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Abstract

The mandible plays a crucial role in facial structure and function. Mandibular defects, often caused by tumor 
resection, trauma, or congenital conditions, severely impact patients’ physiological functions and quality of life. 
Reconstruction methods for mandibular defects primarily include autologous bone grafting, computer-aided 
reconstruction, and distraction osteogenesis. Among these, autologous bone grafting remains the most widely 
used technique. As medical technologies advance, the integration of computer-aided design and 3D printing has 
provided new technical support for personalized mandibular reconstruction, improving both surgical precision and 
safety. Moreover, distraction osteogenesis has emerged as a promising alternative in recent years. This paper re-
views research on fixation methods for V mandibular defect reconstruction to offer clinical guidance for effective 
mandibular repair.
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Highlights
● Autologous bone grafting remains the primary method for mandibular reconstruction.
● The integration of computer-aided design and 3D printing enhances surgical precision and safety.
● Distraction osteogenesis is a promising alternative, reducing donor site morbidity.
● The mortise-and-tenon structure is a novel fixation method.

Introduction

The mandible is in the lower third of the face 
and plays a crucial role in maintaining facial 
structure and key physiological activities such 
as chewing and speech. Due to its unique 
anatomical structure, it is central to oral and 
maxillofacial surgery. Mandibular defects may 
arise from tumor resection, trauma, or congen-
ital deformities, leading to varying degrees of 
impairment in both facial aesthetics and func-
tion. The location and size of the defect are key 
factors in determining its impact on the patient, 
making the classification of mandibular defects 
crucial for selecting appropriate treatment 
strategies and evaluating postoperative func-
tional recovery [1].

A widely used classification system is the HLC 
classification, proposed by Jewer et al., which 
categorizes mandibular defects based on loca-
tion and extent. In this system, “H” refers to uni-
lateral mandibular defects that do not extend 
beyond the midline, often leading to joint dys-
function and impaired mandibular movement 
[2]. “C” denotes defects in the anterior man-
dibular region, between the canines, primarily 
affecting aesthetics and occlusal function. “L” 
represents defects in the lateral mandible (ex-
cluding the condyle), potentially impairing mas-
ticatory muscle function and mandibular mo-
bility. Boyd et al. later refined this classification 
by adding subdivisions for soft tissue defects, 
enhancing its clinical relevance in mandibular 
reconstruction [3].
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Mandibular reconstruction is essential for 
restoring both appearance and functionality. 
The ideal reconstruction should achieve three 
primary goals: (i) restoring facial appearance 
as close to normal as possible, (ii) achieving 
normal dental alignment and occlusion, and (iii) 
preserving or approximating normal chewing 
and speech functions. Mandibular reconstruc-
tion has long been a focal point of medical 
research, with oral and maxillofacial surgeons 
constantly exploring more effective methods to 
restore both the form and function of the man-
dible [4].

Methods for mandibular defect reconstruction

Modern mandibular reconstruction surgery 
began to emerge in the early 20th century. 
Over the past century, significant advancement 
in research have driven rapid progress in the 
techniques and materials used for mandibular 
defect repair. Currently, various reconstruction 
methods are available, with the specific choice 
depending on the defect’s location, cause, and 
severity [5]. While multiple methods have been 
applied to mandibular defect reconstruction, 
autologous bone grafting remains the corner-
stone of the reconstruction process. Recent 
advances in computer technology have signifi-
cantly enhanced mandibular repair techniques. 
The integration of computer-assisted technol-
ogy and personalized reconstruction offers 
substantial technical support for functional 
mandibular restoration. For instance, Yoonjoo 
introduced a case of prosthetic reconstruction 
of maxillary defects in an elderly patient caused 
by a traumatic fall, demonstrating the appli-
cation value of prosthetic technology in jaw 
reconstruction [6]. Regarding autologous bone 
grafting, a 2020 study by Samy et al. proposed 
a comprehensive digital and prosthetic-guided 
protocol for inserting dental implants into au-
togenous free bone grafts following segmental 
mandibular defect reconstruction [7]. Further-

more, Nobis et al. developed a template tool to 
assist fibular osteotomy in mandibular defect 
reconstruction through digital analysis of the 
human mandible [8]. These studies highlight 
the potential of digital technology to enhance 
the precision and outcomes of mandibular 
reconstruction surgery. Additionally, the appli-
cation of distraction osteogenesis has opened 
new pathways for mandibular reconstruction, 
further expanding the available options for re-
construction [9].

Traditional titanium plate internal fixation

In mandibular reconstruction using autologous 
bone grafts, achieving stable fixation is crucial. 
The quality of fixation directly influences the 
success of fibular grafts, as inadequate fixation 
often leads to graft infection or necrosis. Due 
to the wide range of mandibular movements 
and the complex load-bearing environment, as 
shown in Figure 1, rigid internal fixation using 
titanium plates remains the most common fixa-
tion method. This technique stabilizes the graft 
by securing titanium or titanium alloy plates 
and screws at both ends of the fracture line, 
promoting bone healing. A 2024 prospective 
comparative study by Sugumar et al. evaluated 
the functional and radiographic outcomes of 
open reduction internal fixation and minimally 
invasive plate fixation for humeral shaft frac-
tures, highlighting that traditional titanium 
plate fixation is perpendicular to the occlusal 
and muscular force trajectories of the mandi-
ble, which is inconsistent with the mandibular 
biomechanical load transfer mechanism [10]. 
Additionally, titanium implants may interfere 
with radiotherapy, potentially increasing the risk 
of complications like osteoradionecrosis.

Despite its widespread use, rigid internal 
fixation with titanium plates has notable lim-
itations. The perpendicular alignment of the 
fixation method to the occlusal and muscular 
force trajectories contrasts with the mandible’s 
natural biomechanical load transfer pathway. 
Furthermore, titanium implants may interfere 
with radiotherapy, heightening the risk of com-
plications such as osteoradionecrosis.

With advancements in medical technology, 
the concept of semi-rigid fixation has recently 
gained attention. Semi-rigid fixation implants, 
such as sliding plates, allow for controlled 
micro-movements, which reduce the forces ap-
plied to the bone-metal interface during strain 
and promote localized bone healing. This ap-
proach offers advantages in stress distribution 
and biomechanics, but further research and 
validation are required to establish its applica-

Figure 1. Titanium Plate Fixation.
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tion. In a 2024 study, Wang et al. introduced a 
specially contoured pelvic rim reconstruction 
titanium plate combined with cross-plate sup-
port screws (quadrangular screws) for treating 
acetabular fractures involving the quadrilateral 
plate through an anterior ilioinguinal approach 
[11]. The semi-rigid fixation concept demon-
strated in this study offers new insights into its 
potential application in mandibular reconstruc-
tion. Additionally, Cui et al. introduced a novel 
base-fixation system and evaluated it using 
three-dimensional reconstruction and finite 
element analysis [12]. The results showed that 
compared to conventional buccal fixation, the 
base-fixation system exhibited superior fixation 
ability with a safety factor of 3.8, making it suit-
able for clinical applications. This method also 
reduced the volume of fixation titanium plates, 
shortened surgery duration, and minimized the 
risk of wound infection, presenting a promising 
alternative for mandibular defect reconstruc-
tion. Furthermore, Chen et al. conducted a 
finite element analysis comparing the biome-
chanical performance of polyetheretherketone 
(PEEK) and titanium alloys in mandibular defect 
reconstruction [13]. The study found that glass 
fiber-reinforced PEEK (GFR-PEEK) generated ex-
cessive stress beyond the yield strength of the 
mandible when loaded in the anterior region, 
making it unsuitable for defect repair. However, 
carbon fiber-reinforced PEEK (CFR-PEEK) ex-
hibited more favorable stress distribution, posi-
tioning it as a more stable candidate for fixation 
systems.

Mortise and tenon structure-based fixation 
method

Inspired by the traditional Chinese “mortise and 
tenon” architectural technique, the authors pro-

pose a novel fibula-mandible semi-rigid fixation 
theory based on this structure, combined with 
tension screws, as shown in Figure 2. The mor-
tise and tenon structure, with a long history in 
China, is renowned for its precise structural de-
sign and mechanical stability. Particularly, the 
dovetail mortise structure, consisting of a head 
tenon and tail tenon, offers enhanced structur-
al strength and tensile resistance through pre-
cise proportion control. Finite element analysis 
shows that this fixation, combined with tension 
screws, offers superior biomechanical distri-
bution in the mandible compared to traditional 
rigid internal fixation.

Inspired by this concept, researchers may 
explore its application in mandibular recon-
struction by simulating a mortise and tenon 
structure between the fibula and mandible, 
achieving a fixation effect that is more consis-
tent with the mandible’s biomechanical prop-
erties. Xin et al. conducted a preclinical trial 
assessing the biomechanical performance and 
osteogenic capability of 3D-printed polymeric 
scaffold implants for repairing critical-sized 
mandibular defects [14]. The study incorpo-
rated in silico finite element modeling, in vivo 
implantation in sheep, and in vitro mechanical 
testing. Results showed that the selective la-
ser sintering-printed PEEK scaffolds exhibited 
excellent bone-scaffold integration and new 
bone formation at the scaffold-bone interface, 
further validating the potential of 3D-printed 
polymeric biomaterials for mandibular defect 
reconstruction.

In a 2023 study, Yu et al. explored terahertz 
reconfigurable multifunctional metamaterials 
based on 3D-printed mortise and tenon struc-
tures [15]. Their in-depth analysis and applica-

Figure 2. Mandibular Reconstruction Theory Based on Mortise and Tenon Architectural Technique (Selection of 
Mortise and Tenon Structure).
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tion of the mortise and tenon structure provide 
new inspiration for mandibular reconstruction. 
Finite element analysis indicates that the dove-
tail mortise and tenon structure, combined with 
tension screws, yields superior biomechani-
cal distribution in the mandible compared to 
traditional rigid internal fixation. Zhang et al. 
investigated the use of customized bioceramic 
scaffolds and metal meshes for large-size man-
dibular defect regeneration and repair [16]. The 
study demonstrated that magnesium-doped 
calcium silicate and α-tricalcium phosphate 
scaffolds significantly promoted osteogenesis 
compared to β- tricalcium phosphate. Moreover, 
magnesium-doped calcium silicate exhibited 
superior mechanical properties during the early 
stage of bone regeneration, suggesting that 
combining high-strength bioactive scaffolds 
with titanium meshes could be a promising 
strategy for repairing large, load-bearing man-
dibular defects.

The core advantage of the mortise and tenon 
structure lies in its natural stress-dispersion ca-
pability. While traditional titanium plate fixation 
provides sufficient rigidity, its excessive rigidity 
often causes stress concentration, particularly 
under the complex mechanical forces generat-
ed during chewing and speaking. In contrast, 
the mortise and tenon structure, with its unique 
interlocking design, allows for micro-move-
ments that naturally disperse external forces 
under load. This effectively reduces mechani-
cal friction between the grafted segment and 
surrounding tissues, lowering the incidence of 
complications and decreasing the risk of post-
operative bone resorption. Furthermore, the 
mortise and tenon structure offers improved 
shear and tensile resistance, ensuring the sta-
bility of the grafted bone segment.

Although the biomechanical advantages of the 
mortise and tenon structure have been prelimi-
narily validated, its clinical application remains 
in an exploratory phase. Current research 
mainly relies on finite element simulation mod-
els, and the precise design of the mortise and 
tenon structure based on the type and size of 
mandibular defects in clinical practice remains 
an area requiring in-depth investigation. For 
instance, design parameters such as the angle, 
size, and fit of the mortise and tenon structure 
directly affects its mechanical performance. 
Future research should leverage personalized 
three-dimensional imaging and simulation 
technology to further optimize the design of the 
mortise and tenon structure, thereby enhanc-
ing its clinical applicability.

Computer-aided mandibular reconstruction

In recent years, with the continuous develop-
ment of medical imaging technology and com-
puter science, digital surgical techniques have 
gained widespread recognition and application 
in maxillofacial surgery. To achieve personal-
ized restoration of mandibular appearance and 
function with optimal reconstruction accuracy, 
scholars worldwide have applied digital surgical 
technologies to repair segmental mandibular 
defects. In 1983, Hemmy et al. first utilized 3D 
CT technology for the diagnosis and treatment 
of cranio-maxillofacial diseases, a groundbreak-
ing advancement that opened new directions 
for maxillofacial surgery [17].

With ongoing advancements in computer tech-
nology, computer-aided design (CAD)/manufac-
turing technology based on 3D reconstruction 
and computer-assisted navigation systems have 
been widely applied in the maxillofacial field, as 
shown in Figure 3. This technology acquires 3D 

Figure 3. 3D Simulation of Mandibular Reconstruction.
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data of lesions using imaging techniques such 
as CT or MRI, generates 3D models through 
computer systems, and conducts simulation 
analyses to formulate scientifically sound treat-
ment plans. It aids surgeons in preoperative 
planning, including defining resection bound-
aries, determining the shape and position of 
reconstruction materials, and designing the 
optimal surgical approach. This approach en-
sures intraoperative precision, predicts postop-
erative outcomes, and enables the production 
of customized prostheses, thereby supporting 
personalized medicine in clinical practice.

In a 2024 study, Bagheri et al. used finite el-
ement analysis to explore the application of 
a new intramedullary internal distractor in 
distraction osteogenesis [18]. Based on a pa-
tient’s 3D model, 3D printing technology can be 
used to produce surgical guides, such as oste-
otomy guides and shaping guides, which assist 
surgeons in precise cutting and fixation of bone 
tissue during surgery. Additionally, 3D printing 
enables the creation of customized titanium 
plates, prostheses, or implants to ensure a per-
fect fit between the grafted bone and the man-
dibular defect area [19]. Xue et al. conducted a 
study involving 3D digital reconstruction for 26 
patients who underwent mandibular resection 
from 2014 to 2018, examining the application 
value of 3D printing technology in preoperative 
planning and intraoperative guidance for man-
dibular reconstruction surgery [20]. The results 
indicated that combining digital reconstruction 
with 3D printing significantly enhanced the pre-
cision of mandibular repair surgery.

Yu et al. from the First Affiliated Hospital of 
Zhejiang University School of Medicine investi-
gated the application of a novel surgical guide 
in achieving positional accuracy for mandibular 
reconstruction and implants, finding that the 
guide improved the accuracy of mandibular 
repair, increased both the fit of the prosthesis, 
and enhanced patient satisfaction [21]. Liang 
et al. developed a digital surgical guide tech-
nique, combined with the Combined Osteotomy 
and Reconstruction Pre-bent Plate Positioning 
technique, which reduced errors between the 
pre-bent titanium plate and reconstructed 
mandible, yielding satisfactory clinical results 
[22]. Studies have shown that 3D printing 
technology achieves submillimeter accuracy, 
as demonstrated in mandibular reconstruction 
procedures where bone displacement errors 
are maintained below 1.27 mm, ensuring 
patient-specific anatomical solutions. Further-
more, it significantly enhances clinical quality 
and efficiency by reducing the production time 
of facial prostheses from weeks to 2–3 days, 

while achieving 100% aesthetic approval rates 
in prosthetic rehabilitation. This advancement 
markedly improves patient satisfaction and re-
duces postoperative complications [23, 24].

Yan et al. studied the application of comput-
er-assisted surgical systems combined with 
3D printing technology in free fibula flap recon-
struction for mandibular defects, outlining three 
main advantages of the technology [25].

Firstly, it allows for personalized customization. 
By obtaining precise anatomical information of 
the patient’s mandible through CT scanning, 
this approach provides a foundation for tailored 
reconstruction. Using CAD technology, surgeons 
can precisely design and simulate a reconstruc-
tion plan based on the patient’s mandibular de-
fect, osteotomy range, and repair requirements, 
ensuring that the reconstruction closely match-
es the patient’s unique anatomical structure. 
Subsequently, 3D printing technology converts 
the virtual design into a physical prosthesis, 
completing the entire personalized reconstruc-
tion process, which significantly enhances sur-
gical outcomes and the potential for functional 
recovery.

Secondly, this technology improves surgical 
precision. By transforming virtual images into 
3D models, computer-assisted systems and 3D 
printing enable a more accurate understanding 
of the patient’s physiological structure, thereby 
increasing diagnostic precision. During surgery, 
the computer-assisted system provides precise 
navigation and visualization, aiding the surgeon 
in performing more accurate procedures and 
improving surgical success rates. Particularly 
for free fibula flap transfers, computer systems 
secure and pre-bend titanium plates, enhanc-
ing stability at the mandibular endpoint, which 
is critical for accurate temporomandibular joint 
reconstruction. Furthermore, designing the 
surgical plan with computer software and cre-
ating a guide ensures that osteotomy shaping 
perfectly aligns with the defect site, further 
enhancing the precision of mandibular recon-
struction.

Lastly, technology enhances surgical safety. 
Surgeons utilize 3D reconstruction tools and 
surgical simulation systems to gain a compre-
hensive understanding of the patient’s anat-
omy, accurately define the surgical resection 
boundaries, and ensure predictability and 
precision in surgery. This predictability enables 
surgeons to anticipate and manage potential 
intraoperative issues, reducing damage to 
blood vessels and surrounding normal tissues, 
thus significantly increasing surgical safety. Ad-
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ditionally, the technology broadens the surgical 
field of vision, enhancing operational flexibility 
and autonomy, allowing for minimized incisions 
while reducing functional damage to the recon-
structed tissue structure to the lowest possible 
level [25]. Clinical studies indicate that this 
technology effectively reduces surgical time, de-
creases blood loss, accelerates postoperative 
recovery, and improves patient satisfaction with 
appearance, chewing, and phonation functions 
while reducing postoperative complications. 
Kang et al. developed a novel functional repair 
method combining a 3D-printed PEEK implant 
with a free vascularized fibula graft, assessing 
its performance under masticatory motion [26]. 
Finite element analysis indicated that the safe-
ty factor exceeded 2.3, and the deformation of 
the reconstructed model was lower than that 
of a normal mandible during most clenching 
tasks, ensuring primary stability. Additionally, 
this method demonstrated superior clinical 
outcomes compared to conventional fibular 
grafting, offering enhanced safety, stability, and 
aesthetic restoration.

Distraction osteogenesis

Distraction osteogenesis (DO) has become 
increasingly common in mandibular reconstruc-
tion, especially for treating mandibular defects 
and deformities, where it demonstrates signifi-
cant advantages. Compared to traditional bone 
grafting methods, DO minimizes donor site 
damage and reduces the risk of immune rejec-
tion. By utilizing the principle of tension-stress 
bone regeneration, it facilitates simultaneous 
growth of bone and soft tissue, achieving a 
more natural repair outcome [27]. The core 
concept of DO involves using a distraction 
device to gradually widen the space between 
bone segments or osteotomized bones, at a 
specified rate and frequency, stimulating new 
bone formation and enabling bone lengthening 
or widening. This technique is particularly suit-
able for complex mandibular reconstructions, 
including segmental defects, condylar loss, and 
congenital or acquired craniofacial deformities 
[28].

In the 1990s, DO began to be used in oral and 
maxillofacial surgery, primarily for correcting 
maxillofacial deformities and repairing bone 
defects. In 1992, McCarthy et al. first attempt-
ed to use DO to treat hemifacial microsomia, 
which marked the beginning of the technique’s 
widespread application. Su et al. performed 
tumor resection surgeries on six patients with 
ameloblastoma or odontogenic keratocyst and 
used DO to repair the mandibular defects, fur-
ther validating the feasibility and clinical value 

of this technique for broader application [29].

Huang et al. investigated the clinical application 
of pedicled mandibular osteomuscular flaps 
in the reconstruction of acquired segmental 
mandibular defects, assessing postoperative 
speech, swallowing function, and aesthetic 
outcomes [30]. The study found that all flaps 
remained viable, with an average speech func-
tion score of 7.6 ± 0.6 and satisfactory masti-
catory efficiency. The Visual Analog Scale score 
for appearance was 7.8 ± 0.8. These results 
demonstrate that this method is an effective 
option for secondary repair, offering functional 
and aesthetic benefits.

Conclusion

The mandible is a central component of the 
maxillofacial region, and repairing its defects 
and deformities is crucial for patients. In recent 
years, fixation techniques for mandibular defect 
reconstruction have made significant advance-
ments. Among the various methods, autologous 
bone grafting, particularly vascularized grafts, 
remains the preferred technique for defect 
repair. Notably, the application of digital tech-
nologies, such as CAD and 3D printing, has en-
abled personalized mandibular reconstruction, 
significantly enhancing surgical success rates, 
precision, and patient satisfaction postopera-
tively. Additionally, distraction osteogenesis is 
emerging as an effective alternative, offering 
advantages such as reduced donor site dam-
age, avoidance of immune rejection, and the 
ability to simultaneously repair of soft tissue 
and bone structures.

