


Progress in Medical Devices
eISSN: 2957-5478

The application of mammography imaging in the 
diagnosis and prediction of breast diseases

#Address correspondence to: Changjiang Zhou, Department of Sonography, People’s Hospital Affiliated to Shan-
dong First Medical University, Changshao North Road, Laiwu District, Jinan 271100, China. E-mail: 390585866@
qq.com/jnsrmyybgs@jn.shandong.cn. Shiju Yan, School of Health Science and Engineering, University of Shanghai 
for Science and Technology, No.516 Jungong Road, Yangpu District, Shanghai 200093, China. Tel: 18217617984. 
E-mail: yanshiju@usst.edu.cn.

Siyan Liu1,*, Guihua Wu2,*, Changjiang Zhou2,#, Shiju Yan1,#, Haipo Cui1

1School of Health Sciences and Engineering, University of Shanghai for Science and Technology, Shanghai 
200093, China. 2Department of Sonography, People’s Hospital Affiliated to Shandong First Medical University, 
Jinan 271100, Shandong, China.
*The authors contribute equally.

Corresponding authors: Changjiang Zhou and Shiju Yan. 

Declaration of conflict of interest: None.

Review Article                                                             https://doi.org/10.61189/295735bbiagx

Received September 22, 2023; Accepted December 6, 2023; Published March 31, 2024

Abstract

Breast diseases pose a significant threat to women’s health, so early detection and treatment are extremely im-
portant. In this context, early disease identification has become crucial in the diagnosis and treatment of breast 
diseases. This paper begins by outlining the pivotal role of mammography in the early diagnosis of breast cancer, 
comparing the structural similarities and differences between normal and diseased breast tissues. This compar-
ison underscores the primary role of mammography in the diagnosis and treatment of breast diseases. Addition-
ally, our paper provides an overview of fundamental concepts related to breast cancer detection, diagnosis, and 
prediction systems. It delves into the latest research developments in auxiliary diagnostic detection, examination, 
and risk prediction systems associated with breast cancer. Our objective is to offer a comprehensive understand-
ing of the role of computer-aided detection, diagnosis, and prediction systems in breast diseases, fostering further 
development and application. This work aims to explore and drive innovation in the field, enhance early detection 
rates of breast diseases, and guide readers towards novel directions, thus contributing to female healthcare man-
agement.
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Highlights

Computer-assisted detection, diagnosis, and prediction systems play an effective role in diagnosing and treating 
female breast diseases and monitoring the course of disease. Especially in mammography imaging, they provide 
key support for the early diagnosis of breast cancer. This highlights the significance of modern technology in en-
hancing breast disease management and improving women’s health.

Introduction

Since 1991, the incidence of breast cancer has 
been on the rise, establishing it as the predomi-
nant cause of mortality among women aged 20 
to 59. According to the global cancer statistics 
report released by the American Cancer Society 
in January 2023, breast cancer has become 
the most prevalent cancer among women. It 
was estimated that in 2023, there would be 
300,590 new cases of breast cancer in the 
United States with 297,790 female cases, con-
stituting for 31% of all cancers in women [1].

The strategies pertaining to early detection 
and treatment of breast cancer have garnered 
substantial attention and witnessed notable 
advancements [2]. The mortality rate linked to 
breast cancer in women attained its apex in 
1989 and since then has exhibited a declining 
trajectory. This downward trend can be attribut-
ed to advancements in early detection tech-
nologies, particularly notable enhancements 
in mammography, ultrasound, and treatment 
modalities, resulting in a substantial 42% re-
duction in the mortality rate [3]. Practice has 
proven that imaging plays a very important role 
in the detection, diagnosis, and prediction of 
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breast diseases. Timely screening and early 
intervention and treatment have demonstrated 
significant efficacy in enhancing patient surviv-
al rates [2].

In the realm of breast disease diagnosis, the 
main examination methods encompass X-rays, 
ultrasound, MRI, computed tomography, among 
others. Mammography X-ray examination is 
simple to operate and low in cost, so it is the 
preferred imaging diagnostic method [4]. Com-
puter-aided diagnosis (CAD) system, an integra-
tion of medical imaging and computer science, 
colloquially referred to as the “radiologist’s 
auxiliary visual aid”, is meticulously crafted to 
expedite the overall comprehension of mammo-
grams by radiologists. Empirical observations 
have substantiated that the capacity of the CAD 
systems can improve the early detection rate of 
cancers. For example, the study by Morton and 
his team showed a 7.62% increase in the detec-
tion of breast cancers using CAD in cases with 
benign or negative results [5]. The CAD system 
exhibits proficiency in prognosticating the ma-
lignancy level of breast lesions. Illustratively, 
a study conducted by Ramadan et al. in 2016 
employed a feature selection algorithm and a 
support vector machine classifier to analyze 
features such as morphology, size, and margins 
of breast masses to predict their malignancy, 
and showed an accuracy rate of 84.7% [6].

In recent times, deep learning (DL) has demon-
strated significant achievements across diverse 
domains, encompassing applications such as 
automatic speech recognition and optical char-
acter recognition, natural language processing, 
as well as object detection, recognition, and 
classification. These milestones signify not 
only a notable progression within the sphere of 
machine learning but also herald a new epoch 
in the domain of computer vision [7]. Conse-
quently, DL methodologies have sparked unpar-
alleled enthusiasm in various sectors of pattern 
recognition and artificial intelligence (AI), no-
tably including the domain of CAD in the field 
of medicine. CAD integrates machine learning 
techniques and interdisciplinary knowledge to 
analyze medical imaging and non-imaging data, 
facilitating the provision of analytical outcomes 
to clinicians. The outcomes generated by the 
CAD system function as a secondary evalua-
tion or decision support for patients at diverse 
stages of the healthcare continuum [8]. This 
underscores the scalability and dependability 
of CAD as a decision support tool for clinicians, 
particularly in the realm of breast imaging ap-
plications.

This paper, firstly, introduces the detection 

methods of breast X-ray imaging, emphasizing 
its significance in the early diagnosis of breast 
cancer. By comparing the structures of normal 
and pathological breast tissues, the pivotal role 
of breast X-ray mammography in the diagnosis 
and treatment of breast diseases is elucidat-
ed. Subsequently, the article provides a brief 
overview of the fundamental concepts related 
to breast cancer detection, diagnosis, and pre-
diction systems. It further delves into recent 
research developments, with a specific focus 
on advancements in breast cancer auxiliary di-
agnostic detection and risk prediction systems. 
The purpose of this paper is to review breast 
cancer CAD systems and related technologies 
based on mammography imaging, with an aim 
to attract more attention to the field of breast 
cancer CAD research and advance studies on 
breast cancer detection, diagnosis, and predic-
tion systems.

Applicability of mammography imaging in the 
diagnosis and treatment of breast diseases

Imaging modalities have long been indispens-
able in both the initial screening and later-stage 
assessment of breast cancer. Currently, in the 
diagnostic process of breast cancer, physicians 
prefer non-invasive examination techniques 
to minimize adverse effects on patients’ body. 
Ultrasound, mammography, and MRI are com-
monly employed detection modalities in the 
medical staff’s pursuit of accurate disease de-
termination. They can effectively participate in 
the process of detecting and classifying breast 
lesions [9]. Simultaneously, they can contribute 
to the preoperative staging, efficacy evaluation, 
and prognosis monitoring processes. Mam-
mography images can fully reflect the anatomy 
of the whole breast, presenting most of the 
features for qualitative diagnosis, and in partic-
ular, clearly showing the micro calcified foci of 
breast lesions. Therefore, most studies adopt 
molybdenum images, a considerable number 
of studies utilize ultrasound images, and a mi-
nority of studies used MRI [10].

During the mammography, a patient is first 
palpated by an experienced doctor before film 
taking. The patient undergoes the routine ul-
trasound examination first, followed by photog-
raphy. Bilateral breast axial craniocaudal (CC) 
view (the patient’s bilateral breasts are placed 
flat between two splints, and the mammogra-
phy X-ray is irradiated vertically from top to bot-
tom) and the mediolateral oblique (MLO) view 
(the patient is placed in the upright position, 
placing the film beneath the breast externally, 
and the X-ray is projected at an angle of 45° 
from the lower part of the breast) are usually 
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chosen for imaging (Figure 1). Figure 1 was cit-
ed from the Chinese Mammography Database.

In mammography images depicting normal 
breast tissue, distinct anatomical components, 
such as the nipple, areola, skin, subcutaneous 
fat, and glandular tissue, are typically discern-
ible. Conversely, mammographic images of pa-
tients afflicted with breast tumors often present 
of calcifications, masses, or a combination of 
both. Calcifications can manifest in both benign 
and malignant neoplasms. For clinicians, fac-
tors such as the size, shape, and distribution 
of calcifications hold diagnostic significance. 
Masses usually exhibit varying shape and 
margin distortion, presenting as round, oval, 
lobulated, or irregular entities with indistinct 
boundaries, accompanied by spiculations and 
infiltrations, often featuring higher densities in 
relation to the surrounding glandular tissue. Be-
cause breast cancer is a malignant tumor that 
results from the abnormal proliferation of duc-
tal or lobular epithelial cells in breast tissue, a 
high prevalence is found in the breast epithelial 
tissue [11].

In mammography images, normal breast tissue 
and cancer-affected breast tissue exhibit dis-
tinct structural differences, including density, 
morphology, borders, and microcalcifications. 
Breast cancer tissue typically appears as ar-
eas of high density in mammography images, 
whereas normal breast tissue is characterized 
by uniformly distributed low-density areas [12]. 
Morphologically, breast cancer tissue may pres-
ent as irregular nodules, patches, or masses, 
while normal breast tissue generally exhibits 
a more uniform appearance. The borders of 
breast cancer tissue tend to be less defined, 
often displaying spiculated or irregular edges, 
whereas the borders of normal breast tissue 
are clearer [13]. In mammography images, 
breast cancer tissue may manifest as atypical 
microcalcifications, a feature that is generally 
absent in normal breast tissue. These structur-

al variances play a crucial role in early diagno-
sis and quantitative analysis of breast cancer. 
Early detection of breast cancer can enhance 
the likelihood of successful treatment and 
reduce the risk of patient mortality. Mammog-
raphy imaging aids clinicians in detecting ab-
normal breast tissue and identifying potential 
tumors at an early stage.

With mammography imaging technology, physi-
cians can utilize features, such as image densi-
ty, morphological characteristics, boundary clar-
ity, and microcalcifications, to identify potential 
abnormal tissues. With their medical expertise 
and clinical experience, physicians can assess 
these image features and make accurate di-
agnoses by integrating them with other clinical 
information. Furthermore, advanced imaging 
techniques, such as digital mammography and 
breast ultrasound, provide more detailed infor-
mation about breast tissue, assisting doctors 
in precise diagnosis and formulating treatment 
plans [14].

In the diagnosis of suspected breast lesions in 
females, X-ray mammography and breast ultra-
sound exhibit comparable diagnostic accuracy, 
albeit with X-ray mammography images demon-
strating notably higher specificity than breast 
ultrasound, characterized by robust targeting 
capabilities and heightened sensitivity. The rap-
id advancements in computerized imaging and 
digital image processing technologies have pro-
pelled the progress of mammography, yielding 
clearer images with enhanced contrasts [15]. 
Leveraging low-energy, long-wavelength X-rays 
with limited penetration, mammography is par-
ticularly well-suited for breast tissue examina-
tion [16]. Globally, it is widely acknowledged as 
the foremost screening tool for breast cancer. 
In the United States, mammography has been 
integrated into routine screenings for women as 
an essential diagnostic tool. Per the guidelines 
of the American Cancer Society, routine mam-
mograms are recommended every one to two 

Figure 1.  Example of the available views from a mammographic session. (A) Right CC view; (B) Left CC view; (C) 
Right MLO view; (D) Left MLO view. This figure was cited from the Chinese Mammography Database. CC, cranio-
caudal; MLO, medial-lateral oblique.
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years for women aged 40 to 49, which signifi-
cantly enhances the early detection of breast 
cancer [17].

Application of mammography imaging in the 
diagnosis and treatment of breast diseases

Imaging technology is a crucial means for the 
diagnosis, staging, and assessment of breast 
cancer. Studies using computers to automat-
ically analyze radiographic images emerged 
in the 1960s. Some researchers attempted to 
use computers to automatically detect breast 
abnormalities, a pursuit constrained by com-
putational resource limitations and challenges 
associated with acquiring high-fidelity digitized 
image data [18]. Despite the initial feasibility of 
these early endeavors, they garnered limited at-
tention. Over the subsequent five decades, sig-
nificant advancements have unfolded in the do-
main of medical imaging technology. By 2017, 
a study showed that the sensitivity of breast 
cancer screening with mammography images 
had increased from 78.7% to 86.9% [19].

