducted (Figure 5;
Movie S2, Supporting Information). The non-channeled SRA
with a micro tip (i.e., an ablation electrode) was employed—
manufactured from a 30 GA needle (Figure S3A, Supporting
Information). The SRA and a miniature scope (& 1.66 mm-—
MISUMI Electronics Corp, Taiwan) were inserted into a 3D
printed chamber through small holes with a diameter of less than
5 mm, simulating a laparoscopic MIS (Figure S8, Supporting In-
formation). A piece of fresh porcine tissue was placed into the
chamber and in contact with the earth plate of the high-frequency
electrosurgical unit (LED Surtron 120, StarkMed Pty Ltd., Aus-
tralia). Blue food dye was used to outline a rectangular intended
site (~3.5 x 3.5 mm) for the ablation.

To implement the ablation procedure, the SRA was first po-
sitioned over the marked site (Figure 5B,F). The cutting tip was
then moved down along the Z-axis (by the second DOF T, —
Ah) until in contact with the porcine tissue (Figure 5C,G). The
electrosurgical unit’s cut output power was adjusted to 100 W.
The operator then activated the foot pedal of the electrosurgical
unit, initiating the ablation process. The procedure began at the
edges of the marked area, gradually moving inward to remove
the interior tissue (Figure 5D,H). After the ablation was com-
pleted, the cutting tip was lifted to a safe distance from the tissue
before being pulled out of the operation site (Figure 5E,I). The
entire procedure was manipulated and monitored by the oper-
ator through the master controller and the visual feedback pro-
vided by the miniature scope (Movie S2, Supporting Informa-
tion). Figure 5]-L shows the status of the operation site before
and after the procedure, and a close-up view of the ablated area,
respectively. These results demonstrate that our proposed mfSRS
is capable of performing highly accurate ablations on small, tar-
geted areas, as smalll’l or smaller!®! than those achieved by pub-
lished robotic systems for high-precision MIS. Unlike existing
systems which often require complex and expensive electrical
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components or complicated systems, our mfSRS operates with-
out using such components. Additionally, the mfSRS’s ability to
provide precise control over the cutting tip allows for the removal
of very thin layers of tissue, #0.1 mm in this example, further
highlighting its advanced capabilities.

2.4. Minimally Invasive In Situ 3D Bioprinting and Biomaterial
Injection

In situ 3D bioprinting refers to a method in which bioinks are
directly printed at a defect site in a clinical setting to repair living
tissues or deliver therapies for wound healing. While most cur-
rent in situ 3D bioprinting technologies focus on repairing tis-
sues such as skin, bone, and cartilage, the digestive and genital
tracts are excellent candidates for such technologies due to their
easy accessibility via minimally invasive procedures.!'*] When it
comes to healing internal tissues, the 3D printing approach of-
fers the potential for a safer and simpler solution compared to
conventional surgical sutures.'>! Unfortunately, existing robotic
platforms for minimally invasive 3D bioprinting are complicated
and costly due to the need for many mechatronic components.
Therefore, the SRA with the functional channel has been devel-
oped in this paper to address these challenges. To demonstrate
the capability of the proposed mfSRS in performing minimally
invasive in situ 3D printing, a series of experiments including
laboratory tests as well as minimally invasive ex vivo trials were
carried out (Figures 6 and 7).

Figure 6A illustrates the printing process of a circular pattern
with two stacked layers using a gel composite, which was made
from cationic polymers, silicone, alcohol, and olive oil. Specifi-
cally, the mfSRS initially prints the circular edge and then fills
in the first layer. After moving the nozzle upward, the system
completes the second layer. In addition, demonstrations of the
printing process for rectangular and triangular patterns have also
been carried out and shown in Figure 6C,D, respectively. We re-
peated the printing process in three iterations for each pattern.
Figure 6D (left) presents the results of the printed edge and two
layers, in which the printed edge has a width of 0.5 mm, which
is only 0.1 mm wider than the diameter of the functional chan-
nel. Additionally, Figure 6D (right) presents the printed results
from the repetitions, analyzed using a radial sweeping method to
calculate their errors compared to the defined curves. As shown
in Figure 6E, the errors for the circular pattern are the smallest
compared to those for the rectangular and triangular patterns.
This is likely due to the inherent challenges of printing shapes
with sharp corners, as evident in the pronounced error spikes
corresponding to the four corners of the rectangle and the three
corners of the triangle.