Future research should focus on further opti-
mizing these techniques and exploring their 
applications for different types of mandibular 
defect. The success of mandibular defect re-
construction depends not only on advanced 
technologies and materials but also on appro-
priate fixation methods to ensure graft stability 
and effective postoperative recovery. This re-
view systematically examines existing mandib-
ular fixation techniques, analyzes the strengths 
and weaknesses of various methods, and intro-
duces a novel mortise-and-tenon-based fixation 
approach. While this approach shows clear 
biomechanical advantages, it is still in the re-
search and development phase, necessitating 
further clinical trials and validation studies for 
widespread clinical adoption.
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Abstract

With the rapid development of artificial intelligence, deep learning technology has been widely applied across vari-
ous fields. In the medical field, deep learning models, by analyzing medical images and clinical data, can automati-
cally detect features of different types of lesions, such as polyps, ulcers, and cancers, thereby assisting physicians 
in early diagnosis of disease. This review provides an overview of recent progress in applying deep learning for 
disease diagnosis in various parts of the gastrointestinal tract, including the esophagus, stomach, small intestine, 
and colon. It also discusses the challenges and potential future directions for deep learning in this field.

Keywords: Deep learning, gastrointestinal endoscopy, convolutional neural network, computer-aided detection

Highlights
● This review presents the current status and challenges of gastrointestinal diseases.
● This review discusses the application of deep learning in diagnosing gastrointestinal diseases.
● This review explores the future development of deep learning in disease diagnosis.

Introduction

Gastrointestinal (GI) diseases are prevalent 
worldwide and have been steadily increasing 
due to lifestyle changes and dietary shifts in 
modern society, significantly compromising the 
quality of life of patients. In 2018, GI cancer 
patients in China accounted for 40% of the 
global total, with this trend continuing to rise 
[1]. In 2019, the global incidence of GI diseas-
es reached 7.32 billion, resulting in 8 million 
deaths, and GI diseases accounted for over 
one-third of all epidemiological diseases [2].

Common GI diseases include gastroenteri-
tis, ulcerative colitis, Crohn’s disease (CD), 
gastric cancer, and esophageal cancer. Early 
diagnosis, precise treatment, and prognostic 
evaluation of these diseases remain key areas 
of medical research. However, the diagnostic 
process is complex due to the diverse symp-

toms, often requiring a combination of clinical 
manifestations, laboratory tests, endoscopic 
examinations, and imaging studies. Traditional 
diagnostic methods rely on the expertise of 
physicians, and the accuracy and efficiency of 
diagnosis are limited by manpower and time, 
highlighting the urgent need for automated and 
intelligent diagnostic tools.

In recent years, artificial intelligence (AI), espe-
cially deep learning (DL) technology, has shown 
great potential in medical image analysis and 
disease prediction. DL, a type of multi-layer 
artificial neural network model introduced in 
2006, simulates the neural network of the hu-
man brain. Unlike traditional machine learning, 
DL can automatically extract features from data 
by building multi-layer nonlinear network struc-
tures, without relying on manually designed 
features (Figure 1) [3]. This method is well-suit-
ed for large-scale data processing and complex 



86

Progress in Medical Devices 2025; 3 (2): 85-95. PMD24110400

Progress in Medical Devices

pattern recognition. Currently, DL is widely ap-
plied in speech recognition, natural language 
processing, semantic segmentation, and object 
detection [4]. In medical imaging, DL, such as 
convolutional neural networks (CNN) and re-
current neural networks, can efficiently process 
multi-dimensional data, like images, audio, and 
video, to extract subtle features for diagnostic 
interpretation. This aids doctors in making diag-
nostic decisions, improves diagnostic efficiency, 
reduces workload, and decreases the likelihood 
of missed or incorrect diagnoses [5]. Compared 
to traditional machine learning, DL methods 
are generally more accurate and robust, mak-
ing them increasingly suitable for clinical prac-
tice [6].

This article reviews recent progress in DL tech-
nology for the diagnosis of GI diseases and 
discusses the challenges and future directions 
for intelligent-assisted diagnosis using deep 
learning technology.

Application of DL in the diagnosis of GI diseas-
es

Esophageal carcinoma (ESCA)

ESCA is the eighth most common malignant 
tumor globally and the sixth leading cause 
of cancer-related death, with approximately 
400,000 deaths annually [1]. Early symptoms 
of ESCA are often subtle, and by the time pa-
tients experience significant symptoms, such as 
dysphagia, weight loss, or other GI issues, the 
tumor is typically at an advanced stage, leading 
to a poor prognosis. According to statistics, the 
5-year relative survival rate for ESCA from 2019 
to 2021 is approximately 27.9% [7]. Early diag-
nosis of ESCA is crucial for improving patient 
survival rates. The main types of esophageal 
malignancies include esophageal adenocar-
cinoma (EAC) and esophageal squamous cell 
carcinoma (ESCC), which differ significantly in 

terms of epidemiology, pathogenesis, and prog-
nosis.

EAC

EAC is one of the main subtypes of ESCA and 
predominantly occurs in North America and 
Europe [8]. Barrett’s esophagus (BE) is a pre-
cursor lesion for the development of EAC, and 
early detection can effectively prevent BE from 
progressing to EAC. In recent years, researchers 
have increasingly utilized deep learning models 
to automate the detection and diagnosis of 
early-stage EAC and BE to improve the accuracy 
and efficiency of early screening.

The study by Ghatwary et al. in 2019 marked 
an important attempt at using deep learning 
for EAC recognition [9]. They trained various 
object detection models based on the VGG16 
backbone network, including Regional-based 
CNN (R-CNN), Fast R-CNN, Faster R-CNN, and 
Single-Shot Multibox Detector (SSD), using 100 
high-definition white light endoscopy images 
of the esophagus from 22 patients diagnosed 
with EAC and 17 patients with non-cancerous 
BE. The results demonstrated that the SSD and 
Faster R-CNN models performed well in detec-
tion, with the SSD model showing a sensitivity 
of 0.96, specificity of 0.92, and an F-measure 
of 0.94. The Faster R-CNN model, on the oth-
er hand, excelled in localizing the EAC region, 
achieving a recall rate of 0.83. Ebigbo et al. 
were the first to apply a DL system for real-time 
evaluation of early-stage EAC, further advanc-
ing the application of DL in EAC detection [10]. 
They used a total of 129 endoscopic images 
from the University Hospital Augsburg image 
database to train a real-time AI system based 
on deep CNNs and a residual network (ResNet) 
architecture with DeepLab V.3+, a state-of-
the-art encoder–decoder network. The system 
achieved a sensitivity of 83.7%, specificity of 
100%, and an accuracy of 89.9%.

de Groof et al. focused on distinguishing be-
tween images containing neoplasms or nondys-
plastic BE, developing a computer-aided diag-
nosis (CAD) system with a hybrid ResNet-UNet 
model [11]. Trained and tested on 1,704 early 
tumor images, the system showed excellent 
classification accuracy, sensitivity, and specific-
ity (89%, 90% and 88%, respectively), accurate-
ly classifying images as containing neoplasms 
or nondysplastic BE. In addition, this system 
outperformed non-expert endoscopists, with 
comparable delineation performance. Hashimo-
to et al. combined the Xception-based CNN with 
the YOLO v2 algorithm for binary classification 
and detection of neoplasia images (Figure 2), 

Figure 1. Schematic of deep learning neural net-
work.
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achieving a binary classification sensitivity of 
96.4%, specificity of 94.2%, and accuracy of 
95.4%, along with a mean average precision 
of 0.7533 [12]. Hussein et al. used the Res-
Net101 network to classify dysplastic  and 
non-dysplastic BE images, achieving a mean 
area under the receiver operating characteris-
tic curve (AUC) of 0.93, with sensitivity at 91% 
and specificity at 79% [13]. Additionally, they 
trained a model with the FCNResNet50 archi-
tecture for detecting dysplastic regions and pre-
dicting targeted biopsies, achieving a sensitivity 
of 97%. These studies demonstrate the excep-
tional performance of deep learning-based AI 
systems in diagnosing early EAC and BE, provid-
ing valuable auxiliary tools for clinical practice.

ESCC

ESCC is a common malignancy in regions 
such as Asia, Africa, and South America, with 
particularly high prevalence in China, where it 
accounts for over 90% of all esophageal cancer 
cases [8, 14]. As ESCC often presents with few 
symptoms in its early stages, many patients 
have progressed to the advanced stage at the 
time of diagnosis, leading to poor treatment 
outcomes. Therefore, early detection is crucial 
to improving treatment success and reducing 
ESCC mortality.

Cai et al. collected 2,428 esophagoscopic im-
ages from 746 patients during standard white 
light endoscopy, including 1,332 abnormal 
samples and 1,096 normal samples [15]. They 
developed a CAD system using deep neural 
networks (DNN) to localize and identify ear-
ly-stage ESCC in routine white light imaging 
(WLI). Validation on 187 images resulted in a 
sensitivity of 97.8%, specificity of 85.4%, accu-
racy of 91.4%, positive predictive value (PPV) of 

86.4%, and negative predictive value of 97.6%. 
With significant advances in optical technolo-
gies, tools such as narrow-band imaging (NBI) 
have further enhanced ESCC detection rate. 
However, the effectiveness of NBI in early ESCC 
screening largely depends on the operator’s 
expertise. To address this, Everson et al. con-
structed an AI system based on CNN, using NBI 
images from magnified endoscopy to classify 
early squamous cell neoplasia (ESCN) and 
normal images under the abnormal intrapap-
illary capillary loop pattern [16]. This system 
achieved an accuracy of 93.7%, with sensitivity 
and specificity for abnormal intrapapillary cap-
illary loop patterns reaching 89.3% and 98%, 
respectively. Additionally, Guo et al. used 6,473 
NBI images, including those of precancerous 
lesions, early ESCC, and noncancerous lesions, 
to develop a highly efficient CAD system for in-
telligent diagnosis of precancerous lesions and 
ESCC [17]. This system achieved an impressive 
sensitivity of 98.04%, specificity of 95.03%, 
and an AUC value of 0.989, greatly enhancing 
the diagnostic capabilities for esophageal can-
cer. Li et al. also built a CAD-NBI system based 
on NBI images and CNN for non-magnified en-
doscopy to identify early ESCC [18]. The system 
performed excellently, with sensitivity, specifici-
ty, accuracy, positive predictive value, and neg-
ative predictive value of 91.0%, 96.7%, 94.3%, 
95.3%, and 93.6%, respectively. Compared to 
the previously reported CAD-WLI system, this 
CAD-NBI system demonstrated superior speci-
ficity and accuracy [15].

In addition to the studies mentioned above, 
several research teams have applied deep 
learning models for intelligent recognition 
of esophageal and non-esophageal cancer 
images [19-22]. Horie et al. initially applied 
deep learning to the diagnosis of esophageal 

Figure 2. Architecture of the method proposed by Hashimoto et al. CNN, convolutional neural network; NMS, 
non-maximum suppression. This figure is cited from [12].
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cancer, training on 8,428 static images using 
the SSD network architecture within the Caffe 
deep learning framework [19]. They validated 
the model on independent test images from 97 
patients, achieving a sensitivity of 98%, further 
demonstrating the powerful potential of deep 
learning for early diagnosis of ESCC. An over-
view of these studies is provided in Table 1.

Gastric diseases

Gastric diseases, particularly gastric cancer 
and gastric ulcers, are common GI tract dis-
eases with high mortality. Gastric cancer ranks 
the fifth most common cancer worldwide and 
the fourth leading cause of cancer-related 
deaths. Due to its tendency to be diagnosed 
at advanced stages, gastric cancer has a very 
high mortality rate, with a 5-year survival rate of 
less than 40% [23, 24]. In 2018, approximately 
780,000 people worldwide died from gastric 
cancer [1]. Traditional diagnostic methods, 
such as gastroscopy, CT scans, and magnetic 
resonance imaging, rely on the visual judgment 
and experience of doctors. While effective, 
these methods still have limitations, such as 
image noise interference, misdiagnosis, and 
errors due to fatigue. Recently, the introduction 
of DL has provided new solutions for the early 
diagnosis of gastric diseases. Researchers 
have developed various deep learning models, 
applying them to medical imaging data, such 
as endoscopic images, to enhance diagnostic 
accuracy.

Since 2018, a research team in Japan has con-
ducted several studies on using AI for gastric 
cancer detection [25-28]. Hirasawa et al. [25] 
were the first to evaluate the ability of CNNs in 
detecting gastric cancer in endoscopic images. 
They used 13,584 endoscopic images of gas-

tric cancer to train an SSD model and collected 
2,296 independent images. In this study, the 
CNN system detected 92.2% of gastric cancer 
cases in the test set. Subsequently, the re-
search team conducted a pilot study applying 
the CNN system to video images, which showed 
an accuracy of 94.1% [26]. Ikenoyama et al. 
compared the performance of this CNN system 
in diagnosing early gastric cancer with that of 
experienced endoscopists [27]. The results 
showed that the CNN had significantly higher 
sensitivity than the experienced endoscopists, 
with faster diagnostic speed. However, this CNN 
had lower PPV and specificity compared to en-
doscopists. This indicates that while CNNs may 
reduce the risk of missed cancer diagnoses, 
they may also increase the number of biopsies 
for non-cancerous lesions. In 2020, the team 
added 4,453 gastric ulcer images to their data-
set and developed an “advanced CNN” (A-CNN) 
[28]. The A-CNN achieved a sensitivity of 
99.0%, specificity of 93.3%, and PPV of 92.5% 
for gastric cancer classification, while the sen-
sitivity, specificity, and PPV for gastric ulcer 
classification were 93.3%, 99.0%, and 99.1%, 
respectively. These results demonstrated that 
the new system could effectively classify gastric 
cancer and gastric ulcers.

Additionally, other research teams have also 
explored intelligent detection for gastric cancer. 
Noda et al. trained and validated the ResNet50 
network using 906 cancer images and 717 
non-cancer images from endocytoscopy (ECS), 
and the CNN showed a specificity of 90.9%, 
outperforming endoscopists in diagnosing 
early gastric cancer (EGC) [29]. Jin et al. used 
a mask-based convolutional neural network 
(Mask R-CNN, Figure 3) to automatically de-
tect EGC in endoscopic images, with excellent 
performance [30]. Zhang et al. proposed an 

Table 1. Research progress of deep learning in esophageal cancer
Ref. Model Lesions Sensitivity (%) Specificity (%) Accuracy (%) AUC
Ghatwary et al. [9] Multiple CNNs EAC 96.00 92.00 - -
Ebigbo et al. [10] ResNet EAC 83.70 100.00 89.90 -
de Groof et al. [11] ResNet-UNet Neoplasia 90.00 88.00 89.00 -
Hashimoto et al. [12] CNN-YOLOv2 Neoplasia 96.40 94.20 95.40 -
Hussein et al. [13] ResNet101 Dysplasia 91.00 79.00 - 0.93

Cai et al. [15] DNN ESCC 97.80 85.40 91.40 -
Everson et al. [16] CNN ESCN 89.30 98.00 93.70 -
Guo et al. [17] SegNet ESCC 98.04 95.03 - 0.99
Li et al. [18] FCN ESCC 91.00 96.70 94.30 -
Horie et al. [19] SSD ESCA 98.00 - - -
Sui et al. [20] VB-Net ESCA 88.80 90.90 - -
Takeuchi et al.  [21] VGG16 ESCA 71.70 90.00 84.20 -
Yasaka et al. [22] CNN ESCA 87.00 92.00 92.00 0.95
Note: FCN, fully convolutional network; EAC, esophageal adenocarcinoma; ESCC, esophageal squamous cell car-
cinoma; ESCA, esophageal carcinoma; DNN, deep neural networks; CNN, convolutional neural networks; SSD, 
Single-Shot Multibox Detector; ESCN, early squamous cell neoplasia.
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improved version of Mask R-CNN (IMR-CNN) to 
enhance the detection of EGC and segmental 
lesions in gastric endoscopic images [31]. Their 
model outperformed the original Mask R-CNN, 
significantly assisting doctors in diagnosing 
EGC from endoscopic images.

In addition to gastric cancer, DL techniques 
have also been widely applied in the recog-
nition of other gastric lesions such as gastric 
ulcers. Zhang et al. implemented intelligent 
diagnostic system for peptic ulcers (PU), early 
gastric cancer (EGC), high-grade intraepitheli-
al neoplasia (HGIN), advanced gastric cancer 
(AGC), and submucosal tumors (SMTs) in gas-
tric endoscopic images using the ResNet34 
model and the DeepLabv3 structure [32]. Xia 
et al. proposed a novel automatic gastric lesion 
detection system, employing the ResNet34 
and Faster-Region-based CNN networks to 
differentiate between erosions, polyps, ulcers, 
submucosal tumors, xanthomas, and normal 
images in magnetic-controlled capsule endos-
copy (MCE) images [33]. The system achieved 
an accuracy of 77.1% and an AUC value of 0.84, 
demonstrating good performance in diagnosing 
focal gastric lesions.

Fu et al. developed a new multi-scale model, 
StoHisNet, based on Transformer and CNN, for 
multi-class classification tasks of gastric patho-
logical images [34]. The model achieved an 
accuracy of 94.69%, an F1 score of 94.96%, 
a recall rate of 94.95%, and a precision rate 
of 94.97% on the SEED public competition 
dataset of gastric pathological images, showing 
strong generalization ability across different 
datasets. Bhardwaj et al. evaluated the accura-

cy of various CNN models in identifying 
gastric diseases using images from 
the Kvasir dataset and deep transfer 
learning models [35]. Their research 
demonstrated the effectiveness of 
deep transfer learning techniques for 
the early prediction and classification 
of gastric cancer. Table 2 presents the 
research progress of deep learning in 
gastric diseases.

Intestinal diseases

Small Intestine

The small intestine, a complex and 
highly convoluted structure connecting 
the stomach and colon, is challenging 
to fully examine with conventional 
imaging techniques due to its unique 
anatomical location. However, with the 
advent of advanced technologies such 

as small bowel endoscopy and capsule endos-
copy, the diagnostic rate of small intestinal 
diseases has significantly improved. Despite 
these advancements, the interpretation of im-
ages still largely depends on the experience of 
clinicians, and diagnostic delays or misdiagnos-
es may occur due to image similarities. Deep 
learning-based medical image analysis offers 
promising potential for intelligent, auxiliary di-
agnosis of small intestine diseases.

Fan et al. utilized a Caffe framework to train 
the AlexNet architecture (Figure 4) on GPU and 
fine-tuned it to successfully distinguish small 
intestinal ulcers, erosions, and normal tissues 
in wireless capsule endoscopy (CE) images 
[36]. Their experimental results demonstrated 
high accuracy, sensitivity, and specificity in 
identifying ulcers and erosions, with AUC values 
exceeding 0.98. In subsequent studies, Aoki et 
al. applied the SSD architecture to detect small 
intestinal erosions and ulcers in CE images, 
achieving an accuracy of 90.8% and a specifici-
ty of 90.9%, further validating the effectiveness 
of DL in detecting small bowel disorders [37]. 
Ding et al. developed a CNN-based algorithm 
that efficiently differentiated abnormal from 
normal images in small bowel capsule endos-
copy examinations [38]. Their model demon-
strated a higher sensitivity (99.88% vs. 74.57%) 
and shorter reading time compared to gastro-
enterologists.

In the detection of specific lesions in the small 
intestine, Tsuboi et al. trained and validated an 
SSD-based deep CNN system with 2,237 CE 
images of vascular dilation [39]. The system 
achieved automatic detection of vasodilatation 

Figure 3. Mask region-based CNN architecture developed by Jin et 
al. CNN, convolutional neural networks; RPN, region proposal net-
work; ROI, region of interest. This figure is cited from [30].
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in CE images with sensitivities, specificities, 
PPV, and negative predictive value of 98.8%, 
98.4%, 75.4%, and 99.9%, respectively. Klang 
et al. employed the Xception CNN to train on 
17,640 CE images from 49 patients, achieving 
an accuracy ranging from 95.4% to 96.7% [40]. 
The model accurately distinguished between 
normal mucosa and mucosal ulcers, further 
demonstrating the practical applicability of CNN 
for automatic detection of mucosal ulcers in CD 
patients. Additionally, they tested the effective-
ness of the EfficientNet-B5 network on 1,942 
images of strictures, 14,266 images of normal 
mucosa, and 11,684 images of ulcers. The 
model achieved an average accuracy of 93.5% 
± 6.7% in classifying strictures versus non-stric-
tures, showcasing the powerful capabilities of 
DL in complex lesion classification [41]. Leen-
hardt et al. combined segmentation methods 
with CNN-based deep feature extraction to 
classify images of gastrointestinal angioectasia 
and normal images from the capsule endos-
copy computer-assisted diagnosis for capsule 
endoscopy (CAD-CAP) database [42]. Their 
algorithm achieved a specificity of 96%, effec-
tively detecting gastrointestinal angioectasia in 

static frames of small bowel capsule endosco-
py and improving the diagnostic performance 
for small bowel diseases. Hosoe et al. used 
ERFNet to classify various lesions in small in-
testine capsule endoscopy images, including 
bleeding, vascular malformations, ulcers, and 
tumors [43]. Sensitivity and specificity were cal-
culated from 271 detection results across 35 
cases, with sensitivity at 93.4% and specificity 
at 97.8%.