In the quest to enhance the lucidity of patient 
lesion details and enable refined and accurate 
diagnostic assessments, ongoing advance-
ments in medical imaging technology persist, 
accompanied by a proliferation of data. Iter-
ative reviews or the involvement of multiple 
radiologists in the interpretation of the same 
mammographic image have the potential to 
diminish misdiagnosis rates. However, this ap-
proach can be exceedingly labor-intensive and 
costly, exerting a substantial burden on health-
care systems. In 1966, Ledley proposed CAD 
system in an article published in Science [20]. 
This system integrates computer technology 
with medical diagnosis, utilizing robust compu-
tational capabilities to analyze medical images 
and assist physicians in disease diagnosis. The 
initial CAD systems can be categorized into two 
types: one is CADe that used for computer-aid-

ed detection, in which the computer annotates 
and indicates the location of suspected lesion 
areas in the medical image, followed by the 
doctor’s diagnosis of the condition and man-
agement of the patient; and the other is CADx 
that used for computer-aided diagnosis, in 
which the preliminary task of annotating lesion 
areas is given to a person or a computer, with 
the computer generating the final diagnosis 
results and displaying them to the physician, 
such as the probability of malignancy. CAD has 
been used to screen mammography images for 
over 20 years. In recent years, the convergence 
of AI and computer-aided detection and diagno-
sis has led to the emergence of AI-CAD, which 
harnesses the potential of cutting-edge tech-
niques such as machine learning and DL for in-
tricate medical image analysis and diagnostics. 
By leveraging these cutting-edge technologies, 
AI-CAD surpasses traditional CAD systems, 
better comprehending the complex features of 
medical images and providing more accurate 
diagnostic results (Figure 2). This system not 
only facilitates the identification of anomalous 
regions but also delivers refined diagnostic rec-
ommendations based on extensive data, there-
by amplifying a more significant role in clinical 
applications.

Overall, CADe provides comprehensive detec-
tion support, while CADx emphasizes rapid 
diagnosis of abnormal regions. AI-CAD, on the 
other hand, has made significant strides in both 
aspects, leveraging advanced AI technologies 
to enhance diagnostic accuracy and efficiency.

Mammography used in the detection of breast 
diseases

The purpose of CADe is to automate the local-
ization of disease classification and to integrate 
the physician’s judgement to form a practical 
and useful diagnostic prediction. Huo et al. in-
vestigated a CADe based on mammography im-

Figure 2. Traditional CAD and AI-CAD processes. (A) Human defines features: CAD; (B) AI extracts features from 
learning data: Deep Learning AI-CAD. CAD, computer-assisted diagnosis; AI, artificial intelligence.
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ages, in which a radiologist or an experienced 
X-ray examiner manually scored the appearance 
of the mass in the image and then followed up 
with a computer [21]. In the preliminary investi-
gation, four features, namely spiculation, edge 
density, and two density correlation metrics of 
the mass, were extracted and subsequently 
subjected to classification utilizing a neural 
network and a hybrid classifier, ultimately gen-
erating the detection outcomes. Subsequent to 
the initial study, Huo et al. made several itera-
tive improvements to the methodology. The first 
improvement involved the application of region 
growing and radial edge gradients to extract 
spiculation features, introducing a rule-based 
method and the integration of an artificial neu-
ral network as a hybrid information processing 
approach [22]. In Huo’s earlier study, they used 
the patient’s mammography images in MLO 
position and head-to-tail CC position, while in 
the subsequent study, images in special posi-
tions (such as spot compression or spot mag-
nification views) were also added. Studies have 
shown that mammography images with special 
views are more helpful for radiologists in dis-
tinguishing benign and malignant lesions than 
images with standard views [23].

Liao et al. developed a DL system based on 
DenseNet combined with quality algorithms 
[24]. The system exhibited high sensitivity in de-
tecting breast mass, outstanding performance 
in diagnosing benign-malignant asymmetric 
lesions, and proficiency in diagnosing such 
lesions in both dense and non-dense breasts. 
This system demonstrated an excellent per-
formance compared with junior radiologists. 
Balaji et al. proposed a breast cancer detection 
method based on Chimp Optimization Algo-
rithm Based Type-2 Intuitionistic Fuzzy C-Means 
Clustering (COA-T2FCM), combining type-2 intu-
itionistic fuzzy C-means clustering and an oppo-
sitional function [25]. The method was tested 
on three datasets, exhibiting high accuracy and 
similarity. Similarly, Pal et al. employed a hybrid 

segmentation technique based on Fruitfy opti-
mization algorithm and Fuzzy C-Means cluster-
ing, utilizing extended Gabor wavelet transform 
for MRI image feature extraction, enabling early 
diagnosis of breast cancer. Research findings 
indicated a superior performance and accuracy 
(96.50%) of the hybrid segmentation technique, 
holding promising implications for precise local-
ization of breast cancer lesions [26].

The optimization of mammography imaging 
for breast cancer detection is fundamentally 
grounded in two key dimensions: patient posi-
tioning and the application of CADe strategies 
in image processing.

Strategically adjusting the patient’s posture to 
an optimal position is a pivotal factor influenc-
ing the efficacy of breast X-ray mammography 
image detection. This adjustment is not merely 
a procedural formality but a critical determinant 
in mitigating the complexities associated with 
image interpretation. The optimization strategy 
serves not only to alleviate challenges posed 
by anatomical complexities but also provides 
a stable and reliable foundation for CADe sys-
tems.

Simultaneously, the development and applica-
tion of CADe strategies offer new possibilities 
for optimizing diagnostic accuracy and the 
workflow of healthcare professionals. Beyond 
their conventional role as diagnostic aids, im-
proved CADe trategies are poised to yield pro-
found impacts, including heightened accuracy 
in breast cancer diagnosis, reduced cognitive 
burden on healthcare professionals, and alter-
ations to existing diagnostic patterns. These 
advancements hold promise to simplify pro-
cesses and foster an environment conducive 
to improving diagnostic outcomes, shaping the 
future landscape of breast X-ray mammogra-
phy imaging in breast cancer detection. This 
progress not only strengthens the theoretical 
foundations of mammography imaging but also 

Table 1. Some neural network architectures for medical tissue segmentation and classification
Network name Reference
CNN Cai et al. (2020) [53]

Chakravarthy and Rajaguru (2022) [54]
U-Net Ronneberger et al. (2015) [55]
VGGNet Simonyan and Zisserman (2014) [56]
DenseNet Huang et al. (2017) [57]
ImageNet Sert et al. (2017) [58]
UNETR Hatamizadeh  et al. (2022) [59]
Transunet Chen et al. (2021) [60]
Doubleu-net Jha et al. (2020) [61]
Swin-unet Cao et al. (2022) [62]
Medical SAM adapter Wu et al. (2023) [63]
Note: CNN, Convolutional Neural Network; VGG, Visual Geometry Group; UNETR, U-net Transformer.
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provides valuable insights for future research 
and clinical practices.

Mammography used in the diagnosis of breast 
cancer

In the mid-1980s, the University of Chicago 
began to focus on CADx for the diagnosis of 
breast cancer based on mammography images 
[27]. Early-stage breast cancer usually presents 
tiny masses and microcalcifications that are 
challenging to detect in medical images. Apply-
ing CAD in the diagnosis of breast cancer can 
improve the accuracy of the localization and 
identification of lumps and calcification sites 
and to reduce identification errors due to the 
overlapping of structures or the presence of 
speckles in the image pictures.

Convolutional Neural Networks (CNNs), which 
originated as a new neural network in the early 

1980s, were introduced into the field of medi-
cal image analysis in 1993 and are now widely 
used for solving a variety of technical problems 
in medical imaging (Figure 3) [28-30]. The 
input images in the neural network shown in 
Figure 3 was cited from the Chinese Mammog-
raphy Database. Most of studies adapted some 
well-known CNN architectures, such as modi-
fied versions of the architectural frameworks of 
AlexNet, various iterations of GoogleNet, and 
diverse iterations of Microsoft’s ResNet, with 
alterations in the hyperparameters or kernel 
layers of the original structures [31-33]. Table 
1 lists some neural network architectures for 
medical tissue segmentation and classification. 
Drawbacks of DL include the requirement for 
large datasets for training and uncertainties 
in the diagnostic significance of many deep-
learned image features. This uncertainty dimin-
ishes the interpretability of deep neural net-
work outputs, making the assessment of the 

Figure 3. Convolutional neural networks. The input images in the neural network shown was cited from the Chi-
nese Mammography Database. 

Figure 4. U-net architecture. This figure was adapted from [34]. 
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importance of imaging information and the role 
of each feature in classification performance 
rather challenging.

Almajalid et al. designed a DL framework with a 
segmentation architecture and applied it to the 
assisted diagnosis of breast cancer based on 
molybdenum target images called U-net (Figure 
4) [34]. Figure 4 is adapted from [34]. U-net 
is a CNN framework that has been widely ad-
opted by numerous researchers in subsequent 
studies. Given the significant time cost asso-
ciated with manual segmentation, automatic 
segmentation of images has become an inevi-
table trend. Ragab et al. devised an ensemble 
deep-learning-enabled clinical decision support 
system for breast cancer diagnosis and classi-
fication (EDLCDS-BCDC) on ultrasound images, 
which incorporates chaotic krill herd algorithm 
and Kapur entropy techniques and uses opti-
mal multilevel thresholding for image segmen-
tation to identify regions affected by tumors [9]. 
Integration of three DL models (Visual Geome-
try Group (VGG)-16, VGG-19, and SqueezeNet) 
is used for feature extraction. Cat swarm opti-
mization based on the multi-layer perceptron 
model is also used to classify breast cancer 
images to determine the presence of cancer. 
In contrast to the current prevalent learning 
approach, Chaudhury introduced a novel DL 
framework for diagnosing and classifying breast 
cancer using the concept of transfer learning 
[35]. Migration learning aims to acquire specif-
ic information from one problem to solve other 
similar problems. As a result, Chaudhury de-
signed an attribute mining structure that uses 
CNN architectures such as GoogleNet, VGGNet, 
and residual networks that have been previ-
ously trained and fed into a fully linked layer to 
classify malignant and benign cells using an 
average pooling classification method. Wang et 
al. proposed a new model named DisAsymNet, 
employing self-adversarial learning guided by 
an asymmetric attention transformer to under-
stand the differences between asymmetric and 
symmetric images for classification and diagno-
sis [36].

Qi et al. developed an automatic breast cancer 
diagnosis system that can be installed on a 
smartphone [37]. The scheme used molyb-
denum target images as input. Firstly, noise 
in the captured images was reduced, and 
high-quality images were reconstructed. Then, 
an initial subsystem was designed using a 
stacked denoising autoencoder framework and 
a generative adversarial network. Ultimately, 
a deep convolutional neural network was em-
ployed to capture the high-level features of the 
images and conduct binary classification of 

breast images, discerning between benign and 
malignant diagnoses. Ting et al. recommend-
ed a convolutional neural network algorithm 
to improve the classification of breast cancer 
laceration, which helps professionals diagnose 
the disease and classify the molybdenum imag-
es as benign, malignant, or healthy [38]. Kaur 
et al. developed a new algorithm with multi-
ple support vector machines (MSVM) and DL 
mechanisms as the basis for proposing an au-
tomated system for breast cancer molybdenum 
images using k-mean clustering, and MSVM 
hybrid accelerated the recovery of features to 
obtain better classification results [39]. Follow-
ing rigorous quantitative analysis and experi-
mental validation, the study recommended the 
adoption of a multi-layer perceptron and J48+K 
mean clustering WEKA approach to achieve 
heightened accuracy. Baccouche et al. investi-
gated an end-to-end based You Only Look Once 
(YOLO) fusion model for breast lesion detection 
and classification [40]. Their results indicated 
that using the YOLO model held promise in 
capturing overlooked lesions in early screen-
ing views that were clearly visible in the latest 
screening images.

Within the domain of CADx for diagnosing 
breast cancer through mammography images, 
it becomes apparent that the predominant 
strategies center on the DL-based classification 
of benign and malignant cancer images, as well 
as the segmentation of lesions within these im-
ages. Simultaneously, apart from efforts aimed 
at augmenting the precision of neural network 
diagnostic outcomes, there is a discernible re-
search emphasis on the lightweighting network 
models [41].

This highlights a theoretical framework wherein 
the primary emphasis lies in the application 
of DL methodologies for the classification of 
breast cancer images and the delineation of 
lesions, underscoring a pivotal role for AI in 
diagnostic processes [42]. Concurrently, the 
research thrust towards lightweighting network 
models reflects a strategic exploration into op-
timizing computational efficiency without com-
promising diagnostic accuracy. This dual focus 
on classification and lightweighting is indica-
tive of a nuanced approach within theoretical 
frameworks, aiming to balance diagnostic effi-
cacy with computational feasibility in the con-
text of breast cancer diagnosis through CADx 
methodologies.

Mammography used in the prediction of breast 
cancer

In recent years, research efforts have not only 
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been dedicated to the advancement of medical 
imaging technology and the enhancement of 
image clarity but have also embraced the inte-
gration of multimodal information. This includes 
the integration of textual and image data into 
the research scope, aiming to establish breast 
cancer risk prediction models. These models 
enable risk assessment and screening for high-
risk individuals, facilitating targeted interven-
tion measures.

For instance, Kyono et al. developed a machine 
learning approach to identify normal cases in 
screening mammography [43]. Utilizing a Deep 
Convolutional Neural Network with multitask 
learning, it was trained to extract imaging fea-
tures for prediction. The predictions from mul-
tiple views were combined with non-imaging 
patient data and input into another deep net-
work for assessing case abnormalities. Kumar 
used the voting classifier technique to predict 
breast cancer and proposed a new model 
combining three classifiers, J48, Bayesian, and 
support vector machine, and used the voting 
fusion technique in the classification of benign 
and malignant tumors [44]. The study by Ak-
selrod-Ballin et al. combined machine learning 
and DL to apply mammography images and 
electronic health records to construct a risk 
prediction model based on imaging histological 
features and clinical histological features [45]. 
The research employed standard breast image 
views alongside comprehensive clinical history 
as input, extracting medical imaging features 
and clinical case attributes as feature sets. 
By combining the eXtreme Gradient Boosting 
method and the minimum area under the Re-
ceiver Operating Characteristic curve method, 
the predictive results were binarily classified as 
cancer-positive or normal. Their model outper-
formed the commonly used Gail model, exhibit-
ing superior sensitivity and specificity compared 
to the established benchmarks of the breast 
cancer surveillance consortium.