Applying pressure to the functional channel during the print-
ing process can have a significant impact on the bending mo-
tion of the SRA. Therefore, determining the safe pressure range
to estimate the maximum viscosity of the printing materials
for a given volumetric flow rate (VFR) is essential. To address
this, we have conducted experiments to characterize the print-
ing pressure. The experimental details are shown in Figure 6F
and Section 4 of this study. Briefly, we blocked the channel out-
let, applied pressures in 0.05 MPa increments, and tracked the
bending motion of the SRA (Figure 6F; Movie S3, Supporting
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Figure 5. Minimally invasive RF ablation (Movie S2, Supporting Information): A) Experimental setup includes front and scope camera views capturing
the motions of the ablating-electrode-integrated SRA controlled by the master controller. The ablation process from front/scope views: B,F) the SRA is
positioned to the working site; C,G) the SRA is moved down to be in contact with the tissue; D,H) RF energy is transferred to generate the ablation
while the SRA is steered to remove the targeted area; E,l) the SRA is moved up to complete the procedure. |) Image of the experimental site showing
the position of the SRA and the aimed area. K,L) The results of the RF ablation zoomed in to the ablated tissue site.
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Figure 6. Laboratory bioprinting demonstrations and printing pressure characterizations: A) Laboratory bioprinting process of a circle pattern with
two layers (Movie S3, Supporting Information). B,C) Laboratory bioprinting test of rectangular and triangular patterns, respectively. D) Results of the
bioprinting process for circular patterns and repeated trials across three iterations for each pattern. E) Computed errors of the printed results compared
to the defined curves. F) Experimental setup for characterizations of the printing pressure through the channel where the channel outlet is sealed.
G) Results of the SRA’s bending motion corresponding to each pressure applied to the channel and a definition of the reference line. H) Computed
errors of the SRA’s bending motion corresponding to each pressure applied to the channel. I) Relationship of maximum material viscosity u and the
desired VFR Q with a typical example for @ = 0.5 mm3 s~1.
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Figure 7. Demonstrations of minimally invasive bioprinting and biomaterial injecting: A) Experimental setup of ex vivo 3D printing including front and
scope camera views capturing the motions of the flexible printing nozzle and the focus light controlled by the right and left master controller, respectively
(Movie S4, Supporting Information). B-D) The process of the ex vivo 3D printing. E,F) Photos of the wound before and after the printing procedure.
G) Schematic of biomaterial injecting procedure, in which two SRAs including the injecting nozzle and the curing light are used. H) The biomaterials
(silk hydrogel precursor) start being injected, and the curing light is off. Photo of the wound before the printing procedure. 1) The curing light is on and
the SRA with light is following the injecting SRA. ]) Photo of the wound after the printing procedure. K) Stretching test of the wound after the printing

procedure (Movie S5, Supporting Information).

Information). As expected, there was a reduction in the bending
motion of the SRA once pressure increased (Figure 6G). To quan-
tify this, we defined a reference line with a slope corresponding
to an angle of #/12 radians with the Z-axis—the working range of
the angle 6,” on the XZ plane (Figure 2D). This line intersects
the bending curve of the SRA’s motions at certain points, which
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we termed “considered points.” Additionally, the origin point was
determined as the intersection of the reference line and the bend-
ing curve when no pressure was applied to the channel. For each
channel pressure, we calculated the error in the SRA’s motion as
the distance between the considered point and the origin point.
As shown in Figure 6H, when the applied channel pressure is
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less than or equal to 0.3 MPa, the bending motion of the SRA
shows minimal deviation, with a mean error of less than 0.1 mm
and a small margin of error of + 0.05 mm. However, the errors
slightly increase when the pressure is higher than this point and
reaches a mean error of 0.15 mm at a large range of uncertainty
of + 0.15 mm. Based on these findings, maintaining the chan-
nel pressure at or below 0.4 MPa is recommended to minimize
impacts on device accuracy. Using the Hagen—Poiseuille equa-
tion, we derived the relationship between maximum viscosity and
desired VFR of biomaterials, as displayed in Figure 6I. This re-
sult provides users with valuable guidance for selecting mate-
rials that match their desired printing flow rates. For instance,
when printing at a VFR of ~0.5 mm? s7!, a material with a vis-
cosity below 1 Pa-s was selected to ensure optimal performance
(Figure 6I).

We also performed minimally invasive 3D printing experi-
ments (Figure 7A) using a similar setup to the previous abla-
tion experiment. To enhance the visibility for this procedure,
an additional SRA was employed to provide the focusing light
(Light source: green beam—-710 USB Star-light, Dinsom, Ama-
zon) delivered through an inserted optical fiber with a diameter
0f 0.25 mm (AZIMOM PMMA, plastic end glow fiber, Amazon)
(Figure S10, Supporting Information). It is worth noting that the
light source can be simply changed to meet the requirement of
light-curing bioinks such as photocrosslinkable hydrogels.[*+7]
While the main operator used left and right master controllers
to manipulate the two SRAs, the second operator managed the
light source mode (on/off) and the speed of material feeding.
Figure 7B-D presents the printing process recorded by the minia-
ture camera (scope view), where a layer of the gel composite was
printed to cover the targeted wound (Movie S4, Supporting Infor-
mation). The wound status before and after the printing process
is illustrated in Figure 7E,F.

Finally, we further demonstrated the ability of the mfSRS to
perform wound healing by injecting a biomaterial-silk hydrogel
precursor (Figure 7G).I** The preparation of this biomaterial has
been detailed in Section 4. Since this material is liquid-based and
cured by visible light into a hydrogel, we used the same light
source presented in Section 2.3 and focused on controlling the
light-delivering SRA. Similar to minimally invasive 3D printing,
two operators are required to operate this procedure; one oper-
ator controls the motion of the two SRAs while the other oper-
ator takes care of the speed of material injection and the light
source mode. Figure 7H,I shows the material injecting and cur-
ing process of this experiment, where the material was first in-
jected into the targeted wound and the curing light was turned
on and steered to cure all areas around the wound. Figure 7H
presents the wound status before the procedure, while the wound
status after the procedure has been depicted in Figure 7]. The ma-
terial was rapidly cured into an elastic hydrogel in the wound site
and stretching of the tissue demonstrated that the material ad-
hered well to the irregular wound area and closed and stabilized
the injury (Figure 7K). This photoinitiated crosslinking reaction
results in the formation of covalent di-tyrosine bonds in proteins
including silk*¥! and has been demonstrated to crosslink protein-
based biomaterials to native tissue,*! like what is observed here.
This points to the utility of the mfSRS in delivering biomaterials
or tissue-engineered therapies to complex and irregular wounds
in a controlled manner.
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3. Discussion and Conclusion

By leveraging advancements of the simple yet effective theoret-
ical framework from the SFSAs,[*] we established a new tele-
operated surgical robotic platform with two fundamental sur-
gical robotic instruments (the functional-channeled and non-
channeled SRAs) for a wide range of MIS applications across the
human body. Specifically, based on two fundamental SRAs, four
robotic instruments with integrated microelectrodes and optical
fiber were designed to provide comprehensive medical functions,
addressing the current limitations of TSRSs in MIS. An in-depth
review of the current technical challenges faced by flexible robotic
systems for MIS, along with a comparison to our proposed sys-
tem, is provided in Note S1 (Supporting Information) and sum-
marized in Table S1 (Supporting Information).

First, the non-channeled SRA, integrated with an ablation elec-
trode, was successfully validated through an ex vivo micro RF ab-
lation procedure targeting a small area (3.5 X 3.5 mm?), which
is as small as or smaller compared to previous studies.”*l Un-
like previous efforts that used complicated control systems with
neural network models,[?! electrothermal actuation (which can
cause tissue damage),”’] or expensive piezoelectric actuators and
complex origami structures,*®) our proposed system can achieve
highly precise manipulation (mean errors < 300 um) (see Sub-
section 2.1.4) without the need for any expensive mechatronic
components. Furthermore, it can substantially reduce physical
tremorsP®!l caused by the operator’s hands, attenuating them by
a factor of nine in a case study presented in this paper (see Sub-
section 2.1.4). However, the positioning error of less than 300 um
may not be suitable for ultra-high precision, such as some laser
ablation surgeries!’! or vitro-retinal eye surgery,>?! which may re-
quire a higher level of precision (e.g., less than 50 um) to avoid
damage to adjacent healthy tissues. This limitation is a result of
the current manually driven nature of the system, which may not
achieve the precision required for such sensitive procedures. The
reduction of physical tremors in this system (i.e., the system’s ac-
curacy) heavily relies on the motion scaling factor (MSF = input
motion: output motion), which also impacts the motion range of
the system. Therefore, future work will focus on not only improv-
ing material properties and system design but also on thoroughly
analyzing the application’s precision requirements to achieve an
optimal balance between MSF and the system’s motion range.