Xie et al. applied the EfficientNet-B5 deep learn-
ing model for the automatic detection of CD le-
sions, including ulcers, non-inflammatory steno-
sis, and inflammatory stenosis, achieving high 
accuracy rates of 96.3%, 95.7%, and 96.7%, 
respectively [44]. Additionally, they performed 
grading of the ulcer surface, size, and depth, 
which also showed high accuracy, demonstrat-
ing the great potential of deep learning in both 
automatic detection and objective grading of 
small bowel CD lesions. Furthermore, Zhu et al. 
developed a real-time CAD system combining 
YOLO and ResNet50 for lesion detection and 
classification during double-balloon enterosco-
py [45]. This system detected lesions such as 

Figure 4. Illustration of CNN architecture diagram proposed by Fan et al. CNN, convolutional neural networks. 
This figure is cited from [36]. 

Table 2. Research progress of deep learning in gastric diseases
Ref. Model Lesions Sensitivity (%) Specificity (%) Accuracy (%) AUC
Hirasawa et al. [25] SSD Gastric cancer 92.20 - - -

Namikawa et al. [28] A-CNN
Gastric cancer 99.00 93.30 - -
Gastric ulcers 93.30 99.00 -

Noda et al. [29] ResNet50 EGC 82.10 90.90 86.10 0.93

Jin et al. [30] Mask R-CNN
EGC-WLI 91.06 89.01 90.25 0.94
EGC-NBI 97.59 89.01 95.12 0.81

Zhang et al. [31] IMR-CNN EGC 95.30 92.50 93.90 -
ResNet34 EGC, HGIN - 91.20 - -

Xia et al. [33] Faster RCNN Gastric focal lesions 96.20 76.20 77.10 0.84

Fu et al. [34] StoHisNet Gastric pathological 
image 94.95 95.03 94.69 -

Note: Gastric focal lesions include erosion, polyp, ulcer, submucosal tumor, xanthoma, normal mucosa, and inval-
id images; gastric pathological image includes normal tissue, tubular adenocarcinoma, mucinous adenocarcino-
ma, and papillary adenocarcinoma. EGC-WLI, early gastric cancer under the white light image; EGC-NBI, early gas-
tric cancer under the narrow-band imaging; HGIN, high-grade intraepithelial neoplasia; CNN, convolutional neural 
networks; SSD, Single-Shot Multibox Detector. 
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protrusions, diverticula, erosions, ulcers, and 
vascular dilation, achieving a sensitivity of 92% 
and an AUC of 0.947, while a classification ac-
curacy of 86%, demonstrating excellent experi-
mental performance.

Colon

The colon is a high-prevalence site for intestinal 
diseases, including colon cancer, colon pol-
yps, and ulcerative colitis. Among these, colon 
cancer ranks as the third most common can-
cer worldwide and the second leading cause 
of cancer-related deaths [14]. The diagnostic 
accuracy of colonoscopy, a key tool in diagnos-
ing colorectal diseases, is often limited by the 
experience of the physician and the quality of 
the images, resulting in variability in diagnostic 
results. Adenoma detection rate, a crucial met-
ric for assessing colonoscopy quality, is closely 
associated with the risk of interval colon can-
cer. To enhance adenoma detection rate, the 
application of real-time automatic polyp detec-
tion systems has garnered significant attention.

Urban et al. trained a CNN model using 8,641 
manually annotated colonoscopy images, 
achieving a polyp recognition accuracy of up to 
96.4% and an AUC of 0.991, which effectively 
improves polyp detection and localization [46]. 
Wang et al. developed and validated a deep 
learning algorithm for high-precision detection 
and recognition of adenomatous polyps in colo-
noscopy images [47]. This algorithm not only 
demonstrated high sensitivity and specificity 

but also enabled real-time analysis of colonos-
copy videos, helping to improve polyp detection 
performance by endoscopists and reduce vari-
ability in detection. In addition, Chen et al. an-
alyzed narrow-band images of small colorectal 
polyps based on a DNN-CAD system, achieving 
a PPV of 89.6% and a negative predictive value 
of 91.5% on the test set, along with shorter de-
tection times [48].

In terms of multi-class classification of colo-
noscopy images, Wang et al. proposed a deep 
learning-based method for classifying medi-
cal colonoscopy images into four categories: 
polyps, inflammation, tumors, and normal 
conditions [49]. By transferring learning from 
AlexNet, VGGNet, and ResNet networks, this 
method not only ensured classification accu-
racy but also improved polyp recognition rates. 
Additionally, Sarwinda et al. utilized ResNet-18 
and ResNet-50 deep learning architectures for 
classifying colonic gland images, finding that 
ResNet-50 outperformed ResNet-18 in terms 
of accuracy, sensitivity, and specificity, further 
demonstrating the reliability and reproducibility 
of deep learning in biomedical image analysis 
[50].

Beyond that, Fan et al. developed a CAD system 
for scoring ulcerative colitis in various regions 
of intestinal endoscopy videos using deep 
learning techniques [51]. As shown in Figure 5, 
the system comprises a classification module, 
a pre-processing CNN model, and a weighted 
scoring system, capable of reliably completing 

Figure 5. Workflow of CAD system designed by Fan et al. CAD, computer-aided diagnosis. This figure is cited from 
[51]. 
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Mayo and Ulcerative Colitis Endoscopic Index of 
Severity visual classification tasks and automat-
ically scoring inflammatory activity across full-
length endoscopy videos. Experimental results 
indicate that the system provides accurate, ef-
ficient, and reproducible scores. These studies 
not only showcase the immense potential of DL 
in diagnosing colonic diseases but also provide 
robust support for future clinical applications. 
An overview of deep learning in intestinal dis-
eases is provided in Table 3.

Conclusion

In recent years, deep learning, as an important 
branch in the field of artificial intelligence, has 
made significant strides in the medical field, 
particularly in the diagnosis and treatment of GI 
diseases. This review highlights the high preva-
lence of GI diseases and the importance of ear-
ly diagnosis, followed by a brief introduction to 
the concept and applications of deep learning. 
It then explores the background of deep learn-
ing in the context of GI diseases, noting that its 
application provides new approaches for early 
screening and precise diagnosis. Deep learn-

ing-assisted diagnosis has shown remarkable 
results in improving diagnostic accuracy, reduc-
ing clinician workload, and increasing early de-
tection rates for diseases such as esophageal 
cancer, gastric cancer, small bowel ulcers, and 
colon cancer.

Despite the significant progress made in ap-
plying deep learning for GI disease diagnosis, 
several challenges remain. Most current stud-
ies are retrospective and single-center, limiting 
their generalizability. Future research should 
focus on conducting prospective, multi-center 
studies to enhance the robustness and reliabil-
ity of the models. Furthermore, deep learning 
models requires large, high-quality labeled 
datasets, which are often difficult to obtain in 
the medical field due to issues such as limited 
incidence and data sensitivity. Lastly, as deep 
learning-based intelligent diagnostic technolo-
gies continue to evolve, addressing issues re-
lated to their legal and compliant use in clinical 
practice, as well as safeguarding patient priva-
cy and data security, will be crucial.

The future of deep learning in intelligent diag-

Table 3. Research progress of deep learning in intestinal diseases
Ref. Model Lesions Sensitivity (%) Specificity (%) Accuracy (%) AUC

Fan et al. [36] AlexNet
Ulcer 96.80 94.79 95.16 0.989
Erosion 93.67 95.98 95.34 0.986

Aoki et al. [37] SSD Ulcer and erosion 88.20 90.90 90.80 0.958
Ding et al. [38] CNN Multi-lesions 99.88 - - -
Tsuboi et al. [39] SSD Angioectasia 98.80 98.40 - 0.998
Klang et al. [40] Xception CNN CD - - - 0.990
Klang et al. [41] EfficientNet-B5 Stricture - 97.20 93.50 0.962
Leenhardt et al. [42] CNN GIA 100.00 96.00 - -

Hosoe et al. [43] EFRNet

Bleeding, angiodys-
plasia, ulceration, 
and neoplastic 
lesions

93.40 97.80 -

Xie et al. [44] EfficientNet-B5

CD 94.80 96.80 96.30 0.989
Noninflammatory 
stenosis 95.10 95.90 95.70 0.989

Inflammatory steno-
sis 96.00 96.90 96.70 0.992

Zhu et al. [45] ResNet50+
YOLO

Protruding lesion, 
diverticulum, erosion 
& ulcer and angioec-
tasia

92.00 93.00 86.00 0.947

Urban et al. [46] CNN Colon polyp - - 96.40 0.991
Wang et al. [47] CNN Colon polyp 94.38 95.92 - 0.984
Chen et al. [48] DNN Colorectal polyps 96.30 78.10 - -

Wang et al. [49] Multiple CNNs Polyps, inflammation, 
tumor, and normal - - 94.48 -

Sarwinda et al. [50] ResNet Colorectal cancer 87.00 83.00 80.00 -
Fan et al. [51] ResNet50 UC 87.50 96.68 86.54
Note: The multi lesions in literature include inflammation, ulcer, polyps, lymphangiectasia, bleeding, vascular dis-
ease, protruding lesion, lymphatic follicular hyperplasia, diverticulum, parasite, and other. CD, Crohn’s disease; 
GIA, gastrointestinal angioectasia; UC, ulcerative colitis; CNN, convolutional neural networks; DNN, deep neural 
networks; SSD, Single-Shot Multibox Detector.
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nostic assistance remain promising. As tech-
nology advances, deep learning models are ex-
pected to demonstrate improved generalization 
capabilities and higher accuracy. Additionally, 
research on multimodal learning will allow deep 
learning models to integrate data from various 
sources, providing more personalized health-
care services and comprehensive diagnostic 
support. As deep learning applications become 
more standardized and secure in clinical prac-
tice, technology is poised to play an increasingly 
important role in healthcare. It is believed that 
with the continuous advancements of technol-
ogy, deep learning is expected to significantly 
impact the medical field and transform the 
landscape of disease diagnosis and treatment.
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Introduction

Cancer is a major disease threatening human 
life and health, characterized by high malig-
nancy and rapid growth. Among cancer types, 
primary liver cancer is one of the most com-
mon malignant tumors, primarily classified 
into hepatocellular carcinoma and intrahepatic 
cholangiocarcinoma, with hepatocellular car-
cinoma accounting for 70%-80% of the cases 
[1-4]. The main treatment methods for hepatic 
tumors include surgical resection, radiothera-
py, chemotherapy, and thermal ablation, with 

resection, radiotherapy and chemotherapy still 
being the preferred choices in clinical practice 
[5]. Although surgery can directly resect the 
tumors, it presents high risks in cases involving 
tumors in challenging locations, large tumor 
size, or patients in poor physical condition. In 
such cases, complete tumor resection may not 
be achievable. Radiotherapy, while effective for 
some tumors, can cause damage to surround-
ing normal tissues and may fail to completely 
eradicate the tumor [6]. With the continuous 
development of minimally invasive therapies, 
local thermal ablation techniques have become 
an effective treatment for liver cancer [7, 8]. 
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Abstract

Radiofrequency ablation (RFA) is a widely used minimally invasive treatment for non-surgical hepatocellular carci-
noma. This review synthesizes the technical principles, core components, and key modeling aspects of RFA. RFA 
induces tumor necrosis via Joule heating from ionic vibration. Electrode needle design critically impacts ablation 
efficacy and safety, with multipolar needles offering larger zones yet posing power and tissue risks. Crucially, bi-
ological tissue parameters exhibit dynamic spatial and thermal variations, necessitating nonlinear modeling for 
accurate temperature prediction. While the Pennes bioheat model remains mainstream for its simplicity, more ad-
vanced models (e.g., porous medium) enhance physiological realism. Thermal damage assessment commonly em-
ploys the Arrhenius model and isothermal thresholds, aided by real-time monitoring for intraoperative precision. 
Future research should prioritize the development of smart electrodes, creation of personalized tissue parameter 
databases, and exploration of multi-energy techniques to shift RFA from an “empirically oriented” approach to an 
“accurate prediction” paradigm, ultimately improving hepatocellular carcinoma patient survival and quality of life.

Keywords: Radiofrequency ablation, liver cancer, electron spin, biological heat transfer equation

Highlights
● Analyzing the influence of biological tissue parameters on the effectiveness of radiofrequency ablation.
● Comparing the advantages and limitations of four biological heat transfer models. 
● Comparing three evaluation methods for assessing ablation-induced thermal damage. 



97

Progress in Medical Devices 2025; 3 (2): 96-105. PMD25040466

Progress in Medical Devices

Local ablation techniques mainly include mi-
crowave ablation, laser ablation, and radiofre-
quency ablation (RFA) [9-11]. RFA, first used in 
the treatment of liver tumors in the 1990s, is 
a thermal coagulation technique. It offers the 
advantages of minimal invasion, high safety, 
effectiveness, simple operation, and high repro-
ducibility, making it the first-line non-surgical 
treatment for hepatocellular carcinoma [12-14].

However, efficacy of RFA is highly dependent on 
the precise prediction of thermal distribution 
and ablation zones [13]. The complex biophys-
ical interactions during RFA, including dynamic 
variations in tissue parameters (e.g., electrical/
thermal conductivity, blood perfusion), heat-
sink effects near blood vessels, and nonlinear 
thermal damage thresholds, pose significant 
challenges for treatment planning. Compu-
tational simulation has thus become indis-
pensable for optimizing electrode design and 
ablation protocols, predicting temperature dis-
tribution and coagulation necrosis boundaries, 
and personalizing treatments through virtual 
patient-specific modeling. This review provides 
a comprehensive overview of advancements in 
RFA simulation methodologies, integrating ex-
perimental insights with computational frame-
works to advance precision oncology.

Radiofrequency refers to electromagnetic 
waves with frequencies between audio and 
infrared ranges, spanning from approximately 
104 to 3×1012 Hz. RFA involves the use of un-
modulated sinusoidal alternating current (AC) 
within this frequency range to destroy biological 
tissues, with a typical frequency of about 500 
KHz. This frequency falls in the mid-wave range, 
high enough (>20 KHz) to induce molecular 
frictional heating without triggering neuromus-
cular responses or electrolysis, and low enough 
(<20 MHz) to limit the energy transfer to a 
more controllable tissue mass without exces-
sive radiation. It has been shown that alternat-
ing currents exceeding 100 mA can cause fatal 
electric shocks and ventricular fibrillation at the 
lower frequencies, such as 50 Hz (the frequen-
cy of household electricity) [13]. Unlike higher 
frequency ionizing electromagnetic waves (e.g., 
typical X-rays at 1018 Hz), radiofrequency en-
ergy is non-ionizing and is considered safe for 
use when applied properly. In the context of 
RFA, “ablation” can be understood as a virtual 
surgical ablation, i.e., the inactivation of tissue 
without removing it from the body, thus produc-
ing results similar to those of surgical resection 
[14, 15].

A typical RFA system consists of a radiofre-
quency generator, electrode needles, and a 

grounding plate, which form a complete cur-
rent circuit with the human liver during the 
procedure. During RFA, the physician first uses 
medical imaging to precisely locate the liver 
tumor. Then, various types of electrode needles 
(unipolar or multipolar) are inserted into the 
tumor area [16]. The radiofrequency generator 
delivers high-frequency current (100-500 KHz) 
to the cancerous tissue, causing high-frequen-
cy vibration and friction of conductive ions and 
polarized molecules in the tissues around the 
electrode needles, thus generating Joule heat 
[17]. Over time, this heat energy is transmitted 
to the surrounding tissues, causing a coagu-
lation reaction zone around the tumor. As a 
result, the tumor’s blood supply is cut off, lead-
ing to coagulative necrosis of the tumor tissue. 
The necrotic tissue then peels off and is either 
absorbed by the body or discharged, achieving 
tumor destruction [18].

The potential of RFA for liver cancer treatment 
was first proposed by Rossi et al., with a related 
study published in 1993 [19, 20]. The effec-
tiveness of RFA in treating liver tumors lies in 
its ability to exploit the poor heat resistance of 
tumor cells. Energy deposition into the tumor 
triggers thermal damage, which produces a 
tumor-killing effect. RFA involves the flow of al-
ternating current through tissue, causing ionic 
agitation and impedance heating of the tissue. 
To establish this current, RFA systems require 
a closed-loop circuit comprising an electrical 
energy generator, a needle electrode, the pa-
tient (acting as a resistor), and a large-area 
electrodes (or “grounding pads”). It has been 
shown that when tissue temperature exceeds 
40°C, tumor cells stop dividing; at tempera-
tures above 50°C, tumor cell proteins dena-
ture; at temperatures above 60°C, tumor cells 
coagulate and necrose; and at temperatures 
reaching 100°C, tissues are charred [21].

Ablation is a very complex procedure, and the 
success of current tumor RFA treatments de-
pends on several factors, including the struc-
ture and materials of the radiofrequency elec-
trode needle, radiofrequency input power, blood 
perfusion rate, and the conductivity of the liver 
tissue [22]. Figure 1 shows the process of RFA 
for a liver lesion [23].

With the continuous advancement of RFA 
technology for liver cancer treatment, the elec-
trode needles, as key components, have also 
undergone significant improvements in clinical 
practice [24]. Currently, commonly used RFA 
electrode needles can be categorized based 
on function and structure. Functionally, they 
include multi-needle expandable electrode 
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needles, internal cooling electrode needles, 
and perfusion electrode needles. Structurally, 
they can be classified into unipolar, bipolar, 
and multipolar needles, depending on the 
number of needles and subneedles. Among 
these, multipolar electrode needles can deploy 
multiple subneedles (typically three or more) 
at the tip of the needle tube, which are fully 
expanded in the form of an anchor or umbrella 
with a uniform spatial structure [25]. A study 
simulating the performance of spherical and 
cylindrical electrode tips in cardiac RFA, using 
a three-dimensional computational model, 
revealed that the shape of the electrode tip sig-
nificantly affects the extent of ablation injury, 
safety, and the risk of complications, providing 
crucial insights for optimizing catheter design 
and ablation protocols [26]. Radiofrequency 
catheter ablation for pulmonary vein isolation 
is usually achieved by linear point-to-point ab-
lation. However, creating continuous lesions 
can be time-consuming and requires advanced 
3D mapping systems. To overcome these lim-
itations, a multi-electrode ablation system was 
designed.

Currently, the most commonly used multipolar 
electrode needles in clinical practice are the 
multi-needle tip electrode needles developed by 
MedSphere Technologies [27]. Internal cooling 
electrode needles can be categorized into liq-
uid-cooled and air-cooled according to the cool-
ing medium. These needles typically feature 
unipolar or bipolar structures, which reduces 
tissue temperature around the needle tip by cir-
culating coolant or cooling gas through a built-
in hollow cavity. A commonly used internal cool-
ing electrode needle is the Valleylab monopolar 
needle from Tyco, which is liquid-cooled, with 
an ablation time of 12 min and an ablation 

range of up to 3.6 cm in the long axis [28, 29].

In actual RFA procedures, selecting the appro-
priate electrode needle is crucial for achieving 
optimal ablation effect, especially considering 
the size and shape of the tumors. Unipolar 
and bipolar needles have good therapeutic 
effects in ablating tumors with a diameter of 
less than 3 cm. However, due to the small di-
ameter of their needle tubes, these needles 
often require multiple punctures. Additionally, 
the temperature distribution around the needle 
tip is not controllable, potentially causing burn-
ing and charring of surrounding tissue, which 
can cause secondary injuries and increases 
the risk of complications [30]. The umbrella 
structure of the multipolar needles allows for 
a larger ablation range, making them suitable 
for tumors with a diameter of 3-5 cm. However, 
their limited output power results in a longer 
ablation time. Furthermore, fully deploying the 
multipolar needle may damage adjacent nor-
mal tissues, and the tissues in the electrode 
needle’s vicinity are easily burned and charred, 
limiting their clinical application [31]. Figure 2 
illustrates the schematic diagram of RFA treat-
ment using a multipolar electrode needle [23].

Recent studies have demonstrated that step-
wise incremental high-power multi-electrode 
RFA technology, combined with real-time im-
age guidance, provides a highly effective and 
safe treatment option for small hepatocellular 
carcinoma, significantly reducing the rate of 
local recurrence [32]. However, further validate 
through multicenter randomized controlled tri-
als is necessary to confirm its long-term efficacy 
and explore its applicability in a broader patient 
population.

Figure 1. Schematic diagram of radiofrequency ablation. This figure is cited from [23].
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In terms of electrode material selection, Av-
ishek et al. compared the physical properties 
of four electrode materials (Ni-Ti, Pt-Ir, Au, and 
Cu) based on numerical modeling, evaluating 
thermal conductivity and electrical conductivity 
in the thermal ablation region of a cylindrical 
liver tissue model (Table 1) [33].Despite the 
theoretical advantages of Au and Cu, the study 
found that the practical differences in ablation 
effect between various electrode materials are 
minimal and have limited clinical significance. 
When selecting electrodes, it is not necessary 
to overly focus on the thermophysical proper-
ties of the material; factors such as cost and 

biocompatibility should be prioritized instead.

Biological tissue parameters

Biological tissue parameters refer to the ther-
mophysical properties of liver tissue and its 
surrounding structures in RFA. These include 
tissue density, specific heat capacity, thermal 
conductivity, electrical conductivity, dielectric 
constant, and blood perfusion rate, among 
others. These parameters play a crucial role in 
affecting the ablation temperature field and the 
extent of thermal damage. Accurate control of 
these parameters is beneficial for forecasting 

Figure 2. Schematic diagrams of radiofrequency ablation treatment with multipolar electrode needle. (A) a scal-
pel creates an access route, and the electrode needle is guided toward the liver area in the thoracic - abdominal 
cavity; (B) the electrode needle is inserted into the targeted liver region under proper guidance; (C) the multipolar 
electrodes of the needle deploy within the liver, preparing for energy delivery; (D) radiofrequency ablation is car-
ried out, with the electrode acting on the liver lesion to complete the treatment. This figure is cited from [23]. 

Table 1. Material properties of four electrodes

Electrode Materials Thermal Conductivity (W/m·K) Electrical Conductivity (S/m)
Ni-Ti 18 4×106

Pt-Ir 71 4×106

Au 317 45×106

Cu 401 60×106
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the ablation temperature distribution, deter-
mining the size of the ablation zone, and en-
suring the smooth execution of the procedure. 
Thermal ablation of liver tissue is a complex 
process, and these parameters are not static; 
they continuously change with temperature 
[34]. Moreover, tissue parameters can vary 
even within different regions of the same tissue 
[35]. Therefore, it is extremely challenging to 
measure these parameters simultaneously un-
der non-invasive conditions [36].

Chang et al. used NaCl solution to simulate the 
liver tissue to measure the temperature-depen-
dent conductivity of the liver [37]. The simula-
tion results showed that liver conductivity exhib-
ited a nonlinear relationship with temperature, 
largely affecting the final temperature distribu-
tion within the tissue. Kröger et al. investigated 
for the nonlinear variations in tissue parame-
ters with liver tissue temperature and dehydra-
tion status, and their simulation results closely 
matched the actual ablation [34]. Dos et al. 
used the probabilistic finite element method for 
the first time to quantify the impact of tissue 
parameter variations on the ablation damage 
region of the liver, considering individual and 
spatial differences [35]. Trujillo et al. observed 
that the electrical conductivity and permittivity 
of liver tissue varied linearly at temperatures 
below 100°C, providing corresponding func-
tional expressions for these relationships [38]. 
Schutt et al. noted that blood perfusion rate 
directly affects the heat transfer process during 
RFA [39]. Their study on the nonlinear chang-
es in blood perfusion rate showed significant 
differences in ablation outcomes depending 
on the calculation method used. Johansson 
et al. incorporated the temperature-depen-
dent changes in thermal conductivity of both 
normal liver and tumor tissues, representing 
the conductivity parameters with piecewise 
expressions [40]. To improve the ablation rate 
of tumors while minimizing thermal damage to 
surrounding blood vessels, Fang et al. success-
fully optimized RFA treatment near vascular 
structures using a faceted method and comput-
er modeling [41].

These studies underscore the importance of 
understanding and accurately measuring bi-
ological tissue parameters for optimizing RFA 
treatment protocols. This knowledge is essen-
tial for improving treatment efficacy and safety, 
which requires not only extensive experimental 
analysis but also robust mathematical model-
ing.

Biological heat transfer equation

In the study of RFA temperature fields, heat 
transfer in biological tissues is usually modeled 
using the biological heat transfer equation. Un-
like conventional heat transfer, biological heat 
transfer is more complex due to the influence 
of tissue thermophoretic properties, blood per-
fusion rate, and metabolic activity [42]. This 
complexity makes the heat transfer process 
challenging to simulate accurately with a math-
ematical model, often requiring simplifications 
and assumptions.

As research into biological heat transfer pro-
gresses, various models have been continuous-
ly optimized and refined. Currently, four main 
biological heat transfer models are commonly 
used: the Pennes biological heat transfer mod-
el, the porous medium model, the Weinbaum-Ji-
Ji heat transfer model, and the Chen-Holmes 
heat transfer model [43-46].

● The Pennes biological heat transfer model 
is based on Fourier’s law of heat conduction 
and simplifies human forearm tissues into a 
single cylindrical model. It incorporates blood 
perfusion rate and metabolic heat production, 
making it applicable for studying heat transfer 
in tissues.

● The porous medium model focuses on the 
heat transfer process between solid and liquid 
heat phases.

● The Weinbaum-JiJi model primarily focuses 
on venous heat transfer within muscle tissue, 
employing a three-layer skin-muscle composite 
model for more accurate simulations.

● The Chen-Holmes heat transfer model con-
siders the relationship between biological heat 
transfer and the size and location of blood ves-
sels within the tissues.

Among these models, the Pennes biological 
heat transfer model takes into account the 
effects of blood perfusion rate, local arterial 
blood temperature, and biological metabolic ac-
tivities. It offers reliable computational results 
for thermal field simulation closely matching ex-
perimental findings. This model is characterized 
by its simplicity, convenience, and applicability 
for describing heat transfer process in soft tis-
sues exposed to high temperatures, and it has 
been widely used in model simulations [47].

During RFA, Wang et al. derived an analytical 
solution for the blood and tissue temperature 
distributions, as well as an overall heat ex-
change correlation in cylindrical coordinates, 
based on porous medium theory [48]. This 
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was done under local thermal non-equilibrium 
(LTNE) conditions to better represent the ther-
mal dynamics during RFA. Sheu et al. conduct-
ed a 3D thermoelectric analysis of a system 
consisting of the liver, hepatic artery, and a 
4-mm-diameter tumor, focusing on the impact 
of blood perfusion on heat transfer [49]. Vidya 
et al. found that closed-form expressions for 
heat transfer coefficients could accelerate RFA 
model calculations and identified vessel radius 
conditions necessary for directional effects 
on thermal lesions [50]. Tucci et al. developed 
a biothermal mathematical model based on 
variable porosity, providing more accurate pre-
dictions of the coagulation zone, coagulation 
diameter, and ablation volume, which can im-
prove medical protocols and device design [51].

Overall, the heat transfer process in biological 
tissues is complex and difficult to simulate 
accurately with mathematical models. As nu-
merical models continue to evolve, biological 
heat transfer equations for RFA will be further 
refined, aiming to minimize tissue damage and 
enhance accuracy in treatment protocols.

Evaluation of ablative thermal damage

The evaluation of ablative thermal damage is 
an important indicator of the effectiveness of 
RFA. In the process of RFA, tumor cell proteins 
undergo denaturation, leading to cell necrosis 
and the formation of a certain range of thermal 
damage area. Since this process is irreversible, 
the size (diameter, area, or volume) of the tu-
mor necrotic region serves as the primary met-
ric for thermal damage evaluation. Currently, 
the commonly used methods for tissue thermal 
damage assessment include Isothermal Con-
tour method, Arrhenius model, and Thermal 
Isoeffective Does [52].

The isothermal contour method is the most 
commonly used quantitative technique in liver 
tumor RFA simulations. This method involves 
setting a specific temperature threshold with-
in the ablation temperature field. When the 
temperature of the ablated tissue exceeds 
this threshold, it is assumed that the tissue 
has been thermally damaged by the electrode 
needle. The isothermal contour correspond-
ing to this threshold serves as the boundary 
of the ablation thermal damage area. Since 
protein denaturation and coagulative necrosis 
of tumor cells typically occur within the tem-
perature range of 50°C-60°C , thresholds of 
50°C , 55°C and 60°C  are commonly used as 
evaluation benchmarks for treatment [53]. The 
equation for the isotherm threshold method is:

                          (1)

Where V represents volume of the ablated tis-
sue, Ω represents the tissue region affected 
by thermal damage, and T is the temperature 
threshold.

Thermal Isoeffective Dose is a standardized 
metric used to quantify tissue damage in ther-
mal therapies (e.g., radiofrequency ablation, 
microwave ablation). Its core concept is to com-
pare the effectiveness of different treatment 
regimens by mathematically converting varying 
temperature-time exposures into an equivalent 
dose value. In clinical practice, the commonly 
used thermal dose unit is CEM43 (Cumulative 
Equivalent Minutes at 43°C ), which indicates 
the equivalence of the actual temperature-time 
curve to the exposure time at 43°C  [54]:

                           (2)

Where, t represents time, R= 0.5 (T>43°C ) or 
R=0.25 (T<43°C ), T means the thermodynam-
ic temperature (K) at time t.

The Arrhenius model is a mathematical model 
derived from chemical reaction kinetics, com-
monly used to quantify tissue damage during 
thermotherapy or thermal ablation (e.g., radiof-
requency ablation, microwave ablation). The 
core concept is that tissue damage is exponen-
tially related to both temperature and time, with 
the probability of cell necrosis being predicted 
by integrating the effects of temperature and 
time [50]. The damage index (Ω) in the Arrhe-
nius model is calculated as follows:

                                    (3)

Where A represents the frequency, Ea is the ac-
tivation energy, R is the universal gas constant, 
and T (𝜏) is the temperature at time 𝜏.

With the development of computer technology, 
the future direction of ablation thermal injury 
evaluation will focus on multimodal real-time 
assessment (combining impedance monitoring, 
temperature imaging, and artificial intelligence 
algorithms), dynamic tissue parameter correc-
tion (integrating individual differences such as 
blood perfusion and conductivity), and precise 
ablation boundary-defining techniques (e.g., 
elastography, high-resolution imaging), to en-
hance the personalized efficacy assessment 
and improve the precision of intraoperative 
modulation.
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RFA temperature field simulation

The computational modeling of liver thermal 
ablation is primarily based on the Pennes equa-
tion, integrated with numerical methods such 
as finite element method and finite surface 
method, along with tissue damage models [55]. 
With the continuous development of computer 
technology and numerical computation, recon-
structing a three-dimensional model of bioheat 
transfer using finite element modeling software 
has become a standard approach. This allows 
for finite element simulation and analysis to 
simulate the distribution of the temperature 
field during RFA. The utilization of finite element 
method greatly simplifies the complexity of 
controlling the temperature distribution in RFA 
and enhances the ability to predict the ablation 
region.

In the finite element simulation of RFA, several 
studies have contributed valuable insights. Ooi 
et al. established a three-dimensional imped-
ance finite element model of RFA, focused on 
the dynamics of ablation temperature field, 
thermal damage area, and input voltage under 
different electro-thermal boundary conditions 
[56]. Chen et al. investigated the effects of 
variations in vessel size, horizontal distance be-
tween vessels, and the positioning of ablation 
electrode needles on the ablation temperature 
field through a three-dimensional simulation 
model of RFA that incorporated blood vessels 
[57]. Goldberg et al. coupled the radiofrequen-
cy electric field with the heat conduction pro-
cess in their simulation of liver tissue during 
RFA [28]. Their study successfully predicted the 
temperature distribution within the liver during 
the ablation process, yielding ideal results that 
matched clinical outcomes. Lee et al. focused 
on a “claw-shaped” radiofrequency ablation 
electrode [58]. Their finite element simulation 
demonstrated that this electrode design effec-
tively expanded the ablation range. Since then, 
finite element simulation has been widely used 
in the prediction of temperature field in RFA 
procedures.

Discussion

RFA has emerged as the cornerstone in the 
treatment of hepatocellular carcinoma, offer-
ing a minimally invasive, safe, and effective 
alternative to traditional surgical methods. This 
review synthesizes the technical principles, 
critical components (including electrode needle 
typology and materials), dynamic behavior of 
biological tissue parameters, bioheat transfer 
modeling approaches, and thermal damage 
assessment methodologies pertinent to RFA. 

Our analysis highlights the significant advance-
ments made in this field, while also acknowl-
edging the persistent challenges that remain.

Selection of electrode needles is a critical de-
terminant of RFA therapeutic efficacy. Electrode 
needles are broadly classified as unipolar, bi-
polar, or multipolar configurations. The choice 
of electrode is influenced by tumor character-
istics, including morphology and size. Unipolar 
and bipolar systems demonstrate high efficacy 
for tumors <3 cm in diameter, whereas multi-
polar electrodes are frequently employed for 
larger lesions (>3 cm) to achieve an expanded 
ablation volume in a single session. While com-
putational simulations suggest that materials 
with high thermal conductivity (e.g., Cu, 401 W/
m·K) or high electrical conductivity (e.g., Au, 45 
*106 S/m) could theoretically enlarge the abla-
tion zone, empirical validation has shown that 
material selection has only a negligible impact 
on the ablation volume, with differences of less 
than 0.1% observed in clinical settings. Con-
sequently, clinical electrode material selection 
should prioritize biocompatibility, cost-effective-
ness, and device engineering considerations 
over the pursuit of marginal thermophysical 
property optimization.

Thermal ablation of hepatic tissue is an intri-
cate biophysical process influenced by several 
dynamic parameters. Notably, tissue thermal 
conductivity, electrical conductivity, and blood 
perfusion rate exhibit significant spatiotempo-
ral variations, which are dependent on factors 
such as temperature and anatomical location. 
These variations directly influence the distribu-
tion of the resulting ablation temperature field. 
Although contemporary research employs non-
linear modeling frameworks (e.g., probabilistic 
finite element methods) to partially mitigate 
parameter uncertainty, the absence of non-in-
vasive, real-time measurement techniques 
remains a fundamental bottleneck constraining 
the accurate prediction of ablation margins. 
Ongoing refinement of numerical systems and 
the bioheat transfer equations governing RFA is 
imperative to enhance predictive accuracy and 
minimize collateral tissue damage.

Bioheat transfer modeling for RFA predomi-
nantly utilizes four principal frameworks: the 
Pennes bioheat transfer model, the porous me-
dium model, the Weinbaum-Jiji model, and the 
Chen-Holmes model. Among these, the Pennes 
model, valued for its computational efficiency 
and relative simplicity, remains the most widely 
adopted in RFA simulations for hepatic malig-
nancies. The integration of numerical meth-
ods, such as finite element method and finite 
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surface method, with tissue damage models 
allows for the creation of three-dimensional 
biothermal simulations using finite element 
software. Subsequent finite element simulation 
of the RFA temperature field distribution consti-
tutes the prevailing methodological paradigm. 
Notably, advanced models, such as the porous 
medium and variable porosity approaches, 
enhance the physiological accuracy of these 
simulations. For thermal damage assessment, 
the isothermal threshold method and the Ar-
rhenius integral model represent established 
standards; however, their intraoperative preci-
sion is significantly improved by integrating mul-
timodal real-time monitoring techniques, such 
as impedance feedback and artificial intelli-
gence-driven dynamic correction algorithms.

Conclusions 

Optimizing RFA technology necessitates a mul-
tidisciplinary approach focused on three critical 
domains: the advancement of smart electrode 
systems incorporating shape-adaptive designs, 
the integration of individualized tissue param-
eter databases to better reflect patient-specific 
tissue properties, and the strategic exploration 
of multi-energy ablation techniques, such as 
RFA- microwave ablation synergy to broaden 
therapeutic indications. Crucially, achieving a 
paradigm shift from empirically guided inter-
ventions toward predictive precision requires 
rigorous large-scale clinical validation coupled 
with iterative refinement of computational mod-
els. Successfully implementing this “accurate 
prediction” framework holds significant poten-
tial to substantially improve long-term survival 
outcomes and quality of life for patients with 
hepatocellular carcinoma.
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Abstract

Objectives: The key to an ultrasound-guided system is to accurately determine the spatial position of the surgical 
instrument. The size and shape of the optical positioning target in the optical positioning device can restrict the 
doctor’s hand movements. Additionally, the use of a binocular camera occupies valuable operating room space. To 
reduce both the space occupation and the impact on surgical procedures, this paper presents a device designed 
to provide enhanced navigation information to assist the surgeon. Methods: The proposed device is equipped with 
an angle sensor and a button. The angle sensor measures the relative angle between the puncture device and the 
ultrasound probe in real time. The button assists the surgeon in measuring the depth of the surgical target before 
performing the puncture. Furthermore, we propose a filtering algorithm to reduce noise in the angle sensor’s out-
put signal. The device’s performance was evaluated using an ultrasound instrument and an experimental setup 
for data collection and testing. Results: The filtering algorithm effectively reduced noise in the angular data. After 
filtering, the Signal Smoothness decreased from 0.036989 to 0.0010376, the Coefficient of Variation decreased 
from 0.00046682 to 0.0004323, and the Count of Local Extrema decreased from 251 to 135. Additionally, we 
collected and compared the coordinates of the guide line endpoints at the tip of the puncture needle and found 
an average point-to-point error of 3.53 pixel. Conclusions: The developed guidance device and filtering algorithm  
provide valuable navigation data, supporting the surgeon’s operations.

Keywords: Ultrasound surgical navigation, filtering algorithm, minimally invasive surgery, angle sensor

Highlights
● A compact instrument guidance device for minimally invasive surgery was developed, capable of real-time moni-
   toring of angle and key status.
● The device provides navigation information and estimates the lesion depth, aiding in preoperative planning.

Introduction

Minimally invasive techniques have become a 
mainstream approach in modern surgery due 
to their advantages of less trauma and faster 
recovery. These techniques are widely used in 
various clinical fields, including thoracic sur-
gery, eye surgery, orthopedic surgery, abdomi-
nal surgery, neurosurgery, and obstetric and gy-
necological surgery [1-4]. Ultrasound guidance 
plays a crucial role in minimally invasive surgery 
by providing real-time navigation information, 
reducing physician fatigue, and improving sur-
gical success rates. Studies have shown that 

ultrasound-guided techniques result in higher 
success rates in peripheral venous catheter 
insertion [5-7]. Pavone et al. showed that ultra-
sound-guided robotic surgery can shorten the 
duration of minimally invasive procedures [8]. 
Liang et al. found that ultrasound-guided acu-
potomy for trigger finger significantly increased 
the surgical success rate while reducing recur-
rence and complication rates compared to the 
traditional approach [9].

The core function of an ultrasound guidance 
system is to accurately determine the spatial 
position of surgical instruments and provide 
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navigation information to the surgeon. One 
commonly used method is optical localiza-
tion-assisted technology, which involves placing 
optical tracking targets on both the ultrasound 
probe and surgical instruments, with binocular 
cameras positioned in the operating room [10-
13]. The size and shape of the optical tracking 
sensor directly influence the surgeon’s hand 
movements, and the presence of binocular 
camera occupies valuable space in the operat-
ing room. These factors can impact the efficien-
cy and ease of surgery.

To reduce space occupation and minimize in-
terference with the surgeon’s operations, var-
ious small-scale surgical guidance techniques 
have been developed. Golafsoun et al. devel-
oped an MR-UIG system for central line pro-
cedures, which uses a six-degree-of-freedom 
transducer to track the spatial position of the 
ultrasound probe [14]. Minchev et al. designed 
a micro-robotic guidance device and tested it in 
150 stereotactic procedures [15]. In this paper, 
we present a mechatronics-based instrument 
guidance device that provides navigation in-
formation to the surgeon. The device includes 
an angle sensor for real-time measurement of 
the relative angle between the puncture device 
and the ultrasound probe, and a keypad for 
assisting the surgeon in virtually measuring the 
depth of the surgical target before performing 
the puncture. We have designed the instrument 
to be compact and easy to hold, minimizing the 
impact on the surgeon’s hand movements and 
reducing space occupation. Additionally, we 
propose a filtering algorithm to reduce noise in 
the sensor data.

Design and realization of instrument guidance 
device

Structural design of instrument guidance de-
vice

In this study, we designed a novel instrument 
guidance device for surgical navigation. The 
device is compact, easy to hold, and capable 
of obtaining precise angles for surgical instru-
ments. It also assists the surgeon in virtually 
measuring the depth of the surgical target prior 
to puncture.

The device consists of an upper and lower 
casing, which are fixed together using screws 
and nuts. The lower casing has a pocket for 
the angle sensor, with a perforated design to 
allow the puncture guide to be mounted on the 
rotation axis of the angle sensor. The puncture 
guide transmits angle change to the sensor, 
enabling precise measurement of the relative 
angle between the puncture device and the 
ultrasound probe. This angle data is then used 
by the ultrasound navigation system to provide 
real-time visual guidance for the surgeon.

The upper casing includes grooves to house 
the sensor drive circuit board and a depth 
measurement button, as shown in Figure 1A. 
The button opening is located below the circuit 
board casing, allowing the surgeon to press it 
after determining the puncture angle to mea-
sure the depth of the surgical target. The virtual 
depth information obtained from this measure-
ment aids in preoperative planning.

Additionally, we designed a puncture guide 

Figure 1. Circuit Board, Buttons and Instrument Guide Device. (A) Independently designed circuit board and but-
ton; (B) 3D printed and installed instrument guidance device.
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sleeve that accommodates puncture needles 
of varying sizes. The sleeve consists of an outer 
and an inner cylinder. A sensor fixing column at 
the lower part of the outer cylinder transmits 
the relative angle between the puncture guide 
sleeve and the ultrasound probe to the angle 
sensor. The inner cylinder has three different 
inner groove sizes to accommodate three dif-
ferent puncture needles. Finally, the design is 
realized by 3D printing and shown in Figure 1B.

Hardware design of the sensor drive module

The main function of the angle sensor drive 
module is to collect angle data and key status 
signals. The main controller of this module is 
STM32F103C8T6, which is sufficiently powerful 
to run the data acquisition and filtering algo-
rithm designed for this project. The main con-
trol chip circuit is shown in Figure 2.

The STM32F103C8T6 microcontroller includes 
two built-in 12-bit analog-to-digital converters 
(ADC) that can be used for external analog sig-
nal acquisition. However, to enhance detection 
accuracy and provide more accurate navigation 
information, we have integrated an external 16-
bit high-precision ADC chip, the ADS1110. This 
ADC chip features a built-in gain amplifier and 
supports four common sampling rates: 15SPS, 
30SPS, 60SPS, and 240SPS.

The ADS1110 uses differential signal input 
pins (VIN+ and VIN-). It supports two acquisition 

modes: bipolar differential signal acquisition 
and single-ended acquisition. In this project, 
the single-ended acquisition mode is employed, 
with VIN- grounded and the input signal con-
nected to VIN+. The single-ended signal range 
is from 0 V to 2.048 V.

For ADC chips, the conversion of input analog 
voltage to a digital value is governed by the fol-
lowing formula for an N-bit ADC:

(1 - 1)

Where: Value is the digital output from the ADC,    
        is the analog output voltage of the poten-
tiometer,      is the reference voltage for ADC 
(2.048 V in this case), and N is the ADC resolu-
tion (16 bits in this project).

This project uses the RDC501051A angle sen-
sor to obtain the relative angle between the  
the surgical puncture instrument and the ultra-
sound probe. The RDC501051A is a resistive 
position sensor known for its compact design 
and high accuracy. The linear relationship be-
tween the displacement of this sensor and its 
output voltage value is suitable for this project. 
The sensor has a resistance of 10 kΩ and a 
linearity accuracy of ± 2%. The position of the 
wiper of this potentiometer is linearly related 
to the output analog voltage, described by the 
following formula:

(1 - 2)

Figure 2. Schematic Diagram.
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Where,      is the specified value (2.048 V), P is 
the current position of the potentiometer wiper, 
and          is the maximum position of the po-
tentiometer. When the wiper is at the starting 
position (P=0), the output voltage is 0 V. When 
the wiper is at the end position (P=        ), the 
output voltage is      .

Software design of sensor drive modules

The angle sensor driver module is responsible 
for collecting and transmitting angle data and 
key status signals. The software program flow-
chart of this module is shown below in Figure 3.

The software follows a cyclic structure. After 
initializing each module, the chip continuously 
detects button status and angle data, and the 
filtered angle data and button status are then 
packaged and sent to the host computer. A key 
part to the software algorithm is filtering the 
angle data to eliminate outliers and minimize 
the impact of noise.

Noise is a common issue in data acquisition 
systems caused by various factors, such as 
electromagnetic interference, mechanical 
vibrations, motion artifacts, and imprecise cir-
cuit design [16-18]. This noise can affect the 
linearity of sensor and distort statistical proper-
ties, complicating accurate data analysis [19]. 
Signal-to-noise separation is a fundamental 
challenge in biological and data acquisition 
systems [20]. This project uses two approaches 
to filter and reduce noise: hardware circuit im-
provements and software filtering algorithms.

Hardware approach: A filter capacitor is con-
nected between the sampling input pin and 
ground of the ADC chip. This capacitor can ef-
fectively filter high-frequency noise, improving 
the stability and accuracy of the ADC’s signal 
conversion.

Software approach: Based on the observation 
of continuous static data waveforms, we iden-
tified the noise as impulse noise and Gaussian 
noise. The software filtering algorithm is divid-
ed into two parts: Part one, the angle detection 
driver module removes the maximum and min-
imum values from ten consecutive data points, 
then calculates the mean value; Part two, The 
host computer applies the standard deviation 
method to remove outliers from 100 consecu-
tive data points, followed by mean filtering with 
a window size of 10. The standard deviation 
method used to filter impulse noise is calculat-
ed using the following formula:

(1 - 3)

Where,  s is the sample standard deviation, 
n is the number of data points in the sam-
ple,      is each individual data point, and      is 
the mean of the sample. The denominator uses 
n-l instead of n, which is known as degrees of
freedom correction to provide an unbiased esti-
mate of the population standard deviation.

Figure 3. Software Design Process Flowchart.

Figure 4. State Transition Diagram.
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In the board-level filtering process, we compute 
the mean      and standard deviation. If a data 
point exceeds the mean plus or minus three 
times, the data is determined to be outlier. The 
remaining data are then subjected to mean fil-
tering to produce the final filtered result.

Depth measurement algorithm design

In response to feedback from the doctor, we 
designed a depth measurement function to aid 
in pre-surgical planning. This function allows 
the doctor to estimate the surgical target’s pen-
etration depth after determining the puncture 
angle, facilitating better surgical preparation.

A user button (model SW-6 mm) is added to the 
sensor driver module, see Figure 1A, enabling 
the doctor to adjust the depth measurement. 
The algorithm cycles between idle, forward, 
and backward states, with each state transition 
triggering a corresponding action, as shown in 
Figure 4. Pressing the button changes the user 
state, allowing for the adjustment of the depth 
measurement line in both forward and back-
ward directions.

In the algorithm, we define a depth value, Ld 
(length of data), which is the modal length of 
the depth measurement line. This value in-
creases when the button is pressed to enter 
“forward” mode and decreases for the “back-
ward” mode. Importantly, this value is not the 
actual physical world penetration depth. To es-
tablish the relationship between Ld and the true 
puncture depth, we conducted data acquisition 
for 110 points. At each point, we measured the 
actual depth and performed polynomial fitting 
to obtain the following equation:

(1 - 4)

Where x is the depth value Ld and y is the physi-
cal real puncture depth.

Based on the above equation, we derived the 
relationship between the physical puncture 
depth and the pixel coordinates in the ultra-
sound image:

(1 - 5)

Where Px and Py are the pixel coordinates on 
the ultrasound image. The above formulas and 
algorithms were implemented on the host com-
puter to enable the depth measurement func-
tion.

Results

We used a variety of data metrics to measure 
the performance of the devices and algorithms.

Signal Smoothness measures the degree of 
fluctuation and smoothness in the signal. It 
was assessed using the first and second deriv-
atives:

(2 - 1)

(2 - 2)

Where     is the signal value at point i, and n is 
the total number of points, and      and      are 
its first-order and second-order derivatives.

The Coefficient of Variation (CV) measures the 
dispersion of the data relative to its mean. A 
lower CV indicates less data volatility:

(2 - 3)

Where      is the standard deviation and      is 
the mean of the data.

Count of Local Extrema counts the number of 
local maxima and minima in the filtered data. 
A reduction in local extrema indicates fewer 
sharp changes:

For each point, compare it to its neighboring 
points;

If a point is greater than its neighboring, it is a 
local maximum;

If a point is smaller than its neighbors, it is a 
local minimum;

The total number of local maxima and minima 
is then calculated.

Root Mean Square Error (RMSE) measures the 
magnitude of the error between the predicted 
values and the actual observed values:

(2 - 4)

Where      is the true value and      is the pre-
dicted value for the i-th data point.

Mean Absolute Error (MAE) measures average 
absolute error between the predicted and actu-
al values:

(2 - 5)



111

Progress in Medical Devices 2025; 3 (2): 106-114. PMD24090370

Progress in Medical Devices

Where      is the true value and      is the pre-
dicted value for the i-th data point.

The R-squared value indicates the proportion of 
variance in the dependent variable explained 
by the independent variables in the regression 
model. A value closer to 1 indicates better ex-
planatory power:

(2 - 6)

Where, SSE (Sum of Squares Errors) stands 
for the sum of squared residuals, which is the 
differences between the observed and predict-
ed values. SST (Sum of Squares Total) stands 
for sum of squares total, which is the sum of 
squared differences between each observation 
and the overall mean.

Experimental results of filtering algorithm

The angle acquisition module was kept sta-
tionary, and 1,000 data points were collected 
to reflect the fluctuations caused by the instru-
ment’s inherent noise, with no external inter-
ference. Afterwards, the designed filtering al-
gorithm was then applied to the data to obtain 
the result data.

The pre-filtered and post-filtered data are 
shown in Figure 5. Figure 5A shows the origi-
nal data before filtering; Figure 5B shows the 
intermediate results after filtering using the 
standard deviation method with outlier data 
removed; Figure 5C shows the final filtered re-
sults after applying both the standard deviation 
method and mean filtering, with outliers and 
random noise removed.

As shown in the figures, the standard devia-
tion method effectively filters out the transient 
impulse noise in the original data, while mean 
filtering removes random noise, resulting in 
smoother data. To evaluate the effectiveness 
of the filtering algorithm, we applied the per-
formance index tests mentioned earlier to the 
data before and after filtering. The results of 
the performance metrics are summarized in 
Table 1.

The Signal Smoothness significantly improved, 
decreasing from 0.036989 to 0.0010376, 
the CV decreased from 0.00046682 to 
0.0004323, and the Count of Local Extrema 
decreased from 251 to 135. These improve-
ments suggest that the filtering algorithm en-
hances the accuracy and stability of angle data 
acquisition. The reduction in extreme values 
and peaks further indicates that the filtered 
data are more stable.

Depth measurement algorithm test results

To establish the relationship between the depth 
measurement value Ld and the actual pene-
tration depth, we utilized MATLAB’s polynomial 
fitting tool to generate a fitting formula. The for-
mula, along with the fitted data points, is shown 
as Figure 6.

The results demonstrate a unitary function cor-
respondence between Ld and true depth. The 
performance metrics of the fitted function are 
presented in the Table 2.

The coefficient of determination of the fitting 
formula is 1, and the RMSE and SSE values are 
extremely small, which indicates that the fitting 
formula has strong explanatory power and can 

Figure 5. Filter algorithm result data. (A) Raw data; 
(B) Intermediate results; (C) Filtered results.

Figure 6. Fitting Function and Fitted Data Points.
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accurately describe the relationship between Ld 
and the real depth in the physical world.

We then developed a test program that used 
an image processing algorithm to measure the 
pixel coordinates of the puncture needle tip 
in the ultrasound image. The algorithm then 
compared these pixel coordinates with those of 
the guide-line endpoint, calculating the error to 
assess the performance.

In the tests, we collected coordinate data from 
150 pairs of points. The average error between 
points was 3.53 pixels. Using the fitting formula, 
the corresponding average error for the depth 
measurement algorithm was found to be 0.216 
mm. Finally, we constructed an experimental
bench and performed simulation testing using
the puncture needle with scale, ferrule, breast
body model, ultrasound instrument, and probe
fixation bracket designed in this paper. The set-
up and test results are shown in the Figure 7.
The upper computer running results show that
the angle at the center of the lesion is 19.47
degrees, with a calculated virtual depth of 67.7
mm.

Discussion

In this paper, an instrument guidance device 
capable of providing navigation information is 
presented. During the design process, several 
iterations were performed to optimize both the 
hand-holding sensation and device’s size, re-
sulting in a compact, user-friendly version.

We developed a filtering algorithm that process-
es data from the ADS1110 chip to provide ac-
curate angle information to the physician. The 
filtered data meets the required accuracy and 
smoothness, with reduced noise. Further opti-
mizations can be made at both the hardware 
and software levels. On the hardware side, 
adding an RC filter circuit could further reduce 
noise. On the software side, increasing the 
sampling rate to 240 sps could improve the re-
al-time response speed and enhance the data 
volume, ensuring a faster and more responsive 
system.

To assist the surgeon in estimating the punc-
ture depth before the procedure, we introduced 
a virtual guide-line feature. This feature has 
shown strong performance, but it can also be 

Table 1. Performance metrics of raw data, intermediate results and filtered results
Signal Smoothness CV Count of Local Extrema

Raw data 0.03698900 0.00046682 251
Intermediate results 0.02928600 0.00044010 291
Filtered results 0.00103760 0.00043230 135
Note: CV, Coefficient of Variation.

Table 2. Performance parameters for fitting functions
SSE R-squared RMSE
5.9875e-28 1 2.1218e-15

Note: SSE, Sum of Squared Errors; RMSE, Root Mean Square Error.

Figure 7. Experimental Bench and Experimental Effect. (A) Experimental Bench; (B) Upper Computer Operation 
Effect.
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optimized further. Hardware improvements, 
such as incorporating a magnetic sensor for 
real-time depth measurement, could increase 
accuracy. On the software side, implementing 
a tip detection algorithm would allow for more 
precise real-time depth calculations.

Additionally, we developed an angular depth 
measurement algorithm tailored to the doctor’s 
needs. This algorithm aids in preoperative plan-
ning by estimating the puncture depth using 
intraoperative imaging. The final test results 
demonstrate that the virtual bathymetry algo-
rithm we designed performs well and meets the 
expected accuracy and reliability.

Conclusions

In this paper, we present an instrument guid-
ance device that provides real-time navigation 
information to assist physicians during proce-
dures. The device’s mechanical structure was 
carefully engineered and 3D printed. An angle 
sensor, capable of measuring angle between 
the puncture device and the ultrasound probe, 
is integrated into the design. A sensor driver 
module drives the angle sensor and capture 
real-time keystroke information. We also devel-
oped a filtering algorithm to reduce noisy in the 
angle sensor data and a depth measurement 
algorithm to estimate the virtual depth before 
puncture.

The filtering algorithm effectively addresses the 
noise characteristics of the sensor data, ensur-
ing accurate angle navigation for the physician. 
The depth measurement algorithm is precise 
in both positioning and measurement, helping 
doctors determine the accurate depth of the 
surgical target prior to surgery.

The instrument guidance device is compact, 
lightweight, and easy for the doctor to hold, 
without interfering with hand movements 
during the procedure. Data collected using an 
ultrasound instrument and experimental bench 
validated the performance of the algorithms. 
The results confirm that the device provides 
accurate and reliable navigation data to assist 
physicians in their procedures.
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Introduction

Tonsils, or palatine tonsils, are lymphoid tis-
sues located in the upper oropharyngeal and 
nasopharyngeal regions, serving a crucial 
immunological function in infection defense. 
In clinical practice, patients may experience 
varying degrees of pharyngeal pain, which may 
significantly impair both physical and psycho-
logical well-being, ultimately affecting their 
overall quality of life. Therefore, prompt and ef-

fective intervention is crucial to mitigate these 
adverse effects [1]. For patients with chronic 
pharyngeal inflammation secondary to recur-
rent acute tonsillitis, peritonsillar abscesses, or 
tonsillar hypertrophy-induced obstructive sleep 
apnea, symptom severity dictates the necessity 
for immediate treatment. Cases demonstrating 
severe symptoms require urgent medical atten-
tion. Appropriate therapeutic intervention must 
be implemented promptly to minimize adverse 
health impacts and maintain quality of life. Un-
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Abstract

Objective: This study utilizes finite element modeling to investigate the coupled electric-thermal field distributions 
for three novel electrode designs, assessing their ability to induce electric breakdown in saline for plasma genera-
tion. Furthermore, the ablation effects of various electrode shapes were validated through ex vivo tissue ablation 
experiments, ensuring both the safety and feasibility of the electrodes. Methods: Three electrode structures were 
designed: the ring-needle electrode, the needle electrode, and the cylinder electrode. A COMSOL Multiphysics 
finite element model simulated their behavior in saline. This modeling approach enabled a detailed analysis of 
the spatial variations in both the electric and temperature fields. Furthermore, the electrodes were tested at four 
voltages (180 V, 220 V, 260 V, and 300 V) and a frequency of 100 kHz on porcine liver tissue to evaluate ablation 
performance. Results: Simulations showed temperatures of 25-70 °C at 0.3 mm above the three electrodes, 
with electric field strength exceeding 1 *10^6 V/m, which are sufficient to trigger electric breakdown and plasma 
formation. Ex vivo experiments confirmed ablation efficacy, with the ring-needle electrode exhibited the best per-
formance at a voltage of 300 V, achieving a 2.3 mm ablation depth and 0.72 mm² thermal damage area. Conclu-
sion: Finite element simulation and ex vivo experiments demonstrate the feasibility of the proposed electrodes, 
highlighting their potential as an innovative solution for plasma-based ablation technologies.

Keywords: Low-temperature plasma, ablation electrode, structural design, Multiphysics simulation

Highlights
● Three different electrode structures, including ring-needle electrode, needle electrode, and cylinder electrode, 
   were designed to accommodate diverse surgical requirements.
● A novel low-temperature plasma ablation electrode features interchangeable tips, enabling surgeons to select 
   appropriate tips based on specific operative situations.
● With increased electric field strength, ring-needle electrodes facilitates liquid medium breakdown, thereby opti
   mizing plasma generation and ablation efficacy.
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der clinical supervision, tonsillectomy may rep-
resent a more effective treatment option over 
conservative management [2].

In otolaryngological practice, tonsillectomy 
techniques are classified into two categories: 
cold dissection (conventional surgical excision) 
and thermal methods employing high-frequency 
electrosurgery [3, 4]. Currently, electric surgical 
tools widely used in medical practice, such as 
high-frequency instruments, function by gen-
erating resistive heat during current passage 
through electrodes to achieve tissue sectioning. 
This significant thermal mechanism frequently 
induces substantial collateral tissue damage, 
potentially compromising wound healing and 
promoting excessive scar formation [5-8]. Con-
versely, traditional scalpel-based procedures 
are often associated with significant postopera-
tive pain due to their mechanical cutting action. 
Furthermore, cold knife surgery lacks inherent 
hemostatic property, potentially increasing both 
intraoperative and postoperative hemorrhage, 
thereby requiring supplementary hemostatic 
measures [9-11].

Recent advances have introduced low-tempera-

ture plasma ablation technology as a minimally 
invasive alternative that overcomes limitations 
of conventional techniques regarding surgical 
precision, hemorrhage control, and thermal 
injury. This technology facilitates precise dis-
section and efficient coagulation through small 
incisions, offering distinct advantages including 
reduced postoperative discomfort, faster re-
covery, improved hemostasis, and decreased 
thermal damage compared to traditional meth-
ods [12-16]. These characteristics demonstrate 
the significant clinical potential and promising 
applications of low-temperature plasma tech-
nology in surgical practice.

China has made significant strides in the field 
of low-temperature plasma ablation scalpel 
technology, with research primarily concen-
trating on liquid-phase plasma generation [17, 
18]. Key developments include multi-channel 
drainage circulation systems and optimized 
suction ports. Current plasma scalpel designs 
integrate anti-clogging mechanisms and ensure 
uniform saline coverage of electrodes. Notably, 
significant advancements have been made in 
liquid injection systems, which facilitate stable 
plasma layer formation while providing effective 

Figure 1. Three-dimensional model of a low-temperature plasma ablation tip. (A) Cylinder electrode; (B) 
Ring-needle electrode; (C) Needle electrode; (D) Detailed structural view of the ablation head.
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cooling and cleaning of ablation sites. How-
ever, previous studies have primarily focused 
on innovative suction and irrigation systems 
to minimize electrode-induced thermal dam-
age. Less attention has been paid to issues 
such as non-replaceable cutter heads and the 
monomorphic emitter electrode designs. These 
design constraints prevent surgical adaptation 
to varying operative conditions, potentially com-
promising ablation efficacy - an issue requiring 
urgent investigation. Electrode design must 
carefully balance thermal damage minimization 
with surgical effectiveness, considering both 
surgical outcomes and patient safety.

Precise control of plasma scalpel thermal ef-
fects is essential to prevent collateral tissue 
damage. Empirical evidence indicates that 
optimized electrode structural design, along 
with the fine-tuning of plasma parameters, can 
significantly contribute to the precise tempera-
ture control and the mitigation of unintended 
thermal injury [19, 20]. Finite Element Model-
ing and Finite Element Analysis serve as potent 
tools within the biomedical domain, they facili-
tate an in-depth investigation of electrothermal 
field variations and foster the development of 
novel technologies [21, 22]. By employing COM-
SOL Multiphysics, we conducted an in-depth 
analysis of the coupled thermal - electrical in-
teractions of various electrode configurations 
in physiological saline, yielding essential theo-
retical data for assessing system stability and 
safety.

Materials and methods

3D models

A three-dimensional model of the low-tempera-
ture plasma ablation head was developed, as 
depicted in Figure 1. This model is primarily 
comprised of a titanium electrode head, an 
insulating ceramic component, and essential 
ancillary devices. The present study introduc-
es three distinct electrode configurations: the 
cylinder electrode (Figure 1A), the ring-needle 
electrode (Figure 1B), and the needle electrode 
(Figure 1C), each fabricated from titanium. 
These electrodes feature one side electrically 
grounded and the opposing side serving as the 
anode. The design incorporates insulated per-
manent magnets at the proximal ends of both 
the ceramic head and inner steel tube. These 
magnets are arranged with opposing polarities, 
ensuring secure attachment to the scalpel han-
dle through magnetic coupling, as illustrated in 
Figure 1D.

Physical model control equations

Finite element analysis was performed using 
the COMSOL Multiphysics (COMSOL, UK) to in-
vestigate the coupling between electromagnetic 
and thermal fields. The simulation incorporated 
the ‘Electric Currents’ and ‘Heat Transfer in 
Solids’ modules for multiphysics coupling. The 
electric field distribution was governed by fun-
damental electromagnetic principles:

Current continuity described by Ohm’s law 
(J=σE), where J represents current density (A/
m²), σ denotes conductivity (S/m), and E is 
electric field intensity (V/m) [23]; 

Electrostatic field distribution following the La-
place equation: ∇ ∙(σ∇V  )=0 [24]; 

Electric field-potential relationship: . E=-∇V

The thermal field was modeled using the heat 
transfer equation [25]:ρC ∂T/∂t-∇∙(k∇T )=J∙E. 
In this context, T represents the temperature 
(°C), ρ denotes the mass density (kg/m³), C 
indicates the specific heat capacity (J/(kg*K)), 
t refers to time (s), and J·E accounts for Joule 
heating.

Material properties 

The electrothermal characteristics of plasma 
generation in saline were analyzed using COM-
SOL 6.0. Material parameters were selected 
according to simulation requirements, with 
key properties listed in Table 1. The tempera-
ture-dependent saline properties were derived 
from empirical equations, where T represents 
the real-time temperature (°C) [26, 27].

Simulation models and boundary conditions

To optimize computational efficiency, the origi-
nal saline model was simplified to a cylindrical 
structure. This streamlined model reduces 
computational complexity, accelerates calcula-
tion speed, while preserving model accuracy, 
enabling faster simulations with lower compu-
tational costs. A detailed schematic of the sim-
plified model is presented in Figure 2A.

Boundary conditions were defined for both 
the contact surface between the geometric 
model and the surrounding environment, and 
the internal contact surface within the model. 
It is necessary to add a potential boundary 
condition and a ground boundary condition for 
the current (ec). Specifically, in the simulation 
of the ring-needle electrode, one side was as-
signed a positive potential, while the opposite 
side was grounded. The global parameters, as 
indicated in Table 1, were set to 260 V. Addi-
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tionally, the surface in contact with the physio-
logical saline and the external environment was 
designated as electrically insulating. In terms 
of solid heat transfer, the initial temperature 
was set to 293 K, as shown in Table 1, with the 
boundary conditions illustrated in Figure 2C.

To balance accuracy and computational effi-
ciency, the grid size was optimized, and the 
model was discretized into tetrahedral meshes. 
A needle electrode was selected as a represen-
tative model for the simulation. The geometry 
included four domains, 26 boundaries, 44 

edges, and 28 vertices. The mesh consisted of 
102,482 domain elements, 10,412 boundary 
elements, and 752 edge elements. Figure 2B 
depicts a 3D diagram of the generated mesh. 
The coupled electric-thermal fields were solved 
using transient time stepping, employing PARDI-
SO direct solver for the simulation [28].

Electrode ablation experiment

Three different electrode tip configurations 
were fabricated using 3D printing technology 
and subsequently assembled. Discharge and 

Table 1. Material properties
Position Materials Displayed formula Value Properties

Ceramic Glass

rho_GI 2595 [kg/m^3] 2595 kg/m3 Densities, Ceramic Glass
k_GI 1.09 [W/(m*K)] 1.09 W/(mK) Thermal conductivity, Ceramic Glass
Cp_GI 750 [J/(kg*K)] 750 J/(kgK) Heat capacity, Ceramic Glass
sigma_GI 1e-5 [S/m] 1E-5 S/m Electrical conductivity, Ceramic Glass
rho_Ti 4500 [kg/m^3] 4500 kg/m3 Densities, Titanium

Electrode k_Ti 21.90 [W/(m*K)] 21.90 W/(mK) Thermal conductivity, Titanium
Cp_Ti 523 [J/(kg*K)] 523 J/(kgK) Heat capacity, Titanium
sigma_Ti 2.5e5 [S/m] 2.5E5 S/m Electrical conductivity, Titanium
V0 260 [V] 260 V Initial voltage
T0 19.85 [deg C] 293 K Initial temperature

Figure 2. Simulation model and its specific parameter settings. (A) Simplified model of the electrode tip; (B) 3D 
meshing diagram of the model; (C) Electrode boundary geometric entity layers: electrode (i); insulating ceramic (ii); 
physiological saline (iii).
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ablation experiments were performed in physio-
logical saline at various voltage levels, with the 
experimental setup shown in Figure 3.

At standard temperature and pressure, dis-
charge measurements were conducted on 
plasma equipment connected to the same elec-
trode at different voltage levels: 180 V, 220 V, 
260 V, and 300 V, and the observed phenom-
ena were documented. Simultaneously, the 
discharge characteristics of plasma equipment 
with differently structured electrodes were mea-
sured at the same voltage levels. A total of 12 
photographs were taken to illustrate the exper-
imental phenomena, with particular emphasis 
on the generation of orange plasma at varying 
voltages. Due to variations in electrode shapes, 
the voltage required for stable plasma genera-
tion differed among plasma devices. Voltages 
of 180 V, 220 V, 260 V, and 300 V were ap-
plied, and ablation of porcine liver tissue was 
performed at these voltage levels. To compare 
the ablation effects of the three electrodes, the 
ablation process was carried out at four distinct 
voltages. In total, four sets of experiments were 
conducted for electrodes with different shapes, 
resulting in 12 experimental sets.

Results

Temperature field simulation of the 3D elec-
trode model 

The temperature field simulation results for 
three electrodes are shown in Figures 4A-C. 
The temperature of the physiological saline, 
in regions distal to electrodes, exhibited slight 
fluctuations over time, maintaining a stable 

value of 19.85 °C. Notably, the temperature 
increased around the electrode as the distance 
decreases, reaching a maximum of 110.298 
°C for the needle electrode (Figure 4A). The 
peak temperature in the ring-needle electrode 
simulation was approximately 106°C (Figure 
4B), while the peak temperature of the cylinder 
electrode was 94 °C (Figure 4C). Temperature 
variations were examined at a distance of 
0.3 mm above the electrodes. For the needle 
electrode (Figure 4D), the temperature of the 
physiological saline gradually increased over 
time. At time t = 1E-5, the temperature 0.3 mm 
above the needle electrode ranged from 20 °C 
to 110 °C, with higher temperatures observed 
near the electrode and temperatures remaining 
below 40 °C further away. For the ring-needle 
electrode (Figure 4E), a noticeable tempera-
ture gradient was observed in a localized area 
centered around the electrode. These results 
suggest a concentration of thermal energy near 
the electrode tips, which may influence tissue 
interaction and ablation effectiveness. At time 
t = 1E-5, the temperature of the physiological 
saline near the electrode peaked at approxi-
mately 100°C, while temperatures in the sur-
rounding regions dropped slightly below 35 °C. 
As depicted in Figure 4F, the temperature near 
the cylinder electrode gradually escalated be-
fore reaching a plateau, with a range of approx-
imately 32 °C to 47 °C.

Electric field simulation of the 3D electrode 
model

The one-dimensional electric field distributions 
for three electrode configurations are shown in 
Figures 5A-C. This simulation study investigates 

Figure 3. Discharge and ablation experiments. (A) Physical diagram; (B) Schematic diagram; (C) Detailed diagram.
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the correlation between electric field intensity 
and arc length, with a particular focus on field 
strength variations along the discharge path.

As shown in Figure 5A, the field strength in the 
central region of the needle electrode reached 
1.57*10^6 V/m, meeting the minimum plas-
ma formation threshold. Figure 5B illustrates 
the one-dimensional electric field model of the 
ring-needle electrode. The field strength in the 
central ring region was 1.2*10^6 V/m, while 
the field strength in most discharge areas of 
the electrode exceeded 1.8*10^6 V/m, and 
the maximum field strength reached 3.4*10^6 
V/m. For the cylinder electrode, as shown in 
Figure 5C, the field strength near the electrode 
was 1.6*10^6 V/m. Notably, the field strength 
exceeded the 1*10^6 V/m threshold in ma-

jority regions. A comparative analysis of the 
one-dimensional electric field distribution imag-
es for the three electrode configurations under 
identical voltage and temperature conditions 
reveals that the local electric field intensity of 
the ring-needle electrode was markedly higher 
than that of the needle and cylinder electrodes.

Electrode ablation experiment

The discharge properties of the electrode were 
systematically examined across a range of 
voltages. Figure 6A illustrates the electrodis-
charge phenomena observed for the needle 
electrode at four distinct voltage levels (180 V, 
220 V, 260 V, and 300 V). In Figure 6A(i), it is 
evident that no orange substance was gener-
ated. Figures 6A(ii-iii) demonstrate that at volt-

Figure 4. Temperature field simulation of different electrodes and the temperature variation curve over time at 
0.3 mm above different electrodes. (A) Needle electrode; (B) Ring-needle electrode; (C) Cylinder electrode; (D) 
Needle electrode; (E) Ring-needle electrode; (F) Cylinder electrode.

Figure 5. One-dimensional diagram of the electric field distribution for different electrode discharging in physio-
logical saline. (A) Needle electrode; (B) Ring-needle electrode; (C) Cylinder electrode.
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ages of 220 V and 260 V, orange substances, 
identified as plasma, were generated, although 
the color remains relatively dark. Figure 6A(iv) 
reveals that at 300 V, the electrode produced a 
stable bright orange substance. As the voltage 
increasing, the effects of the needle electrode 
became increasingly pronounced (Figure 6B). 
Experimental results indicate that at 300 V, the 
orange plasma light emitted by the needle elec-
trode reached its maximum brightness. Figure 
6C shows that while the intensity of the orange 
discharge from the cylinder electrode augment-
ed with increasing voltage, it remained lower 
compared to the needle electrode, even at the 
highest voltage tested. Among the four voltage 
levels evaluated, the cylindrical electrode exhib-
ited the most favorable discharge characteris-
tics at 300 V. A comparative longitudinal anal-
ysis of the discharge phenomena for the three 
distinct electrode types, as depicted in Figures 
6A(iv), 6B(iv), and 6C(iv), indicates that the 
ring-needle electrode generated an orange-col-
ored discharge material with the highest lumi-
nosity. This is followed by the needle electrode, 
which exhibits a comparatively lower luminosity, 
while the cylinder electrode demonstrates the 
least luminosity among the three.

Building on this foundation, a detailed analysis 

was conducted on the electrode ablation ef-
fects under varying voltage conditions. Figure 
7A shows the thermal damage area and ef-
fective ablation depth from a 2-second needle 
electrode ablation of porcine liver tissue. As 
the voltage increased from 180 V to 260 V, the 
effective ablation depth increased rapidly from 
0.4 mm to 1.7 mm. However, from 260 V to 
300 V, the depth of the effective ablation area 
experienced a deceleration, increasing only 
from 1.7 mm to 2.1 mm. The effective ablation 
area was significantly enlarged at this voltage 
level, while the thermal damage to surrounding 
normal tissue was relatively minimized. Fig-
ure 7B delineates that at a voltage of 300 V, 
the ring-needle electrode yielded the smallest 
thermal damage area, measured at 0.72 mm², 
and the deepest effective ablation, reaching 
1.13 mm in depth. Furthermore, Figure 7C 
illustrates that with increasing voltage, there 
was a corresponding reduction in the thermal 
damage area associated with cylinder electrode 
ablation, suggesting an optimization of the ab-
lation process at higher voltages. At 180 V, the 
thermal damage area reached its maximum. 
Although the effective ablation depth increased 
with voltage, the increase was minimal, with a 
change of only 0.7 mm.

Figure 6. Discharge behavior of three types of electrodes in saline solution at different voltages. (A) Needle elec-
trode; (B) Ring-needle electrode; (C) Cylinder electrode; i-iv: 180 V, 220 V, 260 V, and 300 V.
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This study systematically evaluates the ablation 
performance of three electrode configurations 
under standardized voltage conditions. Com-
parative analysis of ablation effects (Figure 
8A) reveals a consistent efficacy hierarchy: 
ring-needle electrodes demonstrate superior 
performance, followed by needle electrodes, 
with cylinder electrodes exhibiting the lowest 
efficacy. Specifically, at the maximum test volt-
age of 300 V, the ring-needle electrode exhib-
ited the smallest area of protein denaturation 
and discoloration, significantly lower than that 
observed with the needle and cylinder elec-

trodes. The voltage-dependent ablation charac-
teristics are presented in Figure 8B. Both ab-
lation depth and thermal damage area exhibit 
non-linear relationships with applied voltage. As 
voltage increasing, the effective ablation depth 
in porcine liver tissue increased for all three 
electrodes, ranked from largest to smallest as 
follows: ring-needle type electrode, needle type 
electrode, and cylinder electrode (Figure 8B(i)). 
Furthermore, Figure 8B(ii) indicates that, with 
increasing voltage, the thermal damage area 
for both the needle and cylinder electrodes 
exhibited a gradual reduction. In contrast, 

Figure 7. Curves showing the change in thermal injury area and effective ablation depth in porcine liver tissue 
over time for different electrodes. (A) Needle electrode; (B) Ring-needle electrode; (C) Cylinder electrode.

Figure 8. Voltage-dependent ablation effects of three types of electrodes. (A) Pictures of ablation effects on por-
cine liver tissue from three types of electrodes; (B) Curves of effective ablation depth (i) and thermal damage area 
(ii) for three types of electrodes.
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ring-needle electrode demonstrated an initial 
increase in thermal damage with subsequent 
decrease. A comprehensive analysis of Figures 
8A-B reveals that the ring-needle electrode re-
sults in reduced thermal damage and a larger 
ablation area at the same voltage.

Discussion

Low-temperature plasma ablation represents 
a significant advancement in tissue ablation 
technology, integrating cutting, hemostasis, 
and suction capabilities while maintaining a 
low-temperature condition. This methodology 
offers multiple clinical benefits, including re-
duced postoperative inflammation, minimized 
patient discomfort, improved surgical field visu-
alization, and enhanced procedural efficiency. 
These advantages have established low-tem-
perature plasma ablation in tonsillectomy sur-
gery as an increasingly important tool in tonsil-
lectomy procedures, with growing recognition 
of its clinical value [14]. While existing research 
has primarily focused on optimizing plasma lay-
er formation and implementing rapid cooling/
cleaning mechanisms through multi-channel 
drainage systems, critical limitations in current 
device design have remained unaddressed. 
The fixed configuration of conventional plas-
ma scalpel heads, featuring non-replaceable 
electrodes with uniform emission geometries, 
presents significant constraints in adapting to 
diverse surgical requirements. In this study, 
three distinct electrodes configurations were 
designed to address the aforementioned issue.

The simulation results demonstrate distinct 
thermal gradients surrounding the three elec-
trode types, with proximal temperatures reach-
ing 70-100 °C while rapidly decreasing with 
distance from the electrode surface. This 
finding confirms the localized effect of low-
temperature plasma ablation, where the 
elevated temperatures are confined to the 
immediate tissue interface while maintaining 
sub-lethal temperatures in surrounding regions. 
This temperature range not only facilitates 
effective ablation but also minimizes thermal 
injury to adjacent tissues. Through extensive 
research and precise calculations, significant 
results have been achieved in temperature 
distribution, and accurate simulations of the 
e l e c t r i c  f i e l d  d i s t r i b u t i o n  h ave  b e e n 
demonstrated. According to the dielectric 
breakdown theory of gas discharge ignition, 
when the electric field intensity within the vapor 
layer exceeds a certain critical threshold, the 
gaseous medium in the vapor layer undergoes 
electrical breakdown, leading to electron ava-
lanche ionization and the formation of plasma 

[29]. The electric field intensity E within the va-
por layer can be rigorously expressed as: 

,whereιV  is the thickness of the vapor

layer, and UV is the voltage applied across the 
electrodes. Plasma discharge in saline liquid 
media involves complex vapor-layer dynamics 
and localized electric field distributions. The 
breakdown threshold is determined based on 
the properties of the gas mixture. In this study, 
the vapor layer primarily consists of a mixture 
of hydrogen and water vapor, and the break-
down field strength of the vapor layer is set to 
an empirical value of 1*10^6 V/m. This empiri-
cal value is commonly used to describe the 
breakdown behavior of air or similar gases (e.g., 
water vapor, hydrogen, etc.), with the specific 
magnitude determined based on factors includ-
ing the ionization energy of the gas molecules, 
collision cross-section, and dielectric properties 
of the gas mixture [30]. In the experiment, the 
applied voltages (180 V, 220 V, 260 V, and 300 
V) were combined with the corresponding vapor
layer thicknesses to calculate the resulting
electric field strengths. These values were then
compared to the empirical breakdown thresh-
old (1*10⁶ V/m) to validate whether the break-
down conditions were satisfied.

Image analysis revealed that the three elec-
trode structures designed in this study were 
capable of generating bubble layer with thick-
ness ranging from 100 to 300 µm in saline me-
dium, as determined by finite element analysis. 
Within these bubble layers, the electric field 
strength exceeded 1*10^6 V/m, sufficient to 
induce electrical breakdown and ensure plas-
ma formation, thereby establishing favorable 
conditions for subsequent experiments.

The discharge phenomena of cylinder electrode 
in the saline solution under four different volt-
ages were not significant. This indicates that at 
this stage, only minimal plasma was generat-
ed, primarily causing thermal damage through 
heating. Notably, in sparse discharge regions, 
such localized heating can readily lead to tissue 
burns [14].

A comprehensive study was conducted on the 
ablation effects of electrodes with different 
shapes under the same voltage conditions. 
The results indicate that the effective abla-
tion depth decreases as follows: ring-needle, 
needle, and cylinder electrodes. Bio-thermal 
damage is determined by the combined effect 
of temperature and exposure time. When the 
cumulative thermal dose exceeds a critical 
threshold, the affected tissue is deemed to 
have undergone thermal necrosis [31, 32]. For 
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instance, at 300 V, the ring-needle electrode 
demonstrated the smallest area of protein 
denaturation and discoloration, indicating the 
least thermal damage to surrounding healthy 
tissue. Concurrently, as voltage increased, the 
thermal damage area decreased for both nee-
dle and cylinder electrodes. This trend may be 
attributed to enhanced electric field intensity 
at higher voltages, which triggers electrical 
breakdown and subsequent plasma genera-
tion. When employing the ring-needle electrode 
for ablation of porcine liver tissue, the thermal 
damage area initially increased and then de-
creased. This observation suggests that as 
voltage rises, both the quantity of generated 
plasma and its energy content also increase. 
Therefore, higher voltage correlates with en-
hanced ablation capability and improved re-
section efficacy. However, it should be noted 
that while increasing voltage can expand the 
effective ablation zone, exceeding a certain 
threshold may result in more severe thermal 
damage to surrounding normal tissue. Hence, 
the application of higher voltages in clinical 
practice requires cautious consideration.

This study comprehensively investigated the 
mechanical design, finite element simulation, 
and ablation experiments of three types of 
electrodes. However, long-term studies remain 
necessary to confirm their safety and efficacy, 
particularly regarding whether the electrodes 
can reliably generate plasma discharges in sa-
line environments. If the findings are extended 
to low-temperature plasma ablation procedures 
for tonsillectomy, we can anticipate that both 
the needle and ring needle electrodes would 
demonstrate satisfactory temperature and 
electric field distributions to meet clinical re-
quirements. A significant challenge lies in the 
performance of cylinder electrodes. Specifically, 
when ablating porcine liver tissue, the cylin-
der electrode failed to achieve effective plas-
ma-mediated ablation, resulting in substantial 
thermal damage. This failure can be attribut-
ed to insufficient electric field strength, not 
reaching the threshold required for electrical 
breakdown, which inhibits plasma generation. 
Potential causes for this phenomenon include 
insufficient extension length of the cylinder 
electrode and/or incomplete contact between 
the bipolar cutting surface and the tissue. Ad-
ditionally, different types of material processing 
require distinct plasma characteristics, which in 
turn affect the plasma discharge process and 
its characteristics [33]. To address this issue, 
potential solutions include optimizing electrode 
length, adjusting electrode geometry, and mod-
ifying the conductive properties of electrode 
material to promote more stable and intense 

plasma generation, thereby increasing plasma 
yield. Furthermore, the effects of different volt-
age levels on the discoloration area and effec-
tive ablation depth can help determine optimal 
voltage parameters.

Conclusion

Through finite element simulation analysis and 
ablation experiments involving three distinct 
electrode shapes, the feasibility and advan-
tages of each electrode were validated. The 
findings indicate that all three electrodes can 
effectively achieve tissue cutting and ablation 
during surgical procedures while significantly 
minimizing thermal damage to adjacent normal 
tissues. Furthermore, these electrodes gener-
ate vapor layers where the electric field intensi-
ty is sufficient to induce electrical breakdown, 
thereby facilitating plasma formation. Experi-
mental results demonstrate that as the voltage 
increases, the electrodes produce brighter 
and more stable plasma. Notably, at 300 V, all 
three electrodes generated the most stable 
and luminous plasma. Additionally, as the volt-
age increases, thermal damage to surrounding 
normal tissue decreases, while the effective 
ablation area expands. Among the tested elec-
trodes, the ring-needle electrode demonstrated 
the highest ablation efficiency.

In summary, these three electrodes can effec-
tively achieve tissue cutting and hemostasis 
while ensuring the safety of therapeutic out-
comes. This research provides a novel ap-
proach for the design of electrodes for low-tem-
perature plasma ablation, thereby promoting 
their medical applications and clinical develop-
ment.
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Abstract

Objective: To design and validate a portable multi-degree-of-freedom electric needle holder to improve operation-
al flexibility and precision in laparoscopic surgery, while reducing the operator’s workload. The design optimizes 
the transmission system to enable precise control of surgical instruments, addressing the challenges of complex 
surgical environments. Methods: A multi-degree-of-freedom transmission structure, driven by steel wires, was de-
signed. It integrates motors and angle sensors to achieve multi-directional rotation and force control for the grasp-
ing forceps. The experimental section includes tests for maximum gripping force, maximum extraction force, and a 
porcine suturing experiment. The performance of the electric needle holder was compared with traditional needle 
holders in simulated laparoscopic surgery to verify its effectiveness. Results: Experimental results show that the 
maximum gripping force of the electric needle holder at various angles reached 29.6 N, significantly higher than 
that of traditional needle holders. The maximum extraction force for needles of different sizes is approximately 
12.9 N, effectively preventing needle slippage. Additionally, the porcine suturing experiment demonstrated that 
the electric needle holder significantly reduced operation time and improved suturing precision in complex surgical 
settings. Conclusion: The portable multi-degree-of-freedom electric needle holder enhances operational flexibility 
and safety in laparoscopic surgery by increasing the rotational degrees of freedom and precise motor control. Its 
superior gripping force and operational efficiency suggest strong clinical potential, offering significant improve-
ments over traditional surgical instruments.

Keywords: Needle holder, multi-degree-of-freedom, motor-driven, portable, structural design

Highlights
● Innovative Design: A wire-driven multi-degree-of-freedom  electric needle holder enhances laparoscopic suturing

flexibility and stability.
● Advanced Motion Control: Two rotational joints enable yaw and pitch movements for precise needle placement

in confined spaces.
● Superior Clamping Performance: With a maximum clamping force of 29.6 N an extraction force of 12.9 N, the

needle holder prevents slippage.
● 28% Faster Suturing: Reduced operation time due to minimized repositioning in complex procedures.
● Clinical Potential: Validated through diverse tests, demonstrating accuracy and efficiency in minimally invasive

surgery.

Introduction

Laparoscopic surgery is a minimally invasive 
technique that involves inserting instruments 
through small incisions and using real-time 
imaging from an endoscope to guide precise 
operations. It is considered one of the most 
significant advancements in surgery in the 20th 

century. Traditional laparoscopic procedures 
typically require 3 to 5 small incisions, ranging 
from 5 to 20 millimeters in size. In contrast, 
Single-Incision Laparoscopic Surgery offers a 
less invasive alternative, with several potential 
advantages, including reduced postoperative 
pain, shorter recovery time, and improved cos-
metic outcomes [1]. 
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However, Single-Incision Laparoscopic Surgery 
still faces technical challenges, such as instru-
ment collisions, lack of appropriate triangula-
tion, and difficulty in tissue retraction [2, 3].

The needle holder is a key instrument in Sin-
gle-Incision Laparoscopic Surgery. As an in-
dispensable tool during suturing, it is used to 
clamp and control the suture needle, enabling 
complex suturing operations within the confined 
space of the surgical field. Given the limited 
operating space in minimally invasive surgery, 
the instrument’s degrees of freedom (DOF) and 
stability are critical for procedural success [4]. 
An ideal needle holder should provide high-pre-
cision control within the narrow surgical view 
while maintaining sufficient stability to ensure 
the quality of suturing. However, traditional rig-
id needle holders have limitations due to their 
restricted DOF, leading to longer surgical times 
and steeper learning curves [5, 6]. Figure 1 
compares the operating modes of traditional 
needle holders and multi-degree-of-freedom 
needle holders. Therefore, the development of 
multi-degree-of-freedom needle holders has 
become a primary approach to improving both 
surgical efficiency and the learning curve [7].

Wire-driven mechanisms, with their low iner-
tia, lightweight design, and high precision, are 
well-suited for long-distance transmission in 
confined spaces [8-10]. Consequently, most 
existing multi-degree-of-freedom instruments 
employ wire drive systems, which can be broad-
ly classified into two categories: rigid structures 
that form rotational joints through interconnect-
ed links, and flexible integrated structures that 
achieve bending through material deformation. 
Examples of the first category include the Real-
Hand instrument developed by Novare Surgical 
System, the Hand-X instrument developed by 
Human Extension, and handheld instruments 
used in robotic systems such as the da Vinci 
surgical robot [11-13]. The second category in-

cludes instruments like the Autonomy Lapro-An-
gle developed by Cambridge Endo [14]. While 
wire-driven systems offer advantages such as 
being lightweight and cost-effective, the holding 
force applied by the operator can lead to wire 
deformation, requiring greater force to drive the 
tool’s end-effector, which can result in operator 
fatigue [15, 16].

To address these challenges, this study pro-
poses a novel multi-degree-of-freedom electric 
needle holder. The proposed needle holder 
features a compact wire-driven joint structure 
and utilizes an electric motor to provide the 
clamping force, enabling precise multi-degree-
of-freedom control and enhancing operational 
comfort. This paper presents the design prin-
ciples, key technologies, and functional vali-
dation results of the proposed electric needle 
holder.

Materials and methods

Design principles of the needle holder

Traditional needle holders typically consist of 
a rigid long shaft, an end clamp, and a handle, 
providing two DOF: axial insertion and rotation. 
Due to the limited DOF and confined working 
space, movements such as yaw and pitch rely 
heavily on the operator’s large-arm motions, 
which are achieved through leverage [17]. Ad-
ditionally, the rotation direction of the needle 
holder is opposite to that of the operator’s arm 
movements, meaning that reaching the desired 
position with the instrument often requires 
considerable time and practice. This operating 
method not only increases the risk of interfer-
ence between instruments but can also cause 
secondary damage to the patient’s incision.

In certain surgical procedures, instruments 
must maneuver around organs, requiring the 
end-effector to possess a wide range of motion 
and large-angle directional adaptability. Tradi-
tional needle holders, limited to two DOF—axial 
insertion and rotation—force operators to rely 
on arm movements for adjustments, increasing 
the risk of collisions and procedural complexity. 
To address these challenges, the proposed nee-
dle holder integrates a front-end mechanical 
joint, introducing two additional DOF (yaw and 
pitch). This expands the total DOF to four (axial 
insertion, rotation, yaw, and pitch), allowing for 
precise needle angle adjustments in confined 
spaces. Compared to conventional instruments 
(2 DOF vs. 4 DOF), this design enhances the 
gripper’s motion range, reduces collision risks, 
and improves suturing efficiency and safety by 
minimizing reliance on operator arm leverage.

Figure 1. Comparison of Degrees of Freedom in Dif-
ferent Needle Holders. (A) Traditional Needle Holder; 
(B) Multi-Degree-of-Freedom Needle Holder.
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Due to tension loss caused by the steel wire 
passing through the guide pulleys in a wire-driv-
en pulley system, this loss directly affects the 
force and displacement transmission charac-
teristics [18]. By conducting a force analysis on 
the infinitesimal elements of the steel wire, the 
tension transfer characteristics in a single-pul-
ley system can serve as the foundation to de-
rive the tension transmission characteristics 
throughout the entire drive system.

Figure 2 shows the force analysis diagram at 
the contact point between the steel wire and 
pulley. In the force transmission process, the 
steel wire possesses elasticity and bending 
stiffness. Therefore, when modeling, it is nec-
essary to account for the elastic deformation, 
shear force, and bending moment of the steel 
wire. By establishing the force equilibrium 
equations along the X and Y axes and the force 
and moment equilibrium equations around 
point O, the following equation can be derived:

 （1）

Where T is the tension in the steel wire; Q is the 
shear force in the steel wire; M is the bending 
moment in the steel wire; N is the normal force 
at the contact surface of the steel wire;     is the 
Coulomb frictional force at the contact surface 
of the steel wire; r is the radius of the steel 
wire; R is the sum of the radius of the guide 
pulley and the radius of the steel wire; and     is 
the wrap angle at the contact surface of the 
steel wire. Since the diameter of the steel wire 
is typically small, its bending stiffness and 
radius are negligible, so it can be treated as a 
fine flexible rope. Therefore, Q=M=0 and r=0. 
When considering its nonlinear friction effects, 
the frictional force and normal pressure follow 
Amontons’ law [19]:

(2)

Where      and n are constants that depend on 
the materials of the two contacting objects.

From the above derivation, the relationship be-
tween the input tension and output tension of 
the steel wire between the            pulley and the   
      pulley can be expressed as:

(3)

From the equation (3), it can be seen that when 
the materials of the steel wire and pulley re-
main unchanged, both      and n are constants. 
The primary factor influencing the frictional loss 
of the input tension is the wrap angle of the 
rope on the pulley. Therefore, when designing 
the transmission system, the contact angle be-
tween the steel wire and the pulley should be 
minimized to reduce frictional losses.

Drive system design of the needle holder

In laparoscopic surgery, the movements of the 
needle holder primarily involve two aspects: 
first, the rotational movement of the needle 
holder within the abdominal cavity for suturing 
operations; and second, the application of a 
strong clamping force to the suture needle to 
prevent relative displacement between the 
clamp and needle during suturing. Due to the 
limited operating space in the laparoscopic en-
vironment, a short-range, precise driving mech-
anism is essential. Among various drive and 
connection mechanisms, the wire-driven joint 
mechanism occupies less space and allows for 
precise control. Therefore, a wire-pulley system 
with two joints is adopted to drive the needle 
holder.

Figure 2. Force Analysis of the Infinitesimal Element of the Steel Wire.
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The schematic of the joint structure is shown 
in Figure 3A. Joint 1 rotates around the X-axis, 
while Joint 2 rotates around the Y-axis, simul-
taneously controlling the opening and closing 
of the gripper. Rotation along the Z-axis is 
achieved by rotating the entire instrument to 
prevent internal interference and wire entangle-
ment. This mechanism provides two additional 
rotational DOF compared to traditional needle 
holders, granting the operator greater flexibility 
in performing laparoscopic procedures.

To align the rotational angles of the handle with 
the gripper and increase the handle’s move-
ment range, a long-distance driving mechanism 
using a specific steel wire transmission method 
was designed. The gripper’s rotation is con-
trolled by two joints. The first joint, controlling 
rotation in the XZ plane, uses two steel wires. 
One end of each wire is fixed, while the other 
end is connected to a driving pulley. When the 
handle rotates upward, one steel wire displaces 
under tension, controlling the gripper’s rotation 
along the Y-axis. When the handle rotates down-
ward, the other steel wire controls the reverse 
rotation. The second joint simultaneously con-
trols the gripper’s rotation in the YZ plane and 
its opening/closing motion, using two closed-
loop steel wires. Each wire is fixed to both the 
driving and driven pulleys. The driving pulleys 
are fixed to the left and right grippers, enabling 
independent control. When the gripper rotates 
around the X-axis, the fixed axis of the driving 
pulley rotates, and the relative positions of the 
left and right grippers remain unchanged, rotat-
ing together.

For opening and closing the gripper, both grip-
pers rotate, driving the rotation of the driving 
pulley, which in turn drives the steel wires and 
driven pulleys to rotate, causing the grippers to 
open and close. This design synchronizes the 
gripper’s rotational angles with the operator’s 
wrist movements, making the gripper more flex-

ible and easier to control. Figure 3B presents 
a schematic diagram of the steel wire-pulley 
system structure. As the wrap angle of the pul-
ley increases, the loss in output tension also in-
creases. Therefore, minimizing the wrap angle 
in the steel wire drive system design is crucial 
while ensuring that the handle has sufficient 
movement space to guarantee the gripper’s op-
erational range. Based on these design require-
ments, the steel wire drive system shown in 
the figure uses multiple pulley sets to guide the 
input tension while minimizing the wrap angle 
to avoid exceeding 90°, thus reducing frictional 
losses.

Motion simulation of the needle holder

To prevent force transfer leading to steel wire 
deformation and insufficient clamping force, a 
kinematic simulation of the wire-pulley system 
was conducted using Automatic Dynamic Anal-
ysis of Mechanical Systems. In the simulation, 
components without relative displacement 
were treated as a single unit. Frictional and 
elastic contact were set between the gripper 
and the suture needle. A constant force ranging 
from 10 to 50 N was applied to the steel wire’s 
end, and the resultant forces along the X and 
Y axes, as well as the resultant force, were ob-
tained.

The simulation results showed a linear rela-
tionship between the clamping force and the 
operating force, with slopes of 0.016 and 0.188 
for Fx and Fy respectively, and a resultant force 
slope of 0.19. It is evident that the system suf-
fers significant force transmission losses. As 
the operator applies a larger force, the clamp-
ing force provided by the gripper decreases. 
This issue can lead to a significant load on the 
operator’s hands during prolonged suturing. To 
address this, an electric motor was added to 
provide the clamping force, reducing operator 
hand fatigue.

Figure 3. Needle Holder Structure. (A) Schematic Diagram of the Gripping Joint; (B) Steel Wire Drive System.
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Needle holder circuit and control program de-
sign

A PIHER PT10 linear potentiometer was select-
ed as the angle sensor, mounted on the handle 
with its central hexagonal hole matching the 
fixed shaft. As the handle rotates, the output 
resistance of the angle sensor changes, con-
trolling the motor’s forward/reverse rotation 
and speed, which in turn governs the move-
ment of the gripper. 

The motor drive and control are implement-
ed through an H-bridge DC motor driver chip 
(DRV8832). The STM32F103CBT6 microcon-
troller (MCU) processes the analog signals from 
the angle sensor and generates PWM signals to 
control the motor’s operation.

For the power supply design, considering that 
the system may share a power source with 
high-frequency devices such as electrosurgical 
tools, 220 V AC is converted to 5 V DC via a 
power adapter. A K7803-500 power module 
then converts the 5 V to 3.3 V to supply the 
MCU and motor driver chip. 

To synchronize the rotational angle and speed 
of the gripper with the handle, the focus during 
programming was on controlling the Pulse 
Width Modulation (PWM) signal output from the 
MCU. As the resistance of the angle sensor in-
creases, the MCU processes this analog signal, 
calculates the handle’s rotation angle based 
on the slope of the resistance change, and out-
puts the corresponding PWM duty cycle to con-
trol the motor’s forward rotation, causing the 
gripper to close. The motor speed is controlled 
by adjusting the PWM duty cycle. When the 
resistance of the angle sensor decreases, the 
MCU reverses the motor to open the gripper.

Based on these functions, the circuit board de-
sign and motor control code were completed.

Experimental methodology for the needle hold-
er

To comprehensively evaluate the performance 
of the multi-degree-of-freedom electric nee-
dle holder, three sets of experiments were 
designed: the maximum clamping force exper-
iment, the maximum extraction force experi-
ment, and the pork suturing experiment. Each 
experiment was repeated multiple times, and 
the data were averaged to reduce errors.

Maximum clamping force experiment

The maximum clamping force experiment aims 
to quantitatively assess the clamping ability 
of the multi-degree-of-freedom electric needle 
holder at different angles, providing scientific 
and quantitative data for its application in ac-
tual surgeries. A Flexiforce thin-film pressure 
sensor kit with a precision of 0.1 N was used to 
measure the maximum pressure exerted by the 
gripper on the suture needle.

Figure 4 displays the prototype of the multi-DoF 
electric needle holder and its maximum clamp-
ing force test setup. During the experiment, the 
deflection and pitch angles of the needle holder 
were adjusted, and measurements were taken 
every 10° within the range of -60° to 60°. This 
range covers the various operational angles the 
needle holder may encounter in actual surger-
ies, allowing for a comprehensive evaluation of 
its clamping performance at different postures. 
At each angle, the handle of the needle holder 
was rotated, causing the gripper to slowly close.

When the gripper completely clamps the sensor 

Figure 4. Maximum Clamping Force Experiment.
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and the motor automatically stops due to the 
maximum clamping force being reached, the 
maximum clamping force displayed by the sen-
sor was recorded.

Maximum extraction force experiment

The maximum extraction force experiment 
evaluates the maximum force the multi-degree-
of-freedom electric needle holder can exert 
on the suture needle without causing it to slip 
out, when clamping different types of suture 
needles. This test indirectly measures the 
maximum resistance the suture needle can 
withstand and can be cross-validated with the 
maximum clamping force data, providing key 
insights into the needle holder’s performance 
during actual surgeries. The experiment was 
conducted using an Instron 5900 tensile test-
ing machine. The maximum force required to 
pull the suture needle out of the gripper, while 
securely clamped, was measured by gradually 
increasing the tensile force.

During the experiment, different types of suture 
needles were clamped in the needle holder’s 
gripper to ensure the needle remained fixed af-
ter clamping. The needle holder was mounted 
on the tensile testing machine to maintain sta-
bility during testing. The machine was started, 
and the tensile force was gradually increased 
until the suture needle was completely pulled 
out, recording the maximum extraction force at 
this point.

Pork suturing experiment

The pork suturing experiment is designed to 
evaluate the usability and learning efficiency 
of the multi-degree-of-freedom electric needle 
holder during actual operations. The experi-

ment involved two participants, both 
of whom had no prior experience 
using a needle holder. They were 
each tasked with performing suturing 
operations using both a traditional 
needle holder and the multi-degree-
of-freedom electric needle holder. To 
ensure the comparability of the results, 
both participants received the same 
training before the experiment. Each 
participant practiced with the assigned 
needle holder for 10 hours to become 
familiar with the basic operation and 
feel of the tool.

After the practice session, the par-
ticipants were asked to perform a re-
al-world task using a laparoscopic sur-
gery simulator: suturing a 5 cm length 

on a piece of pork and completing 10 standard 
surgical knots. This task simulated the sutur-
ing requirements encountered in surgery and 
served as an important metric for evaluating 
the needle holder’s performance and ease of 
use. During the experiment, the time taken by 
each participant to complete the task and their 
subjective feedback were recorded. By compar-
ing the performance of the two types of needle 
holders under the same conditions, the study 
assessed whether the multi-degree-of-freedom 
electric needle holder offered advantages in 
reducing operation time and improving learning 
efficiency.

Results

This study systematically evaluated the clamp-
ing force, extraction force, and suturing effec-
tiveness of the multi-degree-of-freedom electric 
needle holder. The experimental results demon-
strate that the device performs well in achiev-
ing stable clamping and improving suturing 
efficiency, meeting the expected design goals. 
The detailed analysis is as follows:

Maximum clamping force analysis

The maximum clamping force of the multi-de-
gree-of-freedom electric needle holder varies at 
different angles. The experimental results show 
that when the gripper is at 0°, the maximum 
clamping force is 29.6 N. At a deflection angle 
of 60°, the clamping force decreases to a min-
imum of 27.2 N. Figure 5 illustrates the max-
imum clamping force results under different 
gripping angles. As the deflection angle increas-
es, the clamping force slightly decreases, likely 
due to changes in the lever arm of the gripper 
at larger deflection angles. Since the variation 
is small, it can be considered negligible in actu-

Figure 5. Clamping force at different deflection angles.
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al operation.

For a conventional needle holder, the average 
clamping force required to securely hold the 
suture needle is 8.9 N [20]. In typical surgical 
operations, the clamping force of the gripper in 
the da Vinci system ranges from 7.77 to 19.94 
N [21]. Therefore, the maximum clamping 
force of 29.6 N provided by the electric needle 
holder is much higher than the force needed 
to hold the suture needle. This indicates that 
the clamping force design of the electric needle 
holder fully meets the requirements for clamp-
ing at different angles during routine surgery, 
ensuring the needle’s stability during suturing 
and reducing the risk of needle displacement 
or detachment.

Maximum extraction force analysis

The experimental data show that the maximum 
extraction force for various types of suture nee-
dles clamped by the multi-degree-of-freedom 
electric needle holder remains around 12.9 
N. No significant difference in extraction force
is observed across different types of suture
needles under the same conditions. Table 1
summarizes the maximum extraction forces
when the multi-DoF electric needle holder grips
suturing needles of different specifications. The
extraction force is smaller than the clamping
force, likely due to insufficient friction between
the gripper and the suture needle. The force re-
quired for a suture needle to penetrate various
tissues is typically below 2 N, which is much

smaller than the extraction force of the needle 
holder [22]. This suggests that the extraction 
force of 12.9 N is more than sufficient to meet 
the demands of suturing during surgery, pre-
venting the suture needle from being pulled 
out during the procedure. Furthermore, the 
uniformity of the extraction force demonstrates 
the needle holder’s versatility in clamping 
different sizes of suture needles, showcasing 
its excellent adaptability. This is crucial for its 
widespread use in actual surgeries, as suture 
needle sizes vary across different types of 
procedures. The multi-size compatibility of the 
electric needle holder enhances its versatility 
and practicality.

Suturing efficiency analysis

In the pork suturing experiment, the average 
suturing time for the traditional needle holder 
group was 18 minutes, whereas the average 
time for the multi-degree-of-freedom electric 
needle holder group was reduced to 12 min-
utes. This significant time difference resulted in 
a roughly 28% improvement in suturing efficien-
cy. Figure 6 provides a comparative analysis of 
pork tissue suturing experiments. The primary 
reason for this improvement is the flexibility 
and multi-degree-of-freedom design of the elec-
tric needle holder, which allows the operator 
to adjust the angle of the suture needle with-
out needing to reposition the needle holder. 
This significantly reduces the adjustment time 
during the procedure.