A team of researchers from the Computer Sci-
ence and Artificial Intelligence Laboratory at 
the University of Massachusetts Institute of 
Technology and Massachusetts General Hos-
pital has created a DL model capable of auto-
matically predicting whether a patient is likely 
to develop breast cancer within the next five 
years based on mammographic images [46]. 
The utilized model incorporated full-field-of-view 
mammography images and considered several 
conventional risk factors, encompassing breast 
cancer diagnosis, imaging follow-up spanning 
at least five years post-diagnosis, age, weight, 
height, age at menarche, menopausal status, 
comprehensive family history of breast and 

ovarian cancer, BRCA mutation status, history 
of atypical hyperplasia, history of lobular car-
cinoma in situ, and breast density. The results 
demonstrated that the model was able to learn 
subtle patterns of malignancy signs in breast 
tissue with a 13% improvement in accuracy 
over the current clinical standard, the Tyrer-Cu-
sick model (version 8). The study has also 
re-affirmed that mammograms and traditional 
risk factors contain complementary information 
and that traditional risk factors can also have a 
critical impact on breast cancer developement.

Qian et al. proposed a multi-path DL architec-
ture based on multi-modal breast ultrasound 
images [47]. Their dataset selected patients 
with three imaging modes: ultrasound B-mode, 
color Doppler ultrasound, and elastography. 
Different weights were assigned to images from 
different imaging modes in the predictive mod-
el. Their research showed that the AI model 
was as good at predicting breast cancer risk 
as the 7 experienced radiologists in the study. 
Ali et al. introduced a label-free breast cancer 
detection tool based on a small data set [48]. 
The image data set used a combination of 
three nonlinear imaging modes (coherent an-
ti-Stokes Raman-scattering, two-photon excited 
autofluorescence, and second harmonic gener-
ation), demonstrating that multi-modal imaging 
can improve the efficiency and accuracy of 
predictive diagnosis for small sample sizes of 
patients. Siviengphanom et al. demonstrated 
that the overall radiological profile of mammo-
grams could be used to predict difficult-to-inter-
pret cases and that a model that used either 
CC-view or MLO-view images alone was more 
accurate than a model used both CC and MLO 
views [49]. It was suggested that model with 
dual CC+MLO bits had lower performance, and 
quantitative overall radiomic features extracted 
from mammograms could help to accurately 
differentiate between hard-to-interpret normal 
cases and easy-to-interpret normal cases.

The assessment of bilateral breast asymmetry 
holds significance in the evaluation of cancer 
risk, as the presence of tumors often induces 
asymmetry in breast size. Studies by Li et al. 
have successively proposed breast cancer 
short-term risk prediction models based on lo-
cal regional bilateral asymmetry features, and 
on global regional features combined with local 
regional features [50, 51]. Furthermore, the 
research conducted by Wengert et al. substan-
tiates the pivotal role of a comprehensive eval-
uation of multimodal imaging in enhancing the 
accuracy of breast density measurement [52]. 
Breast density, as identified through multimod-
al imaging, emerges as a promising factor for 
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risk prediction and stratification in the context 
of breast cancer.

In the realm of breast disease prediction, the 
application of mammography images has be-
come a focal and highly discussed topic. By 
integrating mammography images with mul-
timodal imaging, such as ultrasound images, 
and incorporating patient pathological informa-
tion, we are advancing toward achieving a more 
precise prediction of breast diseases.

This discourse emphasizes the pivotal role of 
utilizing mammography images in breast dis-
ease prediction. The effective integration of 
these images with other modalities or patient 
pathology data provides us with a deliberate 
strategy to enhance the accuracy of auxiliary 
predictions. It underscores the potential syner-
gies between different sources of medical infor-
mation in shaping the theoretical framework for 
advancing breast disease prediction.

Conclusion and outlook

CAD plays a crucial role in the research and 
development of medical imaging, particularly 
in the field of mammography with molybdenum 
target images. Firstly, through a comprehensive 
examination of patient positioning, we can bet-
ter understand how to improve the readability 
of molybdenum target images and the accuracy 
of breast disease diagnosis. Appropriate imag-
ing positions can effectively enhance the dis-
play of breast morphology and details, assisting 
doctors in more accurately identifying and 
diagnosing breast diseases. Simultaneously, 
through the study of lightweight network mod-
els, it is possible to optimize the computational 
efficiency of models without compromising 
diagnostic accuracy, making it more practical 
for real-world applications and providing better 
support for molybdenum-targeted breast dis-
ease auxiliary diagnosis systems. By improving 
the performance of neural networks, we will 
further enhance the accuracy of breast dis-
ease diagnosis based on molybdenum target 
images, potentially predicting the likelihood of 
breast diseases. Finally, in the field of breast 
disease prediction, the integration of mammog-
raphy images with other modal imaging and 
patient pathological information can further im-
prove the prediction accuracy. However, despite 
some progress, continued in-depth research is 
needed to further optimize the performance of 
CAD systems and enhance their practical value 
in clinical practice.
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Abstract

The ability to interpret vibration signals in the biomedical field offers a promising path toward continuous improve-
ment of medical devices. By examining the revolutions per minute profile, analysts can identify any deviations or 
anomalies in the vibration patterns at different speeds. This information can help identify potential faults or imbal-
ances within the rotating machinery. With a comprehensive understanding of the revolutions per minute profile, 
analysts can make informed decisions regarding maintenance and repairs. Besides, the analysis of the order of 
vibration signals represents an essential pillar of biomedical engineering, bringing an innovative and in-depth per-
spective to the development of medical devices, and contributing to the continued advancement of medical tech-
nology and healthcare. Integrating vibration analysis into preventive maintenance practices can help ensure the 
reliability of medical equipment, reduce potential risks to patients, and contribute to the advancement of health-
care quality.

Keywords: Vibration analysis, medical devices, biomedical

Highlights
● The application of vibration analysis in medical diagnosis offers a diverse range of benefits, from non-invasive 
   diagnostics to early detection and continuous monitoring of various health conditions.
● As technology continues to advance, the integration of vibration analysis into medical practices holds promise 
   for enhancing diagnostic accuracy and improving patient outcomes.

Introduction

Vibration is a common phenomenon in various 
mechanical systems and structures, ranging 
from rotating machinery like motors, pumps, 
and turbines to bridges, buildings, and vehicles 
[1-3]. When a mechanical system operates, it 
generates vibrations because of imbalances, 
misalignments, wear, resonance, structural 
weaknesses, or other mechanical faults [4-7].

Vibration analysis is a vital technique used 
to assess the condition and performance of 
machinery and structures [8-12]. It involves 
measurement, analysis, and interpretation 
of vibration signals to identify potential prob-
lems, such as faults, anomalies, or mechanical 
problems [13-19]. Vibration analysis utilizes 
specialized sensors, such as accelerometers, 
to capture the vibrations induced by systems 
or structures [20-22]. These sensors measure 
the acceleration, velocity, or displacement of 

the vibrating component and convert the me-
chanical vibrations into electrical signals [23-
25]. Once the vibration signals are obtained, 
they are analyzed using various techniques and 
tools, including time-domain analysis, frequen-
cy-domain analysis, statistical analysis, wavelet 
analysis, and advanced signal processing algo-
rithms [26-28]. The goal of vibration analysis 
is to extract meaningful information from the 
vibration signals to understand the behavior, 
diagnose any faults or anomalies, and make 
informed decisions regarding maintenance and 
repair [29-31].

The key objectives of vibration analysis include:

● Fault detection: Identifying faults or anoma-
lies in machinery or structures. This involves 
detecting issues like unbalance, misalignment, 
bearing wear, gear damage, resonance, and 
mechanical looseness.
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● Fault diagnosis: Determining the specific 
nature, location, and severity of faults. By ana-
lyzing the vibrational characteristics, frequency 
components, and patterns, fault diagnosis aims 
to pinpoint the source and identify the underly-
ing causes of the problems identified.

● Condition monitoring: Regularly monitor-
ing the vibration signals to track changes in 
machinery performance over time. Condition 
monitoring enables the identification of gradual 
deterioration, allowing for predictive mainte-
nance and preventing unexpected failures or 
breakdowns.

● Performance optimization: Assessing the per-
formance of machinery or structures to maxi-
mize efficiency, minimize energy consumption, 
improve productivity, and extend equipment 
lifespan. Vibration analysis can reveal oppor-
tunities for optimization and suggest improve-
ments to enhance performance.

● Structural health monitoring: Evaluating the 
condition and performance of structures, such 
as bridges, buildings, and wind turbines, to 
ensure their integrity and safety. Vibration anal-
ysis can detect signs of degradation, fatigue, or 
damage, enabling proactive maintenance and 
preventing catastrophic failures.

Order analysis stands as a crucial technique 
in the realm of vibration analysis, particularly 
in examining the vibrational signals emitted by 
rotating machinery. This methodology centers 
around the analysis of the signals in terms of 
rotational orders, which are harmonics corre-
sponding to the fundamental rotational fre-
quency of a rotating component, be it a gear or 
a shaft [32-35].

In essence, rotational orders encapsulate the 
multiples of the basic rotational frequency, 
unveiling a comprehensive perspective on the 
dynamic behavior of the machinery. By employ-
ing order analysis, engineers and maintenance 
professionals can gain valuable insights into 
the condition of the rotating components. This 
technique is proven to be indispensable for 
identifying specific fault frequencies, aiding in 
the accurate diagnosis of potential issues, and 
facilitating ongoing monitoring efforts [36].

In practical terms, order analysis involves pro-
cessing vibration data to discern the presence 
and amplitude of rotational orders [37]. This 
information is instrumental in pinpointing irreg-
ularities, such as misalignments, unbalances, 
or bearing defects, that may affect the rotating 
machinery. The ability to isolate and interpret 

these harmonics provides a powerful diagnos-
tic tool, contributing to proactive maintenance 
practices and the optimization of machinery 
reliability [38-40].

Ultimately, order analysis emerges as a vital 
component of predictive maintenance strate-
gies, offering a nuanced understanding of the 
vibrational characteristics inherent in rotating 
machinery. Its applications extend across vari-
ous industries, playing a pivotal role in ensuring 
operational efficiency, reducing downtime, and 
enhancing the overall reliability of critical rotat-
ing components [41-43].

Medical diagnosis by vibration analysis

Vibration analysis can be a valuable tool in 
medical diagnosis, providing insights into the 
mechanical properties of tissues and aiding in 
the detection and characterization of various 
medical conditions. Here are some specific ap-
plications of vibration analysis in medical diag-
nosis:

● Elastography: Elastography techniques use 
controlled vibrations to evaluate the stiffness 
of tissues. The presence of abnormal stiffness 
may indicate diseases such as liver fibrosis, 
breast tumors, and prostate cancer.

● Ultrasound vibro-acoustography: Combining 
ultrasound and vibration analysis, vibro-acous-
tography can provide detailed images of tissue 
structures and aid in the diagnosis of breast le-
sions, thyroid nodules, and other abnormalities.

● Vibration analysis in orthopedics: Assessing 
joint function and bone health by analyzing vi-
brations during movement can help diagnose 
conditions such as osteoarthritis and osteopo-
rosis.

● Vocal cord vibrations: Analyzing vibrations in 
the vocal cords can help diagnose voice disor-
ders and assess laryngeal health. This is partic-
ularly important in otolaryngology.

● Cardiovascular vibration analysis: Assessing 
the vibrations associated with blood flow dy-
namics aids in understanding cardiovascular 
conditions, such as detecting abnormal heart 
valve function and studying arterial stiffness.

● Eye biomechanics: Vibration analysis can be 
applied to study the biomechanics of the eye, 
aiding in the diagnosis of glaucoma and evalu-
ating corneal health.

● Dental diagnostics: Analyzing vibrations in 
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teeth and jaws can assist in diagnosing dental 
conditions, including tooth fractures, bite forc-
es, and temporomandibular joint disorders.

● Vibration-based diagnostics in neurology: Vi-
bration analysis can be used to assess periph-
eral nerve function, helping diagnose carpal 
tunnel syndrome, diabetic neuropathy, etc.

● Respiratory system analysis: Analyzing vibra-
tions associated with breathing patterns can 
aid in diagnosing respiratory diseases, such as 
asthma or chronic obstructive pulmonary dis-
ease.

● Detection of abnormalities in organs: Vibra-
tion analysis, when combined with imaging 
modalities, can help detect abnormalities in or-
gans, such as tumors or cysts, by studying their 
mechanical properties.

● Gastrointestinal system assessment: Vibra-
tion analysis can be applied to assess the 
motility of the gastrointestinal tract, aiding in 
the diagnosis of irritable bowel syndrome and 
gastroparesis. etc.

In each of these applications, vibration analysis 
provides additional diagnostic information that 
complements traditional imaging techniques, 
contributing to more accurate and comprehen-
sive medical assessments. The continuous 
exploration in vibration analysis can contribute 

to the improvement of 
diagnostic capabilities in 
various medical special-
ties.