Second, in situ, biomaterial 3D printing and injecting for in-
ner wound healing was performed by two functional-channeled
SRAs with a micro-optical fiber integrated into one of them. The
results highlight the potential of the system to either provide a
scaffold serving as a housing for in situ tissue regeneration!'?!
or deliver therapeutic drugs.’*! Compared to previous works
that require bulky and intricate components such as magnetic
field generators,'®! DC motors,'>! or an on-board electrical
circuit,™ our system is much simpler more cost-effective and
even portable. Additionally, this system features a miniature
printing head with a diameter of 3 mm which is relatively com-
parable to other published technologies. The printing pressure
was also characterized, with an optimal pressure identified as
less than 0.3 MPa to avoid significant impacts on the accuracy
of the SRA’s motion. Based on this, the material viscosity can be
determined for the desired VFRs, providing crucial guidance for
material selection in these applications (Figure 61). Last, but not
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least, the non-channeled SRA with attached serpentine micro-
electrodes was demonstrated by in vitro experiments to precisely
differentiate the spheroids (cancer cells) from their environment
(medium) through electrochemical impedance measurements,
potentially supporting cancer detection procedures in MIS.[*]

Additional components on the device, in effect, significantly
increased its stiffness, thereby reducing the robots’ motion range
(Subsection 2.1.2). This subsequently minimized the system hys-
teresis itself as evident in Figure S6 (Supporting Information).
On top of these four examples of SRAs presented in this study,
other combinations and configurations can be also developed
based on our mfSRS, for instance, the integration of additional
electrodes for temperaturel®*! and forcel*! sensors for monitor-
ing the ablation process. It is worth noting that once the SRA is
connected to the master controller to form SFSAs, the workspace
of the device will be tied to its initial pressure. Therefore, it may
constrain its application to smaller targeted objects. However, the
system can be scaled up by simply adjusting the size of its com-
ponents to accommodate larger targeted objects. With its scala-
bility and adaptability, the system is versatile enough to address a
wide range of surgical needs, while maintaining its compact and
electricity-free design.

It is worth noting that this paper focuses on the development
of multifunctional and scalable devices within a single compact
design. Sometimes, tool withdrawals and reinsertions or the use
of multiple SRAs are required to perform multiple steps of the
procedure. For instance, a task including biomaterial dispensing
and light transmitting steps—with an inserted optical fiber—can be
operated by either using two SRAs simultaneously (Figure 7H,])
or using a single SRA in two separate steps. These steps involve
withdrawing the SRA for cleaning by introducing clean water to
remove the residual biomaterial-and then reinserting it with an
inserted optical fiber to perform the second step of transmitting
light. Although at this stage the second operator is required to
get involved with some procedures such as the minimally inva-
sive 3D printing and biomaterial injection, they can be replaced
by future work where the speed of material feeding, and the light
source mode would be adjusted by the pedals managed by the
main operator’s foot. The next step is to integrate the SRAs into
an endoscope to enable the capability of performing natural ori-
fice transluminal endoscopic surgery (NOTES) without any inci-
sions. Furthermore, both dimensions and stiffness of the SRAs
can also be enhanced by future work to improve the accessibil-
ity (e.g., scaling down to submillimeter to access small blood
vessels[*°¢)) and functionality (e.g., adding high force-required
tasks like a surgical grasper) of the system. These future improve-
ments would provide great potential for obtaining a portable, low-
cost, and multifunctional surgical endoscopic platform with two
SRAs controlled by one operator with a compact master console
for NOTES.[*8]

Currently, the device is not MRI-compatible due to the helical
coil being made of stainless steel. This material was selected at
this stage as a cost-effective option for prototyping. However, we
fully intend to address this limitation in future iterations of the
device by replacing the stainless steel with a Nitinol coil, which is
a straightforward step.%’] It is worth noting that Nitinol possesses
similar mechanical properties but is MRI-compatible, making it
a suitable alternative for such applications.[*®! In addition, future
work will also focus on material optimization, system design, and

Adv. Healthcare Mater. 2025, 14, 2404623 2404623 (13 of 1 5)

www.advhealthmat.de

the incorporation of solutions to mitigate temperature-induced
effects. These enhancements will ensure that the device main-
tains its performance and MRI compatibility in practical applica-
tions.

In conclusion, we have introduced a simple, low-cost, and
portable platform-the mfSRS-that serves as a fundamental sys-
tem for a wide range of surgical applications in MIS without the
need for any motors or electrical control systems. While high-
accuracy RF ablation, in situ 3D printing biomaterial injecting,
and in vitro impedance measurements have been demonstrated
in this paper, many other procedures for diagnosis and treat-
ments across the human body could be performed using this sys-
tem. Thus, this approach potentially opens a new direction in the
development of the next generation of TSRSs for improving clin-
ical outcomes of MIS.

4. Experimental Section

mfSRS Motion Characterization: In Phase 1, the initial pressure was in-
creased by four pressure suppliers and recorded by external pressure sen-
sors (40PC250G2A, Honeywell, USA) (Figure 2C), while the SRA’s tip was
tracked by a camera (60 FPS, HD Pro Webcam C920, Logitech Inc., CA).
In Phase 2, the master device’s end-effector was commanded by an op-
erator to induce motions for the SRA’s tip in planes XZ and XY, while
they were both measured by the cameras as shown in Figure S4 (Support-
ing Information) and Figure 3G (the circular pattern). It was noted that
the initial pressure was set at 0.6 MPa for Phase 2 and each test was re-
peated five times (Figure S5, Supporting Information). Image processing
with OpenCV was employed to extract the data points.

Printing Pressure Characterization: A single input pressure, driven by a
linear motor (Zaber, model X-LRQ150BL-EO1, Zaber, Canada) with a sine
wave frequency of 0.5 Hz, was continuously applied to a channeled SRA
to induce bending motions. While the outlet of the functional channel was
sealed, its inlet was connected to a pressure sensor (40PC250G2A, Honey-
well, USA) and a 1 mL syringe to manually apply pressure from 0 to 5 MPa
with an increment of 0.05 MPa (Figure 6F). The SRA’s tip was tracked by
a camera (60 FPS, HD Pro Webcam €920, Logitech Inc., CA). Image pro-
cessing with OpenCV was employed to extract the data points (Figure S9,
Supporting Information).

Silk Hydrogel Precursor Preparation: Regenerated silk fibroin solution
was prepared as previously published.[**] Briefly, B.mori cocoons were
cut into small pieces and boiled in 0.02 M sodium carbonate (Sigma—
Aldrich) for 30 min to isolate silk fibroin fibers. The silk fibroin fibers were
dried and dissolved in 9.3 m LiBr (Sigma—Aldrich) for 3 h at 60 °C, fol-
lowed by dialysis against MilliQ water in snakeskin tubing (3500 MWCO,
Sigma Aldrich) for 3 days to remove LiBr. The obtained solution was cen-
trifuged twice at 7799 rcf for 15 min at 4 °C to collect the regenerated
silk fibroin solution. The final concentration of collected silk fibroin so-
lution was calculated using gravimetric analysis, which ranged from 7
to 9% wt/v. The silk fibroin solution was stored at 4 °C and used for 4
weeks. Silk hydrogel precursor was prepared by mixing silk fibroin solution
with tris(2,2'-bipyridyl)dichlororuthenium(ii) hexahydrate (Ru) (Sigma-—
Aldrich) and sodium persulfate (SPS) (Sigma-Aldrich) to get 6% wt v™'
silk, 0.5 mM Ru, and 5 mm SPS in the final concentration.

Fabrication of Serpentine Electrodes: The fabrication of electrodes be-
gins with the evaporation of a 10/100 nm thick e-beam Cr/Au film on a
12.5 pum thick polyimide (PI1) film, which was procured from Lab Scientific
Co., Ltd., Japan. The evaporation was performed by a Temescal FC-2000
system, under a high vacuum of 2 x 10~ Torr. The obtained thin film was
then attached to a thin layer of double-sided tape and mounted onto the
sample holder. A laser cutting (DPSS Lasers, Inc., USA) process was per-
formed to achieve the desired design.

Cell Culture Method: Human U87 glioblastoma cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM) containing antibiotics/
antimycotics and 10% fetal bovine serum (FBS). Immortalized Normal
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Human Astrocytes (NHAs) were grown in a 1:1 mixture of DMEM/F12
and Neurobasal medium, supplemented with HEPES, non-essential
amino acids, antibiotics/antimycotics, sodium pyruvate, L-glutamine,
10 ng mL~" rhEGF, and 10% FBS. All cells were maintained at 37 °C in
a humidified atmosphere with 5% CO,. For spheroid formation in 3D cul-
tures, 4 X 1074 U87 cells and 8 x 10°4 NHAs were seeded in 96-well round-
bottom, ultra-low attachment plates (Corning). Centrifugation at 300 g for
3 min to induce spheroid formation, and spheroid growth was monitored
over 10 days using bright-field microscopy on the IncuCyte S3 system (Sar-
torius) at 10x magnification (Figure S11, Supporting Information).

Statistical Analysis:  The SD in Figures 2AE 3D-F, and 4B Figure S3C
(Supporting Information), and were calculated and plotted using Python
with n = 5. The curve fittings with subsequent RMSE in Figure 2E,F and
Figure S5C (Supporting Information) were calculated and plotted using
polyfit and polival functions in Python with n = 5. The errors in Figure 3L-O
and Figure S7B,C (Supporting Information) were calculated using n = 3,
while their RMSE and SD were calculated with n = 1500. The mean errors
and SD in Figure 6E,H were calculated using n = 3.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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