Table 1. Maximum Extraction Force (N) for Different Types of Suture Needles
Group Diameter (mm) × Length (mm)

0.6×14 0.7×17 0.8×20 0.9×24 1.0×28
1 12.86 12.90  12.91  12.90   12.88

2 12.91 12.89  12.88  12.91   12.89 

3 12.88 12.92  12.89  12.90   12.92

Figure 6. Pork Suturing Experiment. (a) Laparoscopic Surgery Simulation Training Scene; (b) Suturing Outcomes 
on Pork Tissue. I represents marks from the traditional needle holder; II represents marks from the multi-degree-
of-freedom electric needle holder.
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From the operators’ subjective evaluations, the 
multi-degree-of-freedom electric needle holder 
was found to be easier to learn and more con-
venient to operate, effectively reducing hand 
fatigue. Particularly in complex suturing tasks, 
the time advantage of the electric needle hold-
er was especially apparent. In situations that 
required frequent adjustments to the suture 
needle’s angle, the electric needle holder re-
duced operational steps and increased suturing 
speed. Additionally, the smooth operation char-
acteristics of the electric needle holder mini-
mized hand fatigue, contributing to improved 
suturing quality and accuracy. This advantage 
is especially noticeable in long and complex 
surgeries, providing surgeons with a more com-
fortable operational experience and potentially 
increasing the surgery’s success rate.

Discussion 

The excellent performance of the multi-degree-
of-freedom electric needle holder in terms of 
clamping force, withdrawal force, and opera-
tional efficiency highlights its significant advan-
tages in meeting the demands of surgery. With 
a maximum clamping force of 29.6 N and a 
withdrawal force of 12.9 N, both values are sig-
nificantly higher than those required in actual 
surgical procedures, ensuring stable operation 
under various complex conditions. In particular, 
the multi-degree-of-freedom design provides 
the electric needle holder with flexibility and 
adaptability that traditional needle holders 
cannot match, helping to shorten surgery time 
and improve suturing quality. Moreover, the 
electric needle holder demonstrated consis-
tent withdrawal force when clamping different 
specifications of suturing needles, indicating 
high stability. This stability is crucial in clinical 
settings where various needle types are used, 
showcasing the broad applicability of the de-
vice. In practice, the instrument’s versatility 
and adaptability will reduce the frequency of 
instrument changes, further enhancing overall 
surgical efficiency.

The experimental results show that the multi-
degree-of-freedom electric needle holder can 
significantly improve suturing efficiency in com-
plex surgical scenarios while maintaining oper-
ational stability and safety. Its performance in 
the pork suturing experiment confirms that the 
design goals—namely, enhancing suturing effi-
ciency while ensuring the stability of the suture 
needle—have been achieved. Overall, the elec-
tric needle holder performs well, demonstrating 
clinical applicability, and has the potential to 
become an efficient tool for minimally invasive 
surgeries and complex suturing operations in 

the future.

For future clinical applications, further opti-
mization of the grasper structure to increase 
friction with the suturing needle could enhance 
its adaptability and safety in various surgeries. 
Additionally, further research on the compati-
bility of the needle holder with other surgical in-
struments, such as scissors, could enable flex-
ible multi-degree-of-freedom operation across 
a range of tools, improving surgical efficiency. 
Moreover, the integration of force sensors at 
the front of the instrument could allow for more 
precise control of the clamping force, enhanc-
ing the overall performance and safety of the 
device.

Conclusion

This paper presents the design of a multi-
degree-of-freedom electric needle holder that 
can improve the efficiency of surgical training 
and operations while reducing surgeon fatigue. 
The needle holder uses a steel-wire pulley sys-
tem that adapts to multi-angle operations in 
surgery, effectively reducing the frequency of 
angle adjustments and providing surgeons with 
flexible and stable support.

Experimental results validate the needle hold-
er’s performance: in clamping force tests, the 
device achieved a maximum clamping force 
of 29.6 N at 0°, with a minimum of 27.2 N, 
demonstrating the reliability and stability of 
the design. In withdrawal force tests, different 
specifications of suturing needles consistent-
ly achieved 12.9 N, showing that the device 
provides consistent holding ability for various 
needles and ensures operational safety. The 
pork suturing experiment demonstrated that 
the electric needle holder significantly reduced 
suturing time, improving efficiency by approxi-
mately 28% compared to the traditional needle 
holder. These results confirm that the design 
objectives have been met, demonstrating the 
device’s wide clinical applicability and its poten-
tial to significantly improve surgical efficiency 
and accuracy in complex suturing scenarios, 
with considerable clinical value.
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Introduction

Adaptive radiotherapy (ART) is a novel radio-
therapy technology evolved from image-guided 
radiotherapy. It enables the modification of 
treatment according to the anatomical and/or 
physiological changes (e.g. the size, the shape, 
and the position of tumors) in the patients 
throughout the course of treatment. According 
to Clause 3.2 of IEC TR 62926-2019, adaptive 
radiotherapy is defined as radiotherapy that 
monitors patient anatomy or physiology and, 
based upon the monitored information, allows 

changes to treatment parameters throughout 
the course of treatment [1].

Recent technological developments in radio-
therapy have made it possible for external 
beam equipment (EBE) to deliver radiation 
doses to target volumes more accurately while 
better protecting surrounding critical structures. 
One of the major challenges in modern radio-
therapy is accounting for changes in anatomical 
structure or physiological characteristics across 
different treatment fractions. For example, lung 
tumors may undergo translation and rotational 
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Abstract

This paper presents an interpretation of the latest international technical report, IEC TR 62926-2019 (Medical 
Electrical System- Guidelines for Safe Integration and Operation of Adaptive External Beam Radiotherapy Systems) 
for real-time adaptive radiotherapy. It outlines the background for the development of this report, analyzes general 
safety guidelines for adaptive radiotherapy systems, and discusses the key design elements required for the inte-
gration of such systems. Additionally, the paper reviews and summarizes two typical reference models for adaptive 
external beam radiotherapy systems. The aim is to enhance the understanding and implementation of this techni-
cal report and to support its potential adaptation into a national standardized guidance document in China.

Keywords: Adaptive radiotherapy, adaptive external beam radiotherapy systems, external beam equipment, motion 
coordination function, motion detection equipment

Highlights
● This paper provides an in-depth interpretation of the international technical report IEC TR 62926-2019.
● It offers reference guidance for the development and application of adaptive radiotherapy technology in China, 
   promoting its integration into domestic equipment.
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motion, potentially leading to under-dosing of 
the target volume and over-dosing of nearby 
organs. To mitigate these risks, real-time auto-
matic adjustment of treatment delivery is re-
quired. This can be realized through several ap-
proaches, such as: pausing the radiation beam 
during target volume motion, repositioning the 
patient by tilting treatment couch or moving the 
radiation head, dynamically adjusting the multi-
leaf collimator of EBE, or modifying the scan-
ning field in light ion beam therapy systems 
operating in scanning mode.

During ART, the anatomical structure or phys-
iological characteristics of patients are mon-
itored, allowing for real-time adjustment of 
treatment parameters. ART is increasingly used 
to ensure accurate prescription doses and op-
timal dose distribution despite intra-fractional 
changes in the target volume. Various types of 
motion detection equipment (MDE) are used to 
monitor these intra-fractional changes. Some 
systems rely on imaging technologies, such 
as X-ray, ultrasound, and magnetic resonance 
devices based on image-guided radiotherapy. 
Others use other alternative devices, including 
infrared sensors and optical surface tracking 
systems. When ART involves monitoring the tar-
get volume during treatment using MDE, effec-
tive coordination between the MDE and EBE is 
crucial. The Motion Coordination Function (MCF) 
plays a critical role in this process. It ensures 
that information about the target’s position and 
shape is correctly interpreted in the context of 
the treatment plan, selects treatment param-
eters, and sends adaptive instructions to the 
EBE.

Figure 1 illustrates the information interaction 
among the MDE, EBE, MCF, and the patient [1]. 
During each treatment fraction, the MDE moni-
tors changes in the patient’s anatomical struc-

ture and physiology; the MCF, typically equip-
ping prediction models, adaptive instruction 
generation, and validation modules, evaluates 
input from one or more MDEs to determine and 
adjust treatment parameters; these adaptive 
instructions are then transmitted to the EBE, 
such as electron accelerators, light ion beam 
systems, or radionuclide-based radiotherapy 
device; the EBE then delivers radiation to the 
patient based on the adjusted parameters. In 
summary, the integration and coordinated op-
eration of the MDE, EBE, and MCF are essen-
tial for the safe and effective execution of ART 
in response to target volume variations during 
treatment fractions.

Currently, ART technology is implemented only 
in a limited number of high-end radiotherapy 
systems and has not been widely integrat-
ed into domestically produced radiotherapy 
equipment. The main reason is the inherent 
complexity of ART technology, which requires 
seamless integration of the radiotherapy ma-
chine, image guidance equipment, treatment 
delivery software, treatment planning software, 
and other supporting software and hardware 
components. Most domestic manufacturers re-
main in the research and development phase, 
and establishing a complete clinical workflow 
for adaptive radiotherapy will require further 
time and effort. Additionally, there are currently 
no relevant standards or guiding documents on 
adaptive radiotherapy technology in China.

Brief introduction to IEC TR 62926-2019

IEC TR 62926-2019 (Medical Electrical Sys-
tems – Guidelines for the Safe Integration and 
Operation of Adaptive External Beam Radiother-
apy Systems for Real-Time Adaptive Radiothera-
py), was formulated by the Technical Committee 
on Medical Electrical Equipment, Software and 
Systems of the International Electricity Commis-
sion (IEC TC62/SC62C), specifically under the 
Subcommittee for Radiotherapy, Nuclear Med-
icine, and Radiation Dosimetry. The technical 
report was released on May 20, 2019.

IEC TR 62926:2019 (hereinafter referred to as 
“this technical report”) provides safety guide-
lines for integration and operation of the Adap-
tive External Beam Radiotherapy Systems (AE-
BRS). These systems are designed to manage 
intra-fractional motion of rigid target volumes, 
and their components may be sourced from 
one or multiple manufacturers. This technical 
report aims to guide stakeholders in ensuring 
the safe integration and operation of AEBRS 
for patients, operators, other personnel, and 
nearby sensitive equipment. This technical re-
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Figure 1. Concept of AEBRS with information flow. 
AEBRS, Adaptive External Beam Radiotherapy Sys-
tems. This figure is cited from [1].
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port outlines key safety design principles that 
should be followed by manufacturers or other 
responsible entities. In addition, it provides ref-
erence system models and highlights potential 
hazards that must be addressed during the 
risk analysis process for AEBRS dealing with in-
tra-fractional target motion. The purpose of this 
technical report is to minimize the risks associ-
ated with integration and operation of medical 
electrical equipment and the combined use of 
various devices within an AEBRS.

Interpretation of main clauses in IEC TR 
62926-2019

Terms and definitions

Clause 3 of this technical report gives defini-
tions for 17 key terms commonly used through-
out the document, including adaptive instruc-
tion, adaptive radiotherapy, beam gating, 
external beam equipment, radiation, latency, 
motion coordination function, motion detection 
equipment, prediction model, real-time adap-
tive radiotherapy, radiation head, and X-ray 
image-guided radiotherapy delay. Among them, 
nine items (adaptive instruction, adaptive ra-
diotherapy, beam gating, delay, MCF, MDE, pre-
diction model, real-time adaptive radiotherapy, 
and treatment parameter adaptation) are newly 
defined in this technical report, and other terms 
and definitions are derived from the existing 
IEC standards [1-8].

General safety guidelines for AEBRS managing 
intra-fractional motion rigid target volumes

Clause 4 of this technical report outlines gen-

eral safety guidelines for AEBRS managing 
intra-fractionally moving rigid target volume 
(IMRTVs).

Clauses 4.2.1-4.2.2 emphasize that manufac-
turers should consider risk reduction when in-
tegrating various devices within an AEBRS. It is 
recommended that the design of these systems 
comply with applicable existing IEC standards. 
Specifically:

● IEC60601-1 (corresponding to Chinese na-
tional standard GB9706.1) and its collateral 
standards are generally applicable to main-
stream equipment. 

● Specialized safety standards should be se-
lected according to the type of equipment. For 
example, the design of EBE should conform 
to IEC60601-2-1 (corresponding to Chinese 
national standard GB9706.201) or IEC60601-
2-64 (corresponding to Chinese industry stan-
dard YY 9706.264); the combination of MCF 
and MDE should be designed in accordance 
with IEC60601-2-68 (corresponding to Chinese 
industry standard YY 9706.268); MDE shall be 
designed in accordance with IEC60601-2-33 
(corresponding to Chinese industry standard 
YY9706.233) and IEC60601-2-44 (corre-
sponding to Chinese national standard GB 
9706.244).

This section also presents a reference design 
model for an AEBRS handling IMRTVs. The 
system generally consists of an EBE, a MDE 
and a MCF. The MDE monitors the motion of 
rigid target volume or equivalent structures; the 
MCF processes MDE data, adjusts treatment 
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Figure 2. Beam gating system for intra-fractionally moving rigid target volumes. MDE, motion detection equip-
ment; MCF, Motion Coordination Function; EBE, external beam equipment. This figure is cited from [1].
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parameters, and issues adaptive instructions 
to the EBE; and the EBE delivers radiation to 
the patient. The MCF can be either software 
or a programmable electronic medical system 
and should conform to the requirements of 
IEC 62304 (Chinese standard YY 0664) or IEC 
60601-1. It is important to note that MDEs, de-
pending on their configuration, may not neces-
sarily fall under IEC 60601-1 requirements [9-
12].

Clause 4.2.3 further provides two reference 
models for MCF operations in an AEBRS, name-
ly gating model and tracking model. These 
models are described in Figure 2 and Figure 3, 
respectively.

Figure 2 gives a reference model of a beam 
gating system designed to manage IMRTVs [1]. 
Before treatment, configuration parameters, 
describing the spatial relationship between the 
internal fiducial markers and the rigid target 
area across different respiratory phases, are 
preloaded into the MCF. During treatment, the 
MDE obtains orthogonal 2D images of the fidu-
cial markers and calculates their 3D positions. 
This positional data is transmitted to the MCF, 
where a prediction model estimates the motion 
trajectory of the rigid target volume based on 
the input from the MDE. The predicted position 
is used to generate an adaptive instruction, 
which in this model takes the form of a beam 
gating signal. This signal is evaluated against 
a predefined positional threshold (a limit value 
representing the allowable 3D displacement of 
the reference marker). If the predicted position 
falls within the permissible range, a valid beam 
gating signal is issued to the EBE. In response, 
the EBE either maintains or resumes radiation 

delivery.

Figure 3 presents a reference model of a beam 
tracking system for managing IMRTVs [1]. 
Before treatment, configuration parameters 
describing the positional relationship between 
internal fiducial markers and the rigid target 
area during each respiratory phase are loaded 
into the MCF. The system uses two types of 
MDE: MDE 1 equipped with an infrared cam-
era, monitors body surface motion to deter-
mine the respiratory phase; MDE 2, using X-ray 
imaging, tracks the internal fiducial markers 
to determine the precise position of the rigid 
target. Data from both MDE 1 and MDE 2 are 
transmitted to the MCF. A prediction model 
computes a correlation model of the target’s 
position changes, including rotation and trans-
lation, based on the synchronized input from 
both MDEs. The output from the prediction 
model is used to generate an adaptive instruc-
tion, specifically a beam tracking instruction. 
After evaluation, this effective beam tracking 
instruction is sent to the EBE, which applies the 
appropriate therapeutic parameters to deliver 
treatment. Treatment parameters, such as 
beam direction, are sent back from the EBE to 
the MCF for verification.

Clause 4.3 of the technical report outlines the 
requirements for risk management of AEBRS. 
The objective of AEBRS risk analysis is to iden-
tify hazards and evaluate risks arising from the 
integration of MDE, MCF and EBE components. 
The risk management process for AEBRS 
should include risk analysis, risk evaluation, 
risk control, and acceptability evaluation of 
residual risks. A comprehensive risk manage-
ment report must be prepared for the whole 
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system according to the guidelines defined by 
ISO14971 [13-16]. Commonly identified haz-
ards in AEBRS risk analyses include radiation 
hazards, electromagnetic hazards, mechanical 
hazards, and electrical hazards. Detailed ex-
amples of AEBRS risk management are given 
in Appendix B and Appendix C of this technical 
report.

Design elements to be considered in integrat-
ing AEBRS for the treatment of IMRTVs

Clause 5 of this technical report provides guide-
lines on the design elements to be considered 
for the safe integration of AEBRS addressing 
IMRTVs, which mainly includes 10 parts from 
Clauses 5.2.1-5.2.10.

● Clause 5.2.1 requires the manufacturer of 
integrated AEBRS to define the clinical per-
formance requirements and select appropri-
ate equipment components accordingly. The 
system design must ensure that irradiation is 
performed according to the expected clinical 
needs, providing a clear basis for component 
selection and system design. 

● Clause 5.2.2 specifies the design require-
ments for interlocking system. It mandates 
that manufacturers should implement an inter-
locking system when uncontrolled equipment 
functions could lead to unacceptable risks. The 
description and inspection method for interlock-
ing shall be documented in the accompanying 
documents. Examples of hazardous conditions 
requiring interlocking signals are also provided. 

● Clause 5.2.3 illustrates the basic require-
ments for the design of AEBRS coordinate 
system. The coordinate system used for data 
input and output across all AEBRS components 
should be consistent to ensure that the EBE 
can correctly deliver irradiation. The coordinate 
system should conform to IEC61217 (Chinese 
national standard GB/T 18987) and be clearly 
declared in the accompanying documents [17].

● Clause 5.2.4 details communication design 
requirements between AEBRS devices, mainly 
including connection, MDE data acquisition, 
synchronous data handling, timing, redundancy, 
and data transmission protocol. The manufac-
turer must specify the frequency and conditions 
for MDE data acquisition and target position 
calculation before and during treatment. Data 
synchronization mainly requires a common tim-
ing system shared by MDE, MCF and EBE. The 
synchronization methods are documented. The 
data transmission protocol mainly requires the 
manufacturer to define the communication pro-

tocol for each signal transmitted to each inter-
face, including system control command signal, 
status check and interlock signal. 

● Clause 5.2.5 specifies the requirements for 
identification and management of the electri-
cal, magnetic, and electromagnetic emission 
and interactions among MDE, MCF and EBE to 
ensure the safety of AEBRS. 

● Clause 5.2.6 mandates that the specification 
of condition check signals for each piece of 
equipment, including the required frequencies, 
should be stated in the accompanying docu-
ments.

● Clause 5.2.7 mandates that descriptions of 
failure standards, the number of retry attempts, 
and failure notification requirements should be 
included in the accompanying documents.

● Clause 5.2.8 gives the requirements on delay 
design in AEBRS. Delay refers to the time inter-
val between the initiation of an event and its ef-
fect, which may affect the safety of AEBRS due 
to intra-fractional anatomical and physiological 
changes. The delay design should consider two 
situations: during irradiation and during inter-
ruption of irradiation, including signals from the 
MCF to the EBE to stop irradiation and subse-
quent irradiation restarts.

● Clause 5.2.9-5.2.10 provide examples of 
typical verification items and prototype consid-
erations for AEBRS. Typical verification items 
include comparing the dose distribution in the 
treatment plan with the dose delivered during 
treatment implementation [18-21]; evaluating 
the accuracy of prediction models for anatom-
ical and physiological movement during treat-
ment; testing motion detection systems, adap-
tive treatment parameters, and performing 
end-to-end verification of treatment planning 
and delivery.

Appendix D gives an example of a simple dy-
namic model.

Conclusions

IEC TR 62926-2019 provides comprehensive 
guidance on integrating AEBRS for real-time 
adaptive radiotherapy. There are two key as-
pects that users should pay attention to. First, 
although the target volumes and organs at risk 
may undergo deformation during movement, 
this technical report does not cover adaptation 
to target deformation. The main reason is that 
the real-time monitoring technology for target 
deformation is still under development and has 
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not reached standardized clinical applicability. 
Therefore, this technical report only deals with 
rigid targets exhibiting intra-fractional trans-
lation and rotation; second, while this report 
discusses technical hazards and safety issues 
related to AEBRS and provides typical risk 
examples, it does not specify detailed clinical 
procedures for AEBRS. Instead, it emphasizes 
that responsible parties (AEBRS manufacturers 
or users integrating AEBRS) must not rely solely 
on the guidance in this report. They must also 
consider the actual clinical application context 
and incorporate specific clinical workflows and 
practical conditions into the design, testing, 
and implementation of AEBRS to ensure safety 
and effectiveness.

At present, there are no relevant standards 
and guidance documents about adaptive ra-
diotherapy technology in China. Studying and 
transforming this technical report as a national 
standard or guidance document would provide 
a critical safety design and evaluation basis for 
both domestic and international manufactur-
ers, promoting the development and applica-
tion of ART technology in domestic equipment 
market.
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