Order analysis of a vibra-
tion signal in the field of 
biomedical engineering

Analysis of the order of 
a vibration signal is of 
crucial importance in the 
field of biomedical engi-
neering, especially in the 
medical devices assisted 
diagnosis. This approach 
allows a detailed assess-
ment of the vibration 
signals emitted by med-
ical devices, providing 
valuable information 
on their performance, 
operational status, and 
structural integrity. In 
the biomedical context, 
where the reliability and 
safety of devices are par-

amount, vibration order analysis is emerging as 
an essential tool to detect possible failures or 
anomalies.

This methodology can be applied to various 
medical devices, such as scanners, medical 
imaging devices, and infusion pumps. By un-
derstanding the characteristics of vibrations 
at specific frequencies, biomedical engineers 
can assess how well devices are functioning, 
anticipate potential problems, and implement 
preventative measures.

Analysis of the order of vibration signals in bio-
medical engineering also contributes to the de-
velopment of safer and more effective medical 
devices. By identifying characteristic frequen-
cies linked to specific phenomena, it is possible 
to optimize the device design and minimize 
unwanted vibrations.

A motor speed signal commonly consists of 
a sequence of tachometer pulses. Tachorpm 
function can be used to extract revolutions per 
minute (RPM) from a tachometer pulse signal. 
Tachorpm automatically identifies the pulse 
locations of a bilevel tachometer waveform and 
computes the interval between pulses to esti-
mate rotational speed. In this example, the mo-
tor speed signal contains the rotational speed 
in rpm, and hence no conversion is needed. 
See Figure 1 and Figure 2 for the motor speed 
and vibration data as functions of time.

Figure 1. Motor speed as a function of time.

Figure 2. Accelerometer vibration data as a function of time.
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Figure 1 illustrates the variation in motor 
speed over time. The x-axis represents time, 
measured in seconds, depending on the du-
ration of the data collection period. The y-axis 
represents motor speed, typically measured 
in RPM. The plot depicts how the motor speed 
changes throughout the recorded period. The 
trajectory of the curve provides insights into the 
motor’s performance, behavior, and response 
to different conditions or stimuli.

Figure 2 illustrates the vibration data captured 
by an accelerometer over a specific duration of 
time. The x-axis represents time, typically mea-
sured in seconds, depending on the duration 

of the data collection period. 
The y-axis represents the ac-
celerometer’s vibration data, 
typically measured in units 
such as acceleration (m/s2). 
The plot visually depicts how 
the vibration levels change 
over time, providing valuable 
insights into the dynamic 
behavior of the system being 
monitored. The trajectory 
of the curve reveals various 
characteristics of the vibration 
signal, which can be analyzed 
to assess the condition, per-
formance, and health of ma-
chinery or structures.

Indeed, when analyzing vibra-
tion in rotating machinery, it 
is common to consider the 
changes in vibration ampli-
tude as a function of rotation-
al speed. The RPM profile, 
which corresponds to the en-
gine speed during the run-up 
and coast-down phases, is a 
crucial parameter in vibration 
analysis.

Un d e r s t a n d i n g  t h e  R P M 
profile and its influence on 
vibration amplitudes is cru-
cial in vibration analysis. This 
knowledge allows the analysis 
and interpretation of vibration 
signals in the context of the 
machine’s operational condi-
tions and speed variations. 

By considering the engine 
speed and its relationship 
to vibration characteristics, 
analysts can distinguish be-
tween normal operating condi-

tions and potential faults or irregularities. This 
analysis approach aids in identifying specific 
frequencies associated with faults, detecting 
resonance effects, understanding gear, and 
bearing behavior, and diagnosing potential is-
sues occurring at specific rotational speeds.

Visualizing data using an RPM-frequency map

The innovative approach to vibration analysis, 
utilizing an RPM-frequency map, exemplifies the 
intersection of data science and machinery di-
agnostics. By providing a visual narrative of the 
vibrational landscape, this technique enhances 
the precision and efficiency of maintenance 

Figure 3. RPM-frequency map for vibration data. RPM: revolutions per 
minute.

Figure 4. The average spectrum of map.
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practices, contributing to overall reliability and 
performance optimization.

Visualizing the vibration data using an RPM-fre-
quency map facilitates the identification of 
potential dysfunction areas and aids in the 
diagnosis of rotating machinery. It provides a 
comprehensive overview of the vibration behav-
ior of machinery across different RPM ranges, 
facilitating effective decision-making for main-
tenance, optimization, and ensuring reliable 
machinery operation (Figure 3).

Determining peak orders using an average or-
der spectrum

Vibration analysis is a pivotal tool in predictive 
maintenance, allowing for the early detection 
of potential issues in machinery. An advanced 
technique in this domain involves the determi-
nation of peak orders using an average order 
spectrum, providing a nuanced understanding 
of the dynamic behavior of rotating equipment.

By determining peak orders using an average 
order spectrum (Figure 4), analysts can identify 
dominant frequency components associated 
with specific rotation orders, such as gear 
meshing frequencies or bearing fault frequen-
cies. This provides essential information for 
diagnosing faults, assessing the condition of 
rotating machinery and optimizing operational 
parameters. Additionally, combining mid-order 
spectrum with other diagnostic techniques, 
such as envelope analysis or trend analysis, 
can improve fault detection and health mon-
itoring capabilities. It involves calculating the 
average power spectral density or amplitude 
spectrum from multiple measurements. This 
averaging helps reduce the impact of random 
noise and highlights consistent frequency com-
ponents.

In vibration analysis, maps can be used to show 
the relationship between different parameters, 
such as frequency and amplitude, in a spatial 
arrangement.

Conclusion

In conclusion, the analysis of the order of a 
vibration signal is emerging as an invaluable 
method in the field of biomedical engineering, 
especially in medical devices assisted diagno-
sis. This approach explores and interpret vi-
bration characteristics in detail, thus providing 
significant advantages for the maintenance, 
reliability, and safety of medical devices.

Using order analysis, biomedical engineers can 

not only detect anomalies and potential failures 
but also anticipate emerging issues before they 
compromise device integrity or performance. 
This methodology provides an in-depth under-
standing of the specific frequencies associated 
with different phenomena, thereby facilitating 
the optimal design of safer and more effective 
medical devices.
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Abstract

With the continuous advancement in medical device technology, minimally invasive surgery has become the cor-
nerstone of modern surgical practices. At the forefront of this evolution is the fusion of medical endoscopes with 
high-frequency electrosurgical instruments, now a mainstream approach in minimally invasive surgeries, driving 
the development of innovative surgical procedures. This paper aims to provide an in-depth understanding of the 
principles of electrosurgical units, with a particular focus on standard procedures in gastrointestinal endoscopic 
electrosurgery. The goal of this review is to provide a more profound and comprehensive insight into endoscopic 
electrosurgery for medical practitioners and patients. Through the comprehensive study, it is anticipated to serve 
as a guide and reference for improving surgical outcomes, reducing patient discomfort, and simplifying the tasks 
of healthcare professionals.

Keywords: Electrosurgery, gastrointestinal endoscopy, clinical application

Highlights
● Proper parameter settings and mode selection are vital to minimize postoperative complications.
● Third Space Endoscopy offers innovative avenues beyond traditional methods for minimally invasive 
interventions.

Introduction

High-frequency electric knife, with advantages 
such as rapid cutting speed, effective hemosta-
sis, and convenient operation, notably simpli-
fies surgical procedures for medical personnel 
and minimizes patient discomfort. Widely 
employed in various surgical disciplines, includ-
ing general surgery, thoracic surgery, urology, 
otorhinolaryngology, cardiovascular surgery, gy-
necology, plastic surgery, orthopedics, and neu-
rosurgery, the high-frequency electric knife has 
become an indispensable tool in surgical inter-
ventions. With the continuous progress of med-
ical instruments, minimally invasive medicine 
has become pivotal in modern surgical prac-
tices. The integration of medical endoscopes 
with high-frequency electric knives, equipped 
with both cutting and coagulation capabilities, 
has become a prevalent approach in minimally 

invasive endoscopic surgeries, fostering the 
development of novel surgical techniques. How-
ever, many endoscopists lack comprehensive 
training and understanding of electrosurgical 
equipment. Therefore, this paper aims to en-
hance the knowledge and proficiency in manag-
ing electrosurgical units (ESUs) by introducing 
the principles of electrosurgery, associated 
equipment, and application of electrosurgery in 
gastrointestinal endoscopy. 

Development of electrosurgery

The development of high-frequency electric 
knife is intricately linked with the discovery and 
evolution of electricity, as well as the profound 
exploration of electro-medicine by scholars 
throughout history. Goldwyn categorized the 
foundational epochs of electro-medicine into 
three significant historical periods leading up to 
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the introduction of the high-frequency electric 
knife [1]. The first epoch commenced with the 
discovery of static electricity, wherein static 
electricity was emerged as recognized as the 
only known form of electricity [2]. The second 
epoch, starting in 1786, was marked by Luigi 
Galvani’s observation that frogs’ legs spasm 
upon contact with different metals, introducing 
the concept of “animal electricity” [3]. In 1800, 
Volta et al. invented the “Voltaic pile”, confirm-
ing that continuous electrical stimulation could 
induce sustained muscle contractions, laying 
the groundwork for electro-medicine [4]. The 
third epoch can be traced back to 1831, when 
Michael and Joseph independently discovered 
the phenomenon of “electromagnetic induc-
tion”, a breakthrough that significantly acceler-
ated development of electro-medicine [5].

The precursor to the high-frequency electric 
knife emerged in the late 19th and early 20th 
centuries. In 1891, Jacques discovered that 
high-frequency electrical currents above 100 
kHz passing through the human body did not 
cause pain but elevated the temperature [6]. 
This breakthrough paved the way for electro-
surgical technology. In 1900, Joseph, while 
treating a patient with high-frequency electric 
current, accidentally discovered that the elec-
tric arc generated by the electrode could coagu-
late the skin [7]. Subsequently, he successfully 
treated a patient with a hand ulcer using this 
electric arc current [7]. This event is considered 
the birth of electrosurgery. In 1926, Harvey 
performed the world’s first electrosurgical pro-
cedure using an electric knife manufactured by 
William, ushering in the era of electrosurgery 
[8].

Early high-frequency electric knives primarily 
utilized spark gap discharge mechanisms, re-
lying on capacitors, inductors, and adjustable 
spark electrodes. They generated arc sparks 
through high alternating current voltage, pos-

ing a significant risk of burn accidents and 
carrying substantial inherent risks [9]. With 
the development of semiconductor technology, 
high-frequency electric knife devices gradually 
transitioned to utilizing semiconductor technol-
ogies such as transistors and metal-oxide-semi-
conductor field-effect transistors, coupled with 
high-frequency sinusoidal waves with lower 
harmonic components as the output waveform. 
Simultaneously, high-performance microproces-
sors were employed for control, enhancing the 
precision and safety of equipment control [10, 
11]. 

Today, high-frequency electric knives find wide-
spread application across various surgical 
disciplines. With the deepening of the concept 
of minimally invasive surgery, high-frequency 
electric knives are also commonly used in 
endoscopic procedures. For example, VIO se-
ries electrosurgical devices manufactured by 
ERBE Elektromedizin GmbH utilize Hybrid Knife 
technology, enabling various digestive surgical 
procedures in conjunction with endoscopy [12]. 
In contrast to traditional open surgy for gastro-
intestinal disorders, which are characterized 
by minimal patient trauma, thorough curative 
outcomes, and lower treatment costs. These 
procedures have evolved into the primary ther-
apeutic modality for early gastrointestinal dis-
eases on an international scale in recent years.

Principles of electrosurgery

Electrosurgery utilizes electrical energy to 
generate heat effects for medical purposes, 
such as excision, incision, hemostasis, and 
inactivation of target tissues. The therapeutic 
foundation of all electrosurgical procedures 
lies at the cellular level, where heat effects 
are induced. When high frequency alternating 
current, generated by ESUs, flows through tis-
sues along the circuit, it encounters resistance 
which generates heat [13]. Specifically, within 

Figure 1. Monopolar device circuit. ESU, electrosurgical unit. 
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the circuit of high-frequency alternating cur-
rent, the anions and cations within the tissue 
migrate towards positions near the positive 
and negative poles, respectively, based on the 
current-voltage direction. As the polarity rapidly 
changes, the movement direction of anions and 
cations within the tissue also changes swiftly. 
These particles oscillate rapidly within the cy-
toplasm, converting electrical energy into me-
chanical energy and, through friction, ultimately 
transforming into heat energy, resulting in a 
thermal effect [14]. These effects are primarily 
determined by the temperatures achieved, as 
outlined in Table 1. The most crucial effect of 
electrosurgical procedures is the denaturation 
of proteins, varying from coagulation at 60 °C 
to evaporation at 100 °C. The speed and extent 
of these processes depend on the heating rate 
and effective duration of temperature elevation 
[15].

ESUs, which generate electrosurgical energy, 
can be categorized into monopolar and bipolar 
devices, based on the current path. Monopolar 
technology is defined as high-frequency electric 
current flowing to the active electrode towards 
the target tissue, then returning through the 
body to the neutral grounding pad, ultimately 
forming a circuit, as shown in Figure 1. The cur-
rent intensity (I) is defined as the ratio of the 
quantity of charge (q) through a conductor’s 
cross-section to time (t), mathematically ex-
pressed as I=q/t. Current intensity is a physical 
quantity that describes the strength of the cur-
rent at a specific point in an electrical circuit, 
representing the amount of current passing 
through a unit cross-sectional area. Current 
intensity is directly proportional to voltage (U) 
and inversely proportional to resistance (R). A 
higher working voltage leads to greater current 
intensity, while higher resistance results in 
lower current intensity [16]. Therefore, small-
er tissue surfaces in contact with the active 
electrode generate higher current intensity, 
producing more significant thermal effects. 
In contrast, the contact area with the neutral 

grounding pad, which is well in contact with the 
body compared to the active electrode, has a 
larger surface area, making the thermal effects 
negligible. However, if there is poor contact with 
the neutral grounding pad, localized tempera-
ture elevation may occur, potentially causing 
skin burns. Thus, operators should be cautious 
in such cases. Bipolar technology involves 
high-frequency electric current emanating 
from one pole of the bipolar electrode, passing 
through nearby tissue to reach the other pole 
and then returning to the ESU, completing a cir-
cuit, as illustrated in Figure 2. The advantages 
of bipolar technology include the reduced travel 
distance of current within the body, limited 
thermal damage, and the ability to achieve sim-
ilar effects with lower power, thereby reducing 
the risk of perforations [17]. Most ESUs used in 
digestive endoscopy support both monopolar 
and bipolar modes. However, monopolar mode 
is preferred due to its compatibility with a wider 
range of surgical instruments, facilitating both 
cutting and coagulation. On the other hand, 
bipolar mode instruments are generally less 
available and mainly designed for coagulation, 
with only a select few intended for cutting. Cur-
rently, despite the development of instruments 
suitable for bipolar mode, such as polypectomy 
snares, thermal biopsy forceps, sphincter-
otomes, IT knives and others, their widespread 
use remains limited [18-20]. This is partly due 
to their higher design and manufacturing costs 
compared to monopolar instruments. In sum-
mary, it is essential for endoscopists to have a 
thorough understanding of the characteristics 
of the instruments they choose to reduce the 
risk of accidents. 

In addition to device types, the output wave-
form mode is also crucial. ESUs are designed 
to offer operators various output waveform 
modes labeled as “Cut”, “Blend”, “Coag” and 
others. It’s important to note that these names 
are not standardized, and modes may vary with 
the same name between ESUs produced by 
different companies [21]. Endoscopists should 

Table 1. The thermal effect of human tissue
Temperature Effect
≤40 ℃ No effect.

40-50 ℃ Cell membrane and intracellular structures change depend on the duration of heating.
50-60 ℃ Coagulation (denaturation) of cellular proteins;

Loss of viability.
60-80 ℃ Coagulation of extracellular collagen;

Disruption of cell membrane.
80-100 ℃ Vaporization of tissue fluid;

Desiccation and damage to cells;
Tissue rupture resulting in incisions.

>150 ℃ Carbonization.
>300 ℃ Evaporation.
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carefully read the user manual of devices prior 
to operation. A profound understanding of the 
selected output waveform is crucial, as mode 
names can sometimes be misleading. For ex-
ample, many outputs labeled as “Coag” can 
produce significant cutting capabilities. Pure 
coagulation effects can only be achieved with 
waveforms where the voltage peak does not 
exceed 200 V, commonly known as “Soft Coag” 
[22]. ESUs typically produce output ranging 
from continuous low-frequency sine waves to 
modulated interrupted higher-frequency sine 
waves, as illustrated in Figure 3. When the 
voltage peak of continuous waveforms exceeds 
200 V, it rapidly generates high current density 
along the electrode, which creates a significant 
amount of heat, causing cell explosions, and 
results in a cutting effect. Cells farther from 
the electrode do not receive enough heat to 
explode, leading to coagulation. Even in modes 
labeled as “Pure Cut,” there may be some 
coagulation along the cutting edge. Accurate 
“Pure Cut” is achieved only with cold-cutting 
instruments like surgical knives. When using an 
electrosurgical knife at voltages exceeding 200 

V, the coagulation depth along the cutting-edge 
increases. However, it is impractical to endless-
ly boosting voltage for more coagulation, espe-
cially beyond about 600 V peak voltage due to 
excessive power [10]. The released heat (Q), 
calculated using Joule’s law, is the product of 
power and time (Q=W×t). By combining Ohm’s 
law in this equation (Q=V×I×t=I2×R×t), there is 
a risk of carbonization on cutting surfaces [22]. 
Intermittently halting the output allows tissue 
cooling, increasing the proportion of cells that 
dry without exploding. By adjusting the duty 
cycle and applying higher voltage peaks in the 
output, the coagulation edge of the tissue can 
be enhanced, achieving a deeper hemostatic 
effect. These modulated waveforms are termed 
“Blend” and “Coag.” Typically, coagulation 
waveforms have a lower duty cycle, ranging 
between 6% and 12%, while blend waveforms 
have a duty cycle between 12% and 80% [23]. 
“Crest factor” is another concept when dis-
cussing waveforms and is often found in the 
ESU product manuals. It refers to the ratio of 
the current peak value to the effective current 
value on the load. For instance, the crest factor 

Figure 2. Bipolar device circuit. ESU, electrosurgical unit. 

Figure 3. The effect of different waveforms. 
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for a continuous sine wave is 1.4. Generally, 
cutting waveforms are characterized by crest 
factors less than 2, while blend waveforms 
have crest factors ranging between 2 and 5 
and coagulation waveforms have crest factors 
ranging between 5 and 8 [22]. Endoscopists 
should understand the electrophysiological 
characteristics produced by different waveform 
modes and choose the most appropriate mode 
based on practical application scenarios.

Application of electrosurgery in gastrointesti-
nal endoscopy

Endoscopic surgery has emerged as a safe and 
effective method for treating early gastrointes-
tinal lesions, replacing traditional open surgery 
as a routine endoscopic treatment method 
[24]. The Paris endoscopic classification now 
plays a pivotal role in clinical practice, serving 
as the gold standard for endoscopic and visual 
assessment of gastrointestinal lesions [25]. 
In clinical practice, the Paris classification is 
widely employed to determine the type of lesion 
for subsequent selection of resection methods 
based on the size, location, and pathological 
diagnosis of the lesion. Gastrointestinal polyps 
are the most prevalent lesions encountered in 
clinical practice. Given the risk of malignancy 
associated with these lesions, early diagnosis 
and treatment are crucial. Endoscopic treat-
ment for gastrointestinal polyps often employs 
various electrocautery techniques, such as hot 
snare polypectomy (HSP), argon plasma coag-
ulation (APC), endoscopic mucosal resection 
(EMR), and endoscopic submucosal dissection 
(ESD). Additionally, the growing experience in 
endoscopic surgery and technological advance-
ment has led to the development of a new 
technique that creates a submucosal tunnel, 
introducing a novel domain known as “third 
space endoscopy” for treating gastrointestinal 

ailments. One representative procedure of this 
frontier technology is peroral endoscopic myot-
omy (POEM) for esophageal sphincter myotomy.

HSP

Depending on the type of electrosurgical de-
vices, polypectomy is divided into cold snare 
polypectomy (CSP) and HSP. CSP is generally 
effective for polyps measuring 3-5mm in diam-
eter [26, 27]. It offers a shorter operating time 
and lower risk of thermal injury to the intestinal 
wall [28]. For polyps measuring 5-10mm, both 
methods have pros and cons, with CSP having 
a higher risk of incomplete resection [29]. For 
polyps of 10-19 mm, the European Society of 
Gastrointestinal Endoscopy recommends using 
HSP technology [30]. Compared to CSP, the 
cauterization effect of HSP may extend to the 
submucosal layer, making it more suitable for 
deep and complete removal of larger polyps. 
Submucosal preventive injection of normal 
saline, adrenaline, or other mixtures is recom-
mended before HSP to reduce the risk of bleed-
ing and prevent deep colonic mucosal thermal 
injury [30-32]. The HSP procedure involves po-
sitioning the hot snare into the biopsy channel, 
completely snaring the polyp, gradually tighten-
ing the snare, and subsequently connecting the 
electrosurgical energy-generating device to the 
snare for complete resection. Doctors need to 
choose the appropriate snare instrument based 
on the size and shape of the lesion. Commonly 
used snare instruments include circular, oval, 
hexagonal, etc., as illustrated in Figure 4. It’s 
crucial to recognize that the choice of snare 
affects the current density and the nature of 
the cut: a thinner-edged snare yields a higher 
current density for precise cutting, whereas a 
thicker-edged snare offers lower current den-
sity, favoring coagulation. Currently, the Blend 
mode is the preferred option during the HSP 
process. A pure cutting mode may elevate the 
risk of transient bleeding with limited hemo-
static effects. In contrast, a coagulation mode 
may increase the potential for transmural 
damage to the intestinal wall due to its deeper 
action, leading to electrosurgical syndrome [33]. 
Therefore, the Blend mode, which has a cutting 
effect at the excision site and a coagulation ef-
fect at the excision edge, represents the most 
suitable choice.

APC

APC is a non-contact tissue coagulation tech-
nique that utilizes argon gas discharge under 
atmospheric pressure to coagulate tissue 
without requiring the tissue to adhere to the 
electrode. Its application in electrosurgery is 

Figure 4. Different shapes and sizes of snares. (A) 
Small size snares; (B) Large size snares. 
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widespread. Initially introduced in open surgical 
procedures in the late 1970s, APC found its 
endoscopic application in 1991, quickly be-
coming the preferred endoscopic coagulation 
technique [34, 35]. Argon gas was chosen due 
to its biochemical inertness, low breakdown 
voltage, and relatively low cost [36]. The prin-
ciple of operation involves the transmission of 
electrical energy to the target tissue through 
an ionized argon plasma jet. The basic working 
process is illustrated in Figure 5. As tissue con-
ductivity decreases and resistance increases, 
the argon plasma will automatically shift from 
the high resistance zone to the low resistance 
zone. The penetration depth of coagulation is 
limited to a few millimeters. Compared to other 
endoscopic thermal coagulation methods, APC 
provides quick hemostasis, minimal bleeding, 
and reduced scab formation. Typically, APC can 
be used as an adjunctive treatment for gastro-
intestinal polyps, effectively reducing postoper-
ative residual tissue. Brooker et al. evaluated 
the role of APC in preventing recurrence at the 
polypectomy sites and confirmed its safety and 
effectiveness [37]. In addition, this technique 
is also suitable for treating erosion, ulcers, pol-
yps, tumors, and other superficial lesions of the 
digestive mucosa by halting bleeding, relieving 
pain, and mitigating inflammation. Hybrid APC 
is a relatively new technology in this field. It 
combines traditional APC with prior submucosal 
injection using water jet-assisted submucosal 
dissection, representing a development of APC 
technology [38]. Compared to standard APC, 

submucosal injection serves as a heat sink to 
disperse energy, ensuring that the underlying 
intrinsic muscle layer remains unaffected and 
only the intact mucosal layer is coagulated, pro-
viding better safety [39].

EMR

EMR is a minimally invasive endoscopic surgery 
developed by Japanese experts in the 1980s 
[40]. It aims to completely remove pathological 
mucosa by submucosal dissection. EMR sur-
gery is mainly suitable for early cancer surgery 
and can also be extended to removal of polyps 
and resection of partial precancerous lesions, 
typically those smaller than 20 mm. The most 
used techniques can be further categorized as 
injection-assisted EMR, as shown in Figure 6, 
cap-assisted EMR, as shown in Figure 7, and 
ligation-assisted EMR, as shown in Figure 8.

Injection-assisted EMR

The initial step of this technique involves inject-
ing a solution into the mucosa to lift it, making 
it easier to capture the lesion. The common in-
jection substances include physiological saline, 
a combination of fibrinogen, sodium hyaluro-
nate, hydroxypropyl methylcellulose, glycerol, 
or hydroxyethyl starch. This injection serves as 
a buffer zone between the lesion and normal 
tissue, minimizing damage to the deeper layers 
of gastrointestinal wall during electro-surgery. 
Staining agents can be mixed into the injection 

Figure 5. The fundamental working process of argon plasma coagulation. 
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material to identify the boundaries of the lesion 
more clearly [41]. Current research indicates 
that using autologous blood or adrenaline as 
injection materials can more effectively reduce 
the risk of bleeding and perforation [42, 43]. If 
the lesion cannot be effectively raised during 
injection, it may indicate deeper tissue inva-
sion, and EMR should not be used for excision 
in such cases.

Cap-assisted EMR

This technique does not require submucosal in-
jection. It involves using a cap-fitted endoscope 
to aspirate the lesion tissue, followed by exci-
sion using the electric surgery snare technique. 
The cap is typically made of transparent plastic, 
usually in a straight cylindrical shape or with 
an oblique pointed end. It can be either soft 
or hard, chosen based on the specific surgical 
site. Soft caps are commonly used in EMR pro-
cedures as they can reduce mucosal damage 
during surgery [44]. For gastric lesion surgeries, 
a straight cap is often used, while for esoph-
ageal lesion resection procedures, an oblique 
cap is commonly employed to compensate for 
the position and angle of the endoscope rela-
tive to the esophageal wall [45].

Ligation-assisted EMR

This technique does not require submucosal 
injection. Instead, it involves placing a variceal 
ligation band on the lesion tissue. Using suc-
tion, the lesion is pulled into the ligator. The 
contracting force squeezes the mucosa and 
submucosal layers without capturing the in-
trinsic muscle layer. Subsequently, the ligator 
is removed, and the lesion is excised using the 
electric surgery snare either above or below the 
ligated band [45].

ESD

ESD is an advanced technique for the endo-
scopic removal of mucosal lesions, offering a 
minimally invasive treatment for early gastroin-
testinal cancer lesions. Originating in Japan in 
the late 1990s as a treatment for early gastric 
cancer, ESD’s applicability has expanded to 
include esophagus and colon lesions [46]. ESD 
offers advantages over EMR: notably its ability 
to excise larger lesions irrespective of their size, 
bringing about higher cure rates, lower recur-
rence rates, and precise histopathological anal-
ysis [47]. However, research indicates that EMR 
may be more advantageous for lesions (<10 
mm) in size [48]. Currently, ESD has largely re-
placed EMR as the preferred surgical approach 
for early cancer surgeries worldwide, due to 

Figure 6. Injection-assisted endoscopic mucosal resec-

tion. 

Figure 7. Cap-assisted endoscopic mucosal resection. 

Figure 8. Ligation-assisted endoscopic mucosal re-

section. 

Figure 9. Hybrid Knife. (A) I-type; (B) T-type; (C) O-type. 
This figure was cited from the official website of Hybrid 
Knife (ERBE Elektromedizin GmbH).
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its growing prevalence and effective [49, 50]. 
The core steps of ESD involve lesion marking, 
submucosal injection to lift the lesion, dissect-
ing, and achieving hemostasis. The technique 
employs a variety of specialized surgical knives, 
including the Dual Knife (Olympus), Flex Knife 
(Olympus), Flush Knife (Fujifilm), Hook Knife 
(Olympus), Triangle Tip Knife (Olympus), Hybrid 
Knife (ERBE Elektromedizin GmbH) and so on. 
Each knife has its own advantages, allowing for 
a rational selection based on lesion location 
and structural characteristics [51]. The Hybrid 
Knife from ERBE Elektromedizin GmbH is par-
ticularly advantageous as a multifunctional tool 
suitable for marking, excision, and submucosal 
injection. It significantly reduces the need for 
frequent instrument changes during surgery, 
thereby improving operational efficiency. Its 
integrated central capillary tube, when used in 
conjunction with the ERBEJET 2 system, can 
generate a 120 μm water jet for submucosal 
injection. The Hybrid Knife is available in three 
models: I-type, T-type, and O-type, as shown in 
Figure 9, offering greater flexibility in selection. 
Figure 9 was cited from the official website 
of Hybrid Knife (ERBE Elektromedizin GmbH). 
Common ESU devices used in clinical endo-
scopic treatment include the ERBE VIO200S, 
VIO200D, VIO300S, and VIO300D series. Many 
other companies also offer similar ESU devices 
suitable for endoscopic treatment. However, 
regardless of the choice for ESU or knife, it is 
essential to adjust parameter settings flexibly 
based on the actual cutting and coagulation 
needs during surgery, in accordance with the 
clinician’s experience, to achieve safe and ef-
fective surgery. Despite the absence of specific 
guidance on ESU settings for ESD surgery, a 
study by Masamichi Arao et al. regarding the 
use of the ENDO CUT mode and FORCED COAG 
mode of the VIO300D in pig esophageal endo-
scopic submucosal dissection demonstrated 
that the ENDO CUT mode significantly reduced 
the stricture rate and fibrosis degree compared 
to the FORCED COAG mode [52]. Additionally, 
Tonai et al. used the VIO300D to assess the ef-
fects of various modes on fibrosis and stricture 
in pig muscle layers after ESD, and found that 
among all ESU modes, the ENDO CUT mode 
exhibited the lowest stricture and fibrosis [53] 
. Therefore, it is recommended to minimize the 
use of the coagulation mode in regions prone 
to stricture formation, such as the esophagus, 
to reduce the occurrence of postoperative stric-
ture-related complications.

POEM

In 1957, Hirschowitz developed the fiber optic 
scope, laying the groundwork for the invention 

of a stomach camera equipped with this tech-
nology that was subsequently widely adopted 
in Japan [54]. This innovation paved the way for 
endoscopy in the colon, esophagus, and duode-
num [55]. The traditional endoscopic examina-
tion process, known as the first-space endosco-
py, was conducted within the natural cavity of 
the gastrointestinal tract. In 2004, Kalloo et al. 
performed transoral intraperitoneal endoscopy 
in a porcine model, introducing the concept of 
second-space endoscopy [56]. In 2007, Sum-
iyama et al. first described the technique of 
using a mucosal flap valve to safely breach the 
gastrointestinal wall in a porcine model, known 
as submucosal tunneling technology [57]. 
Pasricha et al. further used this technique to 
successfully implement submucosal endoscop-
ic myotomy in a porcine model [58]. Finally, 
in 2008, Inoue et al. performed the first case 
of POEM to treat achalasia, ushering in a new 
approach for third-space endoscopy treatment 
[59].

POEM, the first successful innovative technique 
in third-space endoscopy, has emerged as the 
preferred treatment for achalasia and other 
esophageal spastic disorders [60, 61]. The 
procedure involves several key steps: mucosal 
incision, submucosal dissection, myotomy, and 
mucosal closure [62]. When establishing the 
submucosal tunnel, it is essential to perform 
a thorough submucosal injection to ensure an 
excellent surgical field. Close attention should 
be paid to the condition of submucosal vessels 
to minimize bleeding. Prompt coagulation is 
necessary to maintain a clear view in case of 
bleeding. During POEM, a strong coagulation 
mode with high pressure and low duty cycle is 
typically used for small vessels or large cap-
illaries. In contrast, a soft coagulation mode 
with <200 Vp continuous is used for significant 
vessels [63]. It is essential to wait for complete 
hemostasis before resuming cutting to ensure 
a clear surgical field. So far, there is limited 
data on the optimal mode and power settings 
of electrosurgical devices for endoscopic tun-
neling techniques, and research on this topic 
is still lacking. Parameter settings are mainly 
based on the equipment’s actual conditions 
and endoscopists’ personal experience, with 
common modes and power settings similar to 
those used in EMR and ESD [64].

Conclusions

Over the past 40 years, high-frequency elec-
trosurgical technology has evolved and wide 
applied in digestive endoscopic examinations. 
In electrosurgical procedures, high-frequency 
electric current generates heat within tissues. 
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The various parameters of electrosurgical ener-
gy-generating devices, including current wave-
form, power, electrode type, and the specific 
device used, are closely associated with the 
occurrence of surgical complications. The pa-
rameter settings may vary significantly depend-
ing on the type of procedures. Therefore, it is 
essential for endoscopists to have an in-depth 
understanding of electrosurgical devices and 
their settings, which is critical to optimizing the 
safety and efficacy of a wide range of surgical 
interventions.
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Abstract

Forced-damped vibrations are pivotal in various medical applications, significantly contributing to the examination 
of tissue mechanical properties, development of medical devices, and understanding of biological systems’ com-
plexities. These vibrations represent the dynamic behavior of systems subjected to external forces and damping, 
where an external force continues to act, and damping determines the rate of energy dissipation. Advanced explo-
ration of damping properties has led to the creation of novel technologies and methods, enhancing our ability to 
probe and manipulate the complex mechanical dynamics of biological tissues.

Keywords:  Analysis, modeling, damped vibrations, medicine

Highlights
● The study explores how forced-damped vibrations can be applied in various medical contexts. This may include    
  using vibrations for medical imaging techniques such as ultrasound or MRI, where vibrations are applied to the  
  body to generate images of internal structures.
● Vibrations can also be utilized for tissue characterization, diagnosis of medical conditions, and therapeutic          
   interventions such as vibration therapy for rehabilitation or pain management.

Introduction

Vibrational phenomena are ubiquitous in the 
medical field, observed in a myriad of contexts 
[1]. Defined as the repetitive oscillatory motion 
around a stable point, these phenomena range 
from the microscopic level to large structural 
scales [2, 3]. In healthcare, vibrations take 
various forms, including mechanical vibrations 
in medical equipment, acoustic vibrations 
affecting hearing, and electromagnetic vibra-
tions utilized in imaging technologies like MRI 
[4-6]. Analyzing these vibrations is vital, as 
they influence the design and functionality of 
diagnostic instruments, imaging systems, and 
therapeutic devices [7].

Vibrations in medical devices are characte-
rized by distinct mechanisms, leading to their 
categorization into free, forced, damped, and 
resonance vibrations [8-12]. This classification 
aids in understanding their unique behaviors 

and effects in medical settings [13]. Free vibra-
tions occur without external force, while forced 
vibrations arise from external stimuli. Damped 
vibrations gradually lose energy, and resonance 
vibrations occur at a specific frequency [14]. 
This classification is particularly relevant in me-
dical applications, influencing the design and 
operation of medical equipment, diagnostic 
procedures, and therapeutic devices [15, 16].

Free vibrations are initiated when a system is 
set into motion and allowed to oscillate without 
any external forces [17, 18]. This category of 
vibration is distinctly defined by the system’s 
natural frequency, a property dictated by its 
mass and stiffness characteristics. In the realm 
of medical devices, understanding and ana-
lyzing free vibrations is crucial, particularly in 
the design and operation of medical devices 
and instruments. Independent oscillations can 
significantly influence both performance and 
accuracy [19]. The natural frequency is vital for 
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understanding the intrinsic vibrational behavior 
of these systems in medical contexts [20].

Forced vibrations occur when an external force 
or stimulus is applied to a system, causing it 
to vibrate at a frequency that differs from its 
natural frequency [21, 22]. This vibration cate-
gory is marked by its variability, including both 
periodic and non-periodic patterns [23, 24]. 
The system’s response to forced vibrations is 
contingent upon the specific attributes of the 
forcing function and the inherent properties of 
the system [25-27]. Recognizing the effects of 
forced vibrations is essential in medical set-
tings, as external forces can alter the behavior 
of medical devices, diagnostic tools, and the-
rapeutic instruments [28-30]. A deep unders-
tanding of these vibrational dynamics is key to 
optimizing the design and function of medical 
systems, thereby ensuring better precision and 
effectiveness [31, 32].

Resonance vibrations occur when an external 
force or stimulus matches a system’s natural 
frequency, leading to significantly amplified os-
cillations [33]. This enhancement of vibrations 
can result in excessive, potentially harmful os-
cillations [34, 35]. In the medical field, where 
precision and stability are crucial, uncontrolled 
resonance vibrations pose significant risks [36, 
37]. Thus, effective control and improvements 
are essential to prevent the detrimental effects 
of increased vibrations on medical devices, ins-
truments, and structures [38, 39].

Damped vibrations represent a convergence 
of engineering innovation and healthcare pro-
gress [40]. With their controlled and reduced 
oscillations, damped vibrations serve a critical 
and diverse role in medicine [41, 42]. From 
diagnostic instruments to therapeutic strate-
gies, the incorporation of damped vibrations 
underscores a collaborative, multidisciplinary 
approach dedicated to enhancing patient care, 
refining diagnostic capabilities, and propelling 
the evolution of medical technologies [43-46]. 
This exploration delves into the varied applica-
tions of damped vibrations, highlighting their 
essential contribution to diagnostic processes, 
therapeutic approaches, and the overall goal 
of achieving optimal patient outcomes in the 
ever-evolving medical landscape [47, 48].

Furthermore, the researches majored in tissue 
engineering and regenerative medicine leve-
rages controlled vibrations to foster cell growth 
and direct tissue regeneration processes 
[49]. The application of damped vibrations in 
biomechanics research contributes to a deeper 
understanding of human movement, aiding in 

the development of rehabilitation strategies 
and orthopedic interventions [50, 51].

Applications of damped vibration in medicine

Damped vibrations are applied diversely within 
the medical sector, encompassing areas such 
as diagnostic imaging, medical devices, tissue 
engineering, and biomechanics research. The 
strategic implementation and exploration of 
damping characteristics play a pivotal role in 
driving forward medical technology, enhancing 
diagnostic procedures, and refining therapeutic 
practices [52].

Medical imaging

In the realm of medical imaging, damped 
vibrations serve to bolster diagnostic precision. 
Techniques like elastography utilize damped 
vibrations to evaluate tissue stiffness, em-
ploying induced vibrations to gather data on 
the mechanical properties of tissues. This ap-
proach is invaluable for identifying irregularities 
or diseases in organs. Specifically, variations 
in liver stiffness assessed through this method 
can reveal conditions such as cirrhosis, show-
casing the critical role of damped vibrations in 
diagnosing organ pathologies [52].

Ultrasound Imaging: Damped vibrations are 
integral to ultrasound imaging, where acoustic 
waves generate images of internal body struc-
tures. A deep understanding of the damping 
characteristics of tissues enhances the optimi-
zation of imaging techniques, leading to impro-
ved diagnostic accuracy [53].

MRI: In MRI, an appreciation of damped vibra-
tions is crucial for the development of pulse 
sequences and optimizing image quality.

Biomechanics and tissue characterization

Damped vibrations are pivotal in biomecha-
nics research, enabling the study of human 
body movement and its mechanical behaviors. 
This includes examining the damping proper-
ties of joints, bones, and soft tissues. Such 
researches, which are indispensable for craf-
ting rehabilitation methods, elucidating injury 
mechanisms, and advancing the design of or-
thopedic implants [52].

Simulating damped vibrations in a hypothetical 
system offers a parallel to biomechanical sys-
tems or tissues, where variables such as mass, 
stiffness, and damping ratio are tailored to mir-
ror the specific characteristics of the biomecha-
nical system or tissue in focus (Figure 1). 
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Figure 1 provides a detailed visualization of 
biomechanical systems or tissue characteriza-
tion, underscoring the necessity of employing 
physiological parameters and a sophisticated 
model for accuracy. The integration of actual 
biomechanical data is crucial for augmenting 
the realism and reliability of our simulations.

Vibration therapy
Within the realm of medical treatments, vibra-

tion therapy leverages controlled vibrations 
for therapeutic benefits. This innovative the-
rapy has been investigated for its potential to 
address a range of medical issues, particularly 
musculoskeletal disorders and rehabilitation 
needs. Although implementing vibration the-
rapy requires a nuanced understanding and 
is often tailored to specific medical scenarios, 
a hypothetical MATLAB example offers a sim-
plified model to demonstrate the principles of 
vibration therapy (Figure 2).

Figure 2 is a MATLAB example that simulates 
muscle signals over time to depict muscle acti-
vation both without and with vibration therapy. 
The lower subfigure introduces a controlled 
vibration signal, adding a sinusoidal compo-
nent, to mimic the effects of vibration therapy 
on muscle activation. In practical scenarios, the 
selection of vibration parameters and their im-
pact on muscle response are complex, necessi-
tating thorough analysis and experimentation. 
MATLAB is extensively used by researchers and 
healthcare practitioners for advanced signal 
processing and analysis, enabling a compre-
hensive study of vibration therapy’s effects on 
various physiological parameters [54].

Cardiovascular applications

Developing a detailed MATLAB application for 
modeling damped vibrations in cardiovascular 
applications entails intricate modeling and 
simulations, which extend beyond the topic of 
this review. The simulation of damped vibra-
tions in a hypothetical system can serve as a 
model for cardiovascular dynamics, with adjust-
ments to parameters like mass, stiffness, and 
damping ratio to reflect the specific characteris-
tics of the cardiovascular system under study.

For a more precise modeling of cardiovascular 
dynamics, employing physiological parameters 
and a sophisticated model is essential (Figure 
3). Furthermore, the inclusion of actual cardio-
vascular data would significantly improve the 
realism and accuracy of our simulations.

Figure 3 illustrates the specific behaviors of 
damped vibrations within a cardiovascular 
context, potentially showcasing the oscillatory 
movements within cardiovascular devices or 
systems. Such visualizations are crucial for un-
derstanding the dynamic aspects of cardiovas-
cular mechanics.

Blood Flow Analysis: Damped vibrations are 
instrumental in analyzing blood flow dynamics, 
particularly in examining arterial elasticity and 
in the design and optimization of cardiovascu-
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Figure 1. Damped vibration in biomechanics and tis-
sue characterization.
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Figure 2. Representation of vibration therapy.

Figure 3. Damped vibration in cardiovascular appli-
cation.
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lar devices. 

Heart Valve Dynamics: Analyzing the damped 
vibrations in heart valves aids in understanding 
their function and contributes to the develop-
ment of artificial heart valves (see Figure 4).

Rehabilitation robotics

Rehabilitation robotics is tailored to meet a 
wide array of user needs, with damped vibra-
tions playing a key role in enabling user-specific 
customization. This allows for adjustments to 
be made according to individual preferences, 
comfort levels, and specific rehabilitation goals, 
thereby enhancing both the user experience 
and the effectiveness of the rehabilitation pro-
cess.

Incorporating advanced sensor technologies 
into robotic exoskeletons and assistive devices, 
and coupling these with damped vibrations, fa-
cilitate precise control and coordination. This in-
tegration ensures that devices can intelligently 
adapt to the user’s movements and intentions. 
The strategic application of damped vibra-
tions within rehabilitation robotics significantly 
boosts the success of rehabilitation programs. 
By offering a controlled and comfortable setting 
for movement, individuals in rehabilitation are 
able to participate more fully in therapeutic 
exercises, leading to improved recovery outco-
mes [54].

Ensuring a comfortable and safe experience is 
crucial for the acceptance and compliance with 
rehabilitation robotics. Damped vibrations are 
instrumental in fostering a positive interaction 
between the user and the robotic device, en-
hancing user engagement in rehabilitation acti-
vities and potentially accelerating recovery [55].

Rehabilitation robotics frequently employs MAT-
LAB for control system design, data analysis, 
and simulation tasks. Figure 5 illustrates the 
results of such simulations.

Figure 5 serves as a graphical representation 
that showcases the outcomes and performance 
of a control system in rehabilitation robotics, 
featuring a straightforward second-order plant 
model paired with a PID controller. The details 
depicted within the figure provide valuable in-
sights into the control system’s dynamic beha-
vior and its effectiveness within a rehabilitative 
setting.

Dental applications

Tooth vibration analysis employs specialized 
instruments designed to initiate controlled 
vibrations and accurately measure the ensuing 
responses. These measurements yield crucial 
data regarding the dynamic behavior of teeth 
under various dental interventions.

For instance, during tooth drilling procedures, 
the interaction between dental instruments 

Figure 4. Prosthetic heart valves monitoring. The re-
ference was cited from [56].
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and the tooth structure gives rise to vibrations. 
Through damped vibration analysis, dentists 
gain a refined understanding of the mechanical 
responses of teeth to differing procedures, en-
hancing both diagnostic capabilities and treat-
ment precision [55].

The process of analyzing vibration amplitudes 
from an ultrasonic scaler with MATLAB typically 
involves the manipulation and graphical re-
presentation of data derived from the scaler’s 
vibrations. Figure 6 illustrates the simulation 
outcomes for the ultrasonic scaler application 
[55].

Figure 6 delves into the analysis of vibration 
amplitude in an ultrasonic scaler, offering criti-
cal insights that are essential for the optimiza-
tion of the scaler’s design, performance, and 
safety in dental or medical contexts. 

The analysis of tooth vibrations aids in the as-
sessment of structural integrity. Variations in 
vibration patterns can signal the presence of 
dental conditions such as cavities, cracks, or 
structural abnormalities. Such detailed infor-
mation is invaluable to dentists for accurate 
diagnosis and the formulation of effective treat-
ment plans [55].

Continued advancements in tooth vibration 
analysis are driving the development of new 
dental technologies and methodologies. This 
research-centric approach is pivotal in refining 
dental procedures, elevating diagnostic preci-
sion, and progressing the field of dental care.

Moreover, integrating tooth vibration analysis 
into dental education is crucial for the compre-
hensive training of future dental professionals. 
It equips aspiring dentists with a deep unders-
tanding of the mechanical dynamics involved in 

dental procedures, promoting a more knowled-
geable and proficient approach to patient care 
[55].

Magnification factor

The magnification factor, also known as the 
amplification factor or gain, is crucial in unders-
tanding how a dynamic system amplifies or 
attenuates input vibrations at specific frequen-
cies. It is typically depicted as a function of fre-
quency, illustrating the system’s behavior over 
a spectrum of frequencies [56].

In the context of a linear, single-degree-of-free-
dom system subjected to forced-damped vibra-
tions, the magnification factor (M) is commonly 
defined as the ratio of the response amplitude 
(X) to the amplitude of the applied force (F0). 
This relationship is mathematically represented 
as [38]:

M (ω) = X/F0                                          (1)

This formula of magnification factor is ex-
pressed as:

M (ω)= 1 /[(1 – (ω/ ωn)
 2)2 + (2ζω/ωn)

2 ]1/2                                

(2)

Where:
ω is the frequency of the input vibration.
ωn is the natural frequency of the system.
ζ is the damping ratio

The magnification factor is affected by the natu-
ral frequency and damping ratio of the system. 
When plotted against frequency, the Bode plot 
allows engineers and researchers to analyze 
how the system responds to different input 
frequencies. A peak in the magnification factor 
indicates resonance, where the system’s res-
ponse is magnified (see Figure 7).

The Bode diagram showcasing the magnifica-
tion factor as a function of frequency offers a 
comprehensive representation of a dynamic 
system’s response characteristics. This graphi-
cal representation is invaluable in analyzing 
structural, mechanical systems, and vibrational 
behaviors, providing critical insights into how 
these systems respond to varying frequencies.

Conclusion

Damping is  paramount in  the realm of 
forced-damped vibrations, serving to dissipate 
energy and diminish the amplitude of oscilla-
tions over time. The presence of various dam-
ping forms, such as friction or fluid resistance, 
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influences a system’s response, guiding it 
towards equilibrium. Forced-damped vibrations 
are described through mathematical models, 
typically differential equations, facilitating a 
deep understanding of the system’s dynamics. 
This includes insights into steady-state and 
transient responses, resonance frequencies, 
and additional pivotal properties.

The exploration of forced-damped vibra-
tions enables engineers to design resilient 
structures, enhance machine efficiency, and 
ensure the stability and safety of mechani-
cal systems. Furthermore, the application of 
damped vibrations in medicine emerges as a 
critical and multifaceted component of health-
care and biomedical research. Through the 
investigation of damped vibrations, significant 
advancements have been made, particularly 
in understanding the mechanical properties 
of biological tissues. This knowledge is instru-
mental across a wide range of medical appli-
cations, underscoring the indispensable role 
of damped vibrations in advancing healthcare. 
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Abstract

Since the 1960s, anastomosis instruments have become integral in gastrointestinal procedures, employing Ti-
tanium (Ti) alloy staples. These staples, however, remain permanently in the body, potentially inciting inflamma-
tory reactions, compromising computed tomography scans, and causing diagnostic inaccuracies. This scenario 
underscores the imperative for biodegradable surgical staples, spurring research into materials that exhibit both 
superior biodegradability and mechanical integrity. Current investigations are focused on Magnesium (Mg), Zinc 
(Zn), and their alloys for their exemplary biodegradability, mechanical strength, and biocompatibility, making them 
promising candidates for gastrointestinal anastomosis. This review encapsulates the latest advancements in bio-
degradable surgical staples, emphasizing material and structural enhancements. It details the mechanical attri-
butes of wires intended for staple fabrication, the corrosion dynamics across varied environments such as in vitro 
immersion solutions and in vivo implantation sites and the impact of structural refinements on staple biodegrad-
ability. Additionally, it contrasts the benefits and limitations of Mg-based and Zn-based staples and offers insights 
into the potential and hurdles in developing biodegradable surgical staples, thereby fostering further exploration in 
this field.

Keywords: Surgical staple, gastrointestinal anastomosis, biodegradable material, structural optimization, finite ele-
ment analysis

Highlights
● Biodegradable staples have the high biodegradability, good mechanical, and biocompatibility properties.
● The mechanical properties of biodegradable staples can be adjusted by structure optimizations.
● Biodegradable will be widely used in gastrointestinal anastomosis.

Introduction

In clinical settings, surgical staples, predom-
inantly crafted from Titanium (Ti) alloy, have 
revolutionized the healing and reconstruction 
processes in gastrointestinal anastomosis, 
spanning the gastrointestinal tract to the small 
intestine [1-3]. Staples offer advantages over 
traditional suturing by reducing operative dura-
tions, minimizing postoperative complications, 
and alleviating patient discomfort [4]. Never-
theless, the permanent presence of Ti alloy sta-
ples within the body can provoke inflammatory 
responses and other severe complications [5]. 
Thus, there is a pressing need for the develop-

ment of biodegradable staples, which promise 
to eliminate long-term adverse effects associ-
ated with their non-degradable counterparts 
[6]. Since 2016, biodegradable staples have 
garnered significant attention for their potential 
in facilitating the healing and reconstruction of 
the stomach and intestinal tract [7].

In traditional gastrointestinal anastomosis, the 
paramount considerations for surgical staples 
are adequate mechanical strength, optimal 
blood supply, and the absence of tension, all of 
which are crucial for effective wound healing [8]. 
The diverse implantation environments within 
gastrointestinal anastomosis, including varying 
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Table 1. Recent studies on biodegradable surgical staples in gastrointestinal anastomosis

Materials
The yield
tensile 
strength

The ultimate
tensile 
strength

Elongation Soak 
solution Corrosion behavior Experimental 

animal type

The
implan-
tation 
cycle

Refer-
ence

HP Mg 
(Ø 0.26 mm, 
2016)

147
 ± 8 MPa 196 ± 5 MPa 14.6 ± 5% The m-SBF

The staples were 
not absorbable 
completely for 9 
weeks and the 
remained part 
kept homogeneous 
shape without fracture.

Pigs (stomach) 9 weeks [7]

HP Mg
 (Ø 0.26 mm, 
2017)

147 
± 8 MPa 196 ± 5 MPa 14.6 ± 5%

The intestinal
 juice/Hanks’  
 solution

0.49 mm/year
(intestinal juice) /
 0.34mm/year
(Hanks’ solution)

Adult minipigs 
(small intestine) 1 month [10]

HP Mg 
(Ø 0.26 mm, 
2017)

147 
± 8 MPa 196 ± 5 MPa 14.6 ± 5% Mice (rectal) 7 days [11]

HP Mg 
(Ø 0.26 mm, 
2021)

147 
± 8 MPa 196 ± 5 MPa 14.6 ± 5% The m-SBF

The degradation rate 
of 3.1 mm/year
on the 3rd day and 
then the corrosion 
rate gradually tended
 to be about 1 mm/year.

New Zealand
 rabbits (small 
intestine)

7 weeks [12]

Mg-6Zn 
(Ø 1 mm, 
2013)

169.5 
± 3.6 MPa

279.5 ± 
2.3 MPa 18.8 ± 0.8% The intestinal 

juice
0.16 mm/year(in vitro) / 
2.32 mm/year(in vivo)

Sprague–
Dawley
rats (cecum)

4 weeks [13]

Mg-5Zn 
(Ø 0.23mm, 
2023)

The HBSS/ 
SCF

 The staples in SCF 
 degraded at a faster rate 
 in the first 3 days, 
 approximately three times
 higher than those in Hanks’
 solution.

[14]

ZN20
 (Ø 0.23mm, 
2021)

256 ± 8 MPa 12.56% 
± 0.66%

 Drainage 
 fluid from 
 the abdomen
 andsplenic 
 fossa, the 
 gastric tube, 
 and the duo-
 denum

The staples in vitro 
corroded completely 
within 6 days /  The 
staples in vivo corroded 
completely within 
about 8 weeks.

Female New 
Zealand 
rabbits 
(stomach and
 intestine)

 1, 2, 4 
and 
 8weeks

[16]

FA sorb Mg™ 
(Ø 0.25mm, 
2019)

260 
± 0 MPa 290 ±1 MPa 22 ± 1% The artificial 

intestinal juice

The products of 
corrosion covered 
all staples after 
four days of immersion

Female adult pigs 
(small intestine) 4 weeks [18]

AZ31 
(Ø 0.3mm, 
2023)

302 ± 4MPa 23 ± 3%  The SCF

The staples remained
 in its integrated 
structure after 7 
days and completed 
degradation after 90 days.

Beagle dogs
(colon)

7 days
(6 dogs) 
and 90 
days 
(18 dogs)

[4]

Zn alloy 1) / 
Zn alloy 2) /
Zn alloy 3 
(Ø 0.4mm, 
2020)

212/198/
200 MPa 19/7/21% The FeSSIF and 

HBSS

The corrosion rates of 
Zn alloy staples 1, 2, and 
3 were 0.02 mm/year in 
HBSS and 0.12, 0.11, 
and 0.13 mm/year
in FeSSIF.

Male New 
Zealand 
white rabbits
(stomach)

1, 4, 12
weeks [19]

Zn-0.8 wt.%
 Li-0.1 wt.% 
Mn (Ø 0.3
mm, 2020)

390.12 
± 12.45 
MPa

530.16 
± 1.62 MPa

68.89 ± 
2.68%

The Hanks’ 
solution and 
SGF

0.843 ± 0.003 mm/year 
(SGF) /
 0.191 ± 0.009 mm/year
 (Hanks’ solution)

Mini fragrant 
pigs (stomach
and intestine)

3 days, 
8 weeks, 
and 12 
weeks

[5]

Note: HP Mg, high-purity Magnesium; m-SBF, modified simulated body fluid; Zn, Zinc; Ti, Titanium; HBSS, hank’s balanced salt solution; SCF, 
simulated colon fluid; ZN20, Mg-2Zn-0.5Nd; FA sorb Mg™, Mg-2.5Nd-1Y; Zn alloy 1, Zn-1.0Cu-0.2Mn-0.1Ti; Zn alloy 2, Zn-1.0Mn-0.1Ti; Zn alloy 3, 
Zn-1.0Cu-0.1Ti; FeSSIF, fed-state simulated intestinal fluid; SGF, simulated gastric fluid.
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tissues such as the stomach, small intestine, 
and rectum, present significant challenges in 
the development of biodegradable staples for 
these procedures [9]. Unlike conventional sta-
ples, biodegradable surgical staples not only 
must provide robust support throughout the 
entire healing process without failure but also 
must degrade safely at a controlled rate within 
the complex environment of human body, grad-
ually relinquishing their load-bearing capacity 
as tissues recover [3]. Hence, the researches in 
terms of biodegradable surgical staples include 
corrosion and the biocompatibility of Magne-
sium (Mg) / Zinc (Zn)-based alloy staples in 
vitro and in vivo, and their mechanical proper-
ties.

This review delineates advancements in biode-
gradable surgical staple technology, focusing on 
mechanical attributes, corrosion rates across 
different in vitro and in vivo environments, and 
the impact of structural enhancements on the 
performance of these staples, as detailed in 
Table 1. Specifically, it explores the leading 
Mg-based and Zn-based materials for gastroin-
testinal anastomosis applications, discussing 
the deployment strategies of these materials in 
various implantation sites through both in vitro 
and in vivo studies. Ultimately, it underscores 
the challenges associated with employing Mg/
Zn-based surgical staples in clinical settings.

Biodegradable surgical staples composed of 
Mg and its alloys

High-purity (HP) Mg anastomotic staples

In the evolution of biodegradable surgical 
staples, HP Mg staples have been subject to 
extensive examination. The inaugural HP Mg 
staples, designed for gastric anastomosis, were 
introduced in 2016 [7]. To circumvent stress 
corrosion after being closed, these staples 
were engineered with an interior angle of 100°, 
altering the distribution of residual stress. After 
nine-week post-implantation in pigs, the HP Mg 
staples showed robust support and excellent 

biocompatibility for stomach anastomosis. 
Subsequently, Qu et al. documented the appli-
cation of HP Mg staples in small intestine anas-
tomosis of minipigs, demonstrating their ability 
to provide ample support over one month [10]. 
Furthermore, the integration of Mg staples into 
tissue occurred without complications, and the 
in vivo degradation rate of these bridging sur-
gical staples was determined to be 0.007 mm 
per month.

More in-depth researches were carried since 
the discover of that HP Mg staples could influ-
ence wound healing processes. In 2017, Xia et 
al. reported that HP Mg staples could mitigate 
inflammatory responses in rectal anastomoses 
by modulating the activities of signaling growth 
factors [11]. More recently, in 2021, Zan et al. 
employed HP Mg staples in intestinal closure 
studies, uncovering their antitumor effects [12]. 
The release of Mg ions and hydrogen from HP 
Mg staples, both in vitro and in vivo, was found 
to inhibit the recurrence of residual tumor cells. 
These researches attest to the excellent biode-
gradability of HP Mg anastomotic staples, and 
their wound healing potential, paving the way 
for further detailed investigations.

Although HP Mg staples have demonstrated 
adequate support, favorable biocompatibility, 
and effective wound healing capabilities in 
various studies, skepticism remains regarding 
their clinical application. Concerns particularly 
revolve around the corrosion rate, hydrogen gas 
evolution, and stress corrosion during the deg-
radation process, as outlined in Table 2. This 
table was cited from [9, 21]. Consequently, the 
future research will delve into the safety of HP 
Mg staples for human use in gastrointestinal 
anastomosis.

Biodegradable surgical staple composed of Mg 
alloys

The exploration of gastrointestinal anastomo-
sis utilizing Mg-Zn alloys initially diverged into 
various methodologies. In 2013, Yan et al. 

Table 2. Main characteristics of staples used in gastrointestinal anastomosis
Materials Advantages Disadvantages

Ti-based alloys High biocompatibility and corrosion resis-
tance, fatigue strength, light weight. Lack of biodegradability.

HP Mg / Mg-based 
alloys

Biodegradable, excellent biocompatible, 
broad range of mechanical strength, pro-
wound healing degradation products.

Fast corrosion rate, hydrogen gas evolution 
during biodegradation, prone to stress corro-
sion cracking.

Zn-based alloys Biodegradable, good biocompatible, 
moderate corrosion resistance Prone to age hardening and creep.

Note: This table was cited from [9, 21]. Ti, Titanium; HP Mg, high-purity Magnesium; Zn, Zinc.
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pioneered the study of Mg-6Zn stapler pins by 
evaluating their impact on rat cecum incisions, 
marking the first investigation into the applica-
tion of Mg-Zn alloys for stapler pins in intestinal 
reconstruction [13]. Following this, Cheng et al. 
examined the degradation behavior and prac-
ticality of Mg-5Zn staples, finding that these 
staples degraded uniformly in simulated colon 
fluid and maintained their effectiveness up to 
ten days [14]. In 2021, Song et al. explored 
the potential of Mg-2Zn-0.5Nd (ZN20) alloy 
as a material for surgical nails [15]. They em-
ployed ZN20 alloy wires and surgical sutures 
to secure the lower margin of the stomach in 
New Zealand rabbits. At same year, Gao et al. 
documented the successful deformation of 
staples made from ZN20 alloy from a U-shape 
to a B-shape, demonstrating that ZN20 sta-
ples possessed adequate mechanical support 
for anastomosis with a bursting pressure of 
40 kPa [16]. In a subsequent study in 2022, 
Zhang et al. reported that Mg-6Zn-1Mn staples 
not only showcased high strength (340 MPa) 
but also displayed satisfactory ductility (10%) 
[17]. Significantly, the mechanical integrity of 
the staples was enhanced to 90 hours post-pro-
cessing by incorporating protein, with all rabbits 
making a full recovery and resuming normal 
oral intake.

Beyond the Mg-Zn alloy staples, several other 
Mg-based staples with superior mechanical 
properties have been explored for gastroin-
testinal anastomosis applications. In 2019, 
Amano et al. highlighted the enhanced me-
chanical properties of Mg-2.5Nd-1Y (FA sorb 
Mg™) staples, which demonstrated a yield 
tensile strength of 260 MPa, an ultimate ten-
sile strength of 290 MPa, and an elongation at 
break of 22% [18]. The study revealed that FA 
sorb Mg™ staples could provide robust support 
for the healing of small intestines. In a 2022 
study, Zhang et al. introduced an AZ31 staple 
designed for colonic anastomosis [4]. Notably, 
they achieved a moderate degradation rate 
aligned with the tissue healing timeline for co-
lonic anastomosis through micro-arc oxidation 
treatment and further enhanced by coating the 
AZ31 alloy staples with poly-L-lactic acid. The 
colon wounds exhibited complete recovery after 
90 days post-operation, with no instances of 
leakage or stenosis. Additionally, all 12 dogs in 
the study fully recovered without any trace of el-
ement accumulation in their organs, and no se-
vere inflammation, tissue necrosis, or abnormal 
hyperplasia was observed during implantation.

While these Mg alloy staples provide adequate 
support, exhibit desirable biodegradation, and 
maintain good biocompatibility, the incorpora-

tion of other elements into surgical staples for 
use in human gastrointestinal anastomosis ne-
cessitates further investigation. Consequently, 
a prolonged period of study is essential for Mg 
alloy staples intended for gastrointestinal anas-
tomosis applications.

Biodegradable surgical staples composed of 
Zn Alloy

Research on Zn-based alloys for surgical sta-
ples is a relatively recent development, with the 
inaugural study by Amano et al. in 2020 mark-
ing a significant milestone. This study explored 
three Zn alloys (Zn-1.0Cu-0.2Mn-0.1Ti, Zn-
1.0Mn-0.1Ti, and Zn-1.0Cu-0.1Ti) as potential 
materials for gastric resection staples [19]. The 
Zn alloy staples demonstrated adequate sup-
port for gastro-restriction applications during in 
vivo implantation. Moreover, this study noted 
tissue inflammatory responses post-implanta-
tion, indicating the short-term safety of these 
Zn-based staples in animal models. Subse-
quently, Guo et al. introduced a gastrointestinal 
staple composed of a Zn-0.8Li-0.1Mn alloy, 
showcasing impressive mechanical properties, 
including yield tensile strength, ultimate ten-
sile strength, and elongation at 390 MPa, 530 
MPa, and 69%, respectively [5]. These Zn-Li-Mn 
staples exhibited a slower corrosion rate (0.191 
± 0.009 mm/year in Hanks’ solution) com-
pared to HP Mg staples (0.34 mm/year), with 
89% of the staple remaining after 12 weeks 
of implantation. The advantages of Zn-based 
staples lie in their degradation mechanisms: no 
gas generation, formation of a compact degra-
dation product, good biocompatibility, moderate 
corrosion resistance, and superior mechanical 
properties.

Although Mg screws and stents have been 
utilized clinically, Mg-based staples have yet 
to advance to clinical trials, with knowledge 
confined to in vivo studies [8, 20]. The rapid 
corrosion rate, hydrogen gas evolution, and sus-
ceptibility to stress corrosion cracking limit the 
application of Mg-based staples. In contrast, 
the slower corrosion rate of Zn alloys allows 
for a more extended retention of mechanical 
integrity in staples, despite their susceptibility 
to age hardening and creep [21]. Nonetheless, 
current researches on Zn-based staples in gas-
trointestinal anastomosis have their limitations, 
indicating a need for more detailed studies.

Structural optimizations of biodegradable sur-
gical staples

To enhance the efficacy of biodegradable sur-
gical staples in clinic, structural optimization 
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has emerged as a pivotal strategy for improving 
the integrity of biodegradable anastomoses. In 
2016, Wu et al. undertook a study to refine the 
design of HP Mg staples for gastric anastomo-
sis through Finite Element Analysis [7]. Their 
designed the shape of staples in a U-form with 
interior angles of 90° and 100°, as depicted in 
Figure 1A [7]. The Finite Element Analysis iden-
tified the staple with a 100° interior angle as 
optimal, effectively distributing residual stress 
at the staple’s tip upon closure to mitigate 
stress corrosion risk. Gao et al. further elucidat-
ed that tensile stress applied to an HP Mg bar 
could hasten its in vitro corrