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Abstract

In the clinical application of robotic surgical systems, optimizing thermal management is crucial for improving surgical
efficiency and ensuring system reliability. The rapid development of flexible robotics has introduced enhanced flexibility and
adaptability in surgical procedures, opening new clinical possibilities while simultaneously imposing more stringent thermal
management requirements. Furthermore, thermal management in implantable medical devices has become increasingly critical,
demanding advanced optimization strategies to guarantee both safety and operational stability. This study conducted a systematic
review and analysis of research indexed in major databases, including Web of Science (WoS), Scopus, and CNKI. The
investigation focused on three key areas: (1) thermal management optimization in robotic surgical systems, (2) the design and
clinical applications of flexible robotic technologies, and (3) thermal management strategies for implantable devices. By
synthesizing findings from these domains, the study aimed to identify effective approaches to enhance thermal performance in
surgical robotics. Thermal Management: Increasing heat dissipation surface area and optimizing thermal conduction
pathways-such as using copper or aluminum materials under cryogenic conditions-significantly improved cooling efficiency.
However, while iron/nickel-based alloys and ceramics demonstrated superior thermal stability in high-temperature
environments, challenges related to corrosion resistance and long-term durability remained unresolved. Flexible Robotics:
Magnetic actuation and smart material-based actuators enhanced reconfigurability, enabling more adaptable surgical
interventions. Additionally, probability model-based online learning algorithms facilitated control optimization independent of
specific robotic designs. Thermal Performance: Finite-state machine control combined with proportional-integral (PI) strategies
effectively minimized temperature gradients to below 0.5°C. Liquid cooling systems proved highly efficient in battery thermal
management, though integration complexities and control challenges persisted. The integration of multidisciplinary
approaches-spanning materials science, thermodynamic modeling, and intelligent control-has significantly advanced thermal
management in robotic surgical systems. Flexible robotics technologies offer safer and more precise surgical solutions, while
thermal management strategies for implantable devices can be rigorously validated through computational simulations and
experimental studies. Future research should explore novel nanomaterials, dynamic thermal management algorithms, and
cross-disciplinary collaborations to further optimize the performance and reliability of robotic surgical systems. These
advancements will be pivotal in meeting the growing demands of next-generation surgical robotics and implantable medical
technologies.

“Corresponding author: ulaanod@ach.edu.mn (Hongxing Hai)

+ Hongxing Hai and Batbold Baasanjav are co-first authors

Received: 26 November 2025; Accepted: 31 December 2025; Published: 23 January 2026

@ Copyright: © The Author(s), 2026. Published by Science Publishing Group. This is an Open Access article, distributed
under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which
BY

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.


http://www.sciencepg.com/journal/ajai
http://www.sciencepg.com/journal/542/archive/5421001
http://www.sciencepg.com/
https://orcid.org/0000-0001-6066-0340
https://orcid.org/0009-0000-4661-3847
https://orcid.org/0009-0003-4306-4135
https://orcid.org/0000-0001-7602-6387
http://www.sciencepg.com

American Journal of Artificial Intelligence

http://www.sciencepg.com/journal/ajai

Keywords

Mongolia, Robotic Surgical System, Thermal Management Optimization, Heat Dissipation System, Clinical Value,

Intelligent Robot

1. Introduction

In clinical applications of robotic surgical systems, research
on thermal management optimization has become pivotal for
enhancing surgical efficiency and system reliability. The
following presents a review of relevant studies. First, research
on integrated thermal management models has provided a
theoretical foundation for heat dissipation optimization in
robotic surgical systems. For instance, a 2019 study proposed
a vehicle-level integrated thermal management system for
helicopters, analyzing the structural characteristics, opera-
tional principles, and energy/mass flow relationships of rotor
subsystems, engine subsystems, fuel subsystems, oil subsys-
tems, and environmental control subsystems. This model
exhibits strong scalability, enabling optimization at the vehi-
cle level rather than merely at the subsystem level [1]. Re-
garding heat transfer enhancement technologies, a separate
study reviewed techniques for improving thermal perfor-
mance in latent heat thermal energy storage systems, inves-
tigating combinations of different technologies to enhance
efficiency while providing recommendations for current sys-
tem designs and future research directions [2]. For specific
equipment optimization, such as solar collector arrays, Yuan
et al. (2019) introduced a design methodology and algorithm
tailored to given installation sites and spatial constraints,
laying the groundwork for software-based solar collector
array design [3]. In research on magnetron cooling technology,
Chen and Wang demonstrated through theoretical analysis
and simulations that increasing the heat dissipation surface
area and elevating the Reynolds number of the cooling system
significantly improves thermal performance [4]. Finally,
thermal performance enhancement techniques for solar air
heating systems have also been extensively studied.
Chamarthi and Singh (2021) comprehensively reviewed ex-
perimental investigation procedures and thermal enhancement
technologies, including static and dynamic testing standards,
thermodynamic parameters, thermofluidic and enthalpy effi-
ciency metrics, as well as heat transfer surface augmentation
methods such as fins, baffles, and ribs [5-9]. By extension,
research on thermal management optimization in robotic
surgical systems spans multiple domains-from integrated
thermal modeling to device-specific optimization and heat
transfer enhancement techniques-providing critical insights
for improving clinical application efficiency.
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2. Research Methodology

This study conducts a comprehensive summary and analy-
sis of research indexed in databases such as Web of Science
(WOS), Scopus, and CNKI, focusing on thermal management
optimization in robotic surgical systems, the design and clin-
ical applications of flexible robots, and thermal management
strategies for implantable devices.

3. Results

3.1. Advances in Flexible Robotics Technology

The design and control of flexible robots are critical aspects
in the field of soft robotics [10]. In terms of design, flexible
robots typically employ soft materials and compliant com-
ponents to achieve shape adaptability in complex environ-
ments and enable safer interactions with humans [11]. Some
researchers highlight magnetic control as a promising ap-
proach due to its ability to enhance the reconfigurability and
untethered manipulation of soft robots [12]. This study
summarizes novel fabrication techniques for magnetic soft
robots, including chemical and physical methods, and pro-
vides a detailed discussion on reconfigurability and defor-
mation mechanisms. In modeling and control, flexible robots
face multiple challenges in control strategies. Some scholars
have reviewed recent advances in soft robotic manipulators,
covering device architectures, actuation, stiffness modulation,
and sensing technologies [13]. Actuation techniques are
broadly categorized into three types: tendon-driven actuation,
fluidic actuation, and stimulus-responsive actuation based on
smart materials. Stiffness modulation strategies are divided
into two approaches: leveraging interactions between struc-
tural elements and direct material stiffness adjustment. Addi-
tionally, sensing technologies are functionally classified into
proprioceptive and exteroceptive sensing. Design optimiza-
tion plays a crucial role in improving the performance of
flexible robots. Some studies emphasize next-generation soft
robot designs that prioritize adaptability, compliance, and
reliability [14, 15]. These optimization efforts focus on en-
hancing soft robots' ability to adapt and perform tasks across
diverse application scenarios. In control strategies, one study
proposes a probabilistic model-based online learning optimal
control algorithm for soft pneumatic actuators [16]. This
method derives optimal control policies by learning the
mapping between the actuator's state and its subsequent state
transitions. A key advantage of this algorithm is its inde-


http://www.sciencepg.com/journal/ajai

American Journal of Artificial Intelligence

http://www.sciencepg.com/journal/ajai

pendence from specific structural designs, offering a prom-
ising design-agnostic control approach for the soft robotics
community. The design and control of flexible robots en-
compass multiple aspects, including material selection,
structural design, stiffness modulation, sensing, and func-
tional control. With continuous technological advancements,
flexible robots are increasingly being applied across various
domains, making design optimization and control strategy
research a growing focus in the field.

3.2. Clinical Value of Soft Robots

The emergence of flexible surgical robotic systems is at-
tributed to the trend toward minimizing trauma during surgery
and recent advancements in robotic technology. These soft
robots can navigate through narrow and tortuous pathways to
reach surgical sites, extending the reach of robotic surgery and
potentially reducing incision sizes. Some scholars have re-
viewed key technical issues related to flexible surgical robots
and introduced emerging flexible surgical robotic systems
organized according to their target applications in the field of
intracavitary surgery [6]. These systems not only demonstrate
their technical features but also exhibit significant clinical
value. The clinical applications of soft robots, particularly in
rehabilitation and assisted therapy, show great potential. Re-
search indicates that flexible electronic interfaces and soft
robotic technologies have garnered considerable attention in
the medical robotics field due to their high biocompatibility,
functionality, adaptability, and low cost [17]. The application
of flexible human-machine interfaces in soft robots may serve
as alternatives to traditional rigid devices, potentially trans-
forming the paradigms of medical robotics in rehabilitation
feedback and user experience, as well as shaping future de-
velopment directions. Additionally, advancements in weara-
ble robotic technology offer possibilities for functional sub-
stitution, rehabilitation, assistance, and strength augmentation
for patients with motor impairments. Despite recent scientific
and technological achievements, further research is still re-
quired to develop intuitive, easy-to-wear, safe, and effective
wearable robots. Some scholars have outlined the progress
and challenges in the field of wearable robotics [18]. Medical
robotics stands at the forefront of transformation, impacting
various aspects of medicine-from surgical interventions to
targeted therapy, rehabilitation, and hospital automation.
Some researchers have analyzed the evolutionary develop-
ment of interventional robotics and discussed how the inte-
gration of imaging, sensing, and robotic technologies influ-
ences patient care pathways, steering them toward precise
interventions and patient-specific treatments [11]. This tightly
integrated perception, decision-making, and action can en-
hance dexterity, improve precision, and reduce invasiveness.
The clinical value of soft robots is reflected not only in their
technical features but also in their ability to provide patients
with more personalized and precise treatments. As technology
continues to advance, soft robots are expected to play an
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increasingly vital role in the medical field.

3.3. Training and Use of Flexible Robots

An analysis of the usability of flexible robots in training
and application indicates that their design aims to enhance the
flexibility and precision of surgical operations. In head and
neck surgeries, flexible robots demonstrate unique advantages,
particularly in adapting to complex anatomical structures and
providing flexibility in surgical pathways [19]. During train-
ing, operators of flexible robots need to master the funda-
mental principles and operational techniques of the robotic
system. According to scholarly research, the widespread ap-
plication of surgical robots in the field of neurosurgery, in-
cluding procedures such as deep brain lesioning or electrical
stimulation, highlights their value in precise and minimally
invasive surgeries [20]. During training, operators must
gradually familiarize themselves with the robot's motion
control and path planning through simulators and hands-on
practice. Additionally, scholars have noted in their research
that the growing interest in soft robotics technology is at-
tributed to the potential of soft materials in creating highly
adaptable robots, whose flexibility far surpasses that of rig-
id-component devices [7]. Therefore, during training, opera-
tors must also learn how to leverage these characteristics of
flexible robots to achieve better surgical outcomes [21]. In
clinical settings, the use of flexible robots requires consider-
ation of their integration with existing surgical workflows.
Some scholars have pointed out that while the feasibility of
robotic surgery in pediatric head and neck procedures has
been validated, its adoption remains limited [22]. Through
advanced preoperative surgical planning and the design of
new robotic platforms, robotic surgery may be better incor-
porated into practice. This means that during application,
surgeons need to combine advanced computer-assisted sur-
gical planning technologies, such as 3D printing and virtual
reality, to optimize surgical pathways. The application of
flexible robots in head and neck surgeries, particularly in
complex procedures, has been highlighted by many scholars
as transformative for neurosurgical practices [23-26]. Robots
are not only capable of performing linear trajectory guidance
similar to stereotactic frames but can also serve as surgical
assistants in endoscopic procedures, providing functions such
as camera holding and illumination. Furthermore, robots can
perform remote surgical operations with enhanced precision,
which is crucial for improving surgical efficiency and safety.

3.4. Skill Retention in Soft Robots

Skill retention in soft robots within clinical settings is a
critical factor, determining whether the robot can maintain its
operational skills after training. During the training process,
soft robots gradually acquire the ability to perform complex
surgical tasks by simulating and learning the movements of
human surgeons. However, skill retention involves not only
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the robot's memory and learning capabilities but also its abil-
ity to recover skills after prolonged periods of disuse. Ac-
cording to scholarly research, soft robotics technology has
made significant advancements over the past two decades,
with its high flexibility and adaptability granting soft robots
broad application prospects in minimally invasive surgery.
The ability of soft robots to conform to environmental
changes has generated considerable interest in the field of
surgical robotics research [17]. This compliance is crucial for
maintaining the robot's surgical skills, as it allows the robot to
preserve operational precision and flexibility across different
surgical environments. One study introduced a real-time dy-
namic model capable of simplifying computational require-
ments and improving algorithm speed, which is particularly
important for continuum robots with multiple joint segments
[27]. The development of such models helps enhance the
robot's operational performance, enabling it to recover its
skills more quickly after extended periods of inactivity. Re-
search in the field of soft robotics has highlighted that the
application scope of soft robots is continuously expanding,
enabling them to perform various tasks in unstructured envi-
ronments. This flexibility and adaptability are equally im-
portant for skill retention in clinical settings, as they allow the
robot to adjust to potential variations during surgical proce-
dures [28]. Additionally, scholars have discussed the im-
portance of determining optimal soft tissue preservation
techniques, which are crucial for surgical skill training [29].
The application of these techniques not only enhances the
realism of training but also maximizes the utility of each
donor. This principle similarly applies to robots, as they need
to simulate real surgical conditions to maintain their skills.

4. Discussion

4.1. Research on the Thermal Transfer
Performance of Robot Thermal Insulation
Materials

The evaluation of thermal properties in insulation materials
is crucial for ensuring the stable operation of robotic surgical
systems in clinical applications in Mongolia, where thermal
management is a key factor. This study investigates the
thermal transfer performance of robotic insulation materials,
particularly analyzing the heat transfer rates of different in-
sulation materials under high- and low-temperature condi-
tions. Under ultra-low-temperature conditions, experimental
research by Luo Wei et al. shows that high-purity copper and
aluminum exhibit excellent thermal conductivity below 40K.
By increasing the cross-sectional area of thermal connectors,
shortening heat conduction paths, and reducing the thermal
capacity of connectors, the cooling time of cryogenic shields
can be effectively reduced [30-34]. Additionally, flexible
thermal connectors enable non-directional structural optimi-
zation of cryogenic shields, which is significant for the design
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of deep-cryogenic radiation sources and non-directional
cryogenic radiators [35]. Under high-temperature conditions,
the design and material selection of high-temperature heat
exchangers are key research focuses. Scholars have conducted
comprehensive reviews on high-temperature heat exchangers,
noting that iron- and nickel-based alloys, as well as ceramics,
are the most commonly used materials. Critical issues in
high-temperature heat exchangers include corrosion, material
degradation over time, quality deterioration, and limited ser-
vice life. The study also provides a concise yet comprehensive
overview of high-temperature heat exchanger design, dis-
cussing gaps in each parameter and offering a clear roadmap
for future research [32]. Yi Peng et al. investigated heat
transfer and permeability in dendritic branching networks,
finding that when considering the temperature difference
between the wall and fluid at each branching level, thermal
convection plays a significant role in heat transfer. Moreover,
the temperature difference at each branching level has a major
impact on heat transfer. Neglecting these temperature differ-
ences would lead to significant errors in heat transfer calcu-
lations [36]. Jun Shinoda et al. reviewed surface heat transfer
coefficients in radiative heating and cooling systems, ana-
lyzing measurement data from various authors to compare
heat transfer rates and estimated coefficients. The study found
substantial deviations in total and convective heat transfer
values, while radiative heat transfer errors remained within
+20% in the literature. The primary sources of error include
computational procedures for each heat transfer mechanism,
the selection of reference temperatures, measurement heights
and positions, and room dimensions [37].

4.2. Selection and Application of Thermal
Insulation Materials

When selecting thermal insulation materials suitable for
robotic surgical systems, the thermal transfer performance of
the materials must be considered, particularly their behavior
under extreme temperature conditions. Scholars conducted a
theoretical analysis of nineteen different insulation materials
and experimentally tested three of them (asbestos, fiberglass,
and extruded polyurea) [30]. Experimental results showed
that at 40°C, the heat transfer rates were 120W for asbestos,
126W for fiberglass, and 173.9W for extruded polyurea, while
at -25°C, the rates were 97W for asbestos, 107.8W for fiber-
glass, and 127.8W for extruded polyurea. These data indicate
that asbestos and fiberglass exhibit relatively better thermal
transfer performance, making them suitable for robotic sur-
gical systems requiring lower heat transfer rates. Additionally,
the thermal rating of electrical insulation materials is another
factor to consider when selecting insulation materials [33].
Although this study primarily focuses on materials in elec-
trical insulation systems, its principles for determining and
applying thermal ratings are equally applicable to the selec-
tion of insulation materials in robotic surgical systems. In
terms of insulation material applications, research on heat
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transfer processes involving nanomaterial suspensions in
refrigerants and lubricants provides insights into thermo-
physical property behavior and heat transfer enhancement
[38]. While this study mainly targets refrigeration and HVAC
systems, its understanding of the impact of nanomaterials on
heat transfer offers valuable references for developing new
high-efficiency insulation materials [39]. Finally, regarding
the application of magnetic soft materials in robotics, alt-
hough the primary focus is on the design and application of
magnetically driven soft robots, it also provides some inspi-
ration for developing novel insulation materials [40]. Under-
standing the physical properties and behavior of magnetic soft
materials may offer new design approaches for insulation
materials in robotic surgical systems [41-45].

4.3. Adaptive Thermal Management for
Implantable Devices

The design and implementation of thermal management
methods. In designing the thermal management system for
implantable devices, the key lies in achieving effective tem-
perature control and optimization. The design principles of
the thermal management system include analyzing the tem-
perature characteristics of the device and regulating the op-
erating temperature while minimizing temperature gradients
to control temperature distribution [46]. For example, in
air-cooled proton exchange membrane (PEM) fuel cells, a
three-dimensional numerical model was constructed to pre-
dict the temperature distribution along the cooling channel
direction under different wind speeds. Additionally, a mul-
ti-node control model was developed through simulation and
controller design to reflect the differences in temperature

distribution of the fuel cell along the cooling channel direction.

In terms of implementation, the proposed thermal manage-
ment system employs finite state machine control to adjust the
direction of coolant flow and uses traditional proportion-
al-integral control to regulate airflow velocity. Experiments
conducted on a 1.2-kilowatt PEM fuel cell system verified
that the proposed temperature control scheme improves bat-
tery performance and reduces the temperature gradient to
within 0.5 degrees Celsius [46]. On the other hand, some
scholars have discussed the factors influencing the thermal
performance of batteries, as well as battery modeling methods
and thermal management strategies [47]. This literature pre-
sents a systematic review of liquid-based thermal manage-
ment systems, emphasizing the importance of integrated
systems with appropriate energy allocation and control units
[47]. In the process of designing and implementing thermal
management methods, practical operational constraints must
also be considered. Some researchers have proposed a work
and heat integration method that accounts for real-world op-
erational constraints. This method solves the optimization
model using metaheuristic approaches and validates it against
benchmark and industrial cases to identify low-cost and en-
ergy-efficient solutions [48].
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4.4. Performance Evaluation of Thermal
Management Methods

Through in-depth analysis of simulation studies and in vitro
experiments, this paper evaluates the performance of thermal
management methods. The results demonstrate that effective
thermal management strategies are crucial for maintaining
devices within safe and optimal operating temperature ranges
[49]. In a critical review of battery thermal performance and
liquid-based battery thermal management strategies,
Weixiong Wu et al. discussed the impact of temperature on
battery performance and presented a systematic evaluation of
liquid-based thermal management systems [47]. The study
emphasized the importance of integrated systems, which
include appropriate energy allocation and control units, as
essential for optimizing thermal management performance.
Wei-Wei Yuan et al., in their study on the thermal manage-
ment of air-cooled proton exchange membrane fuel cells,
constructed a three-dimensional numerical model to predict
the temperature distribution of the fuel cell stack under dif-
ferent wind speeds and designed control strategies through
simulation to reflect temperature distribution differences
along the cooling channel direction [46]. Experiments verified
that the proposed thermal management system, using finite
state machine control and traditional proportional-integral
control to adjust the direction and speed of cooling airflow,
improved battery performance and reduced temperature gra-
dients [50, 51]. In research on determining energy parameters
in pulsed reactor experiments, Vladimir Vityuk and Alexan-
der Vurim developed a solution based on heat balance equa-
tions to determine the energy parameters of fuel assemblies
during pulsed tests [52]. This method was validated through a
series of in-reactor experiments, improving the accuracy of
energy parameter determination in pulsed tests. Hajin Song et
al. developed a multi-layer food temperature prediction model
for real-time food quality assessment [53]. The model con-
siders spatial temperature distribution within food and was
validated by comparing it with experimental measurements.
This food temperature model was integrated with a freshness
monitoring model to create a real-time food quality monitor-
ing system. Carla Menale et al. conducted an experimental
study to better understand the thermal behavior of lithium-ion
batteries under load and the effectiveness of different cooling
fluids in maintaining safe operating conditions [53]. The
study noted that while many theoretical models exist in the
literature, experimental data are scarce. Using two experi-
mental setups, they investigated the ability of different cool-
ing fluids to remove excess heat generated in lithium-ion
battery modules, thereby safely examining the possibility of
thermal runaway under extreme operating conditions.

5. Conclusion

In the study of thermal management optimization for ro-
botic surgical systems, the integration of multidisciplinary
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technologies-such as materials science, thermodynamic
modeling, and intelligent control-has significantly enhanced
system performance. Advances in flexible robotics have pro-
vided safer and more precise surgical solutions for clinical
applications, while the reliability of thermal management
strategies for implantable devices has been validated through
simulations and experiments. Future research should further
explore novel nanomaterials, dynamic thermal management
algorithms, and interdisciplinary collaboration to drive com-
prehensive optimization of robotic surgical systems.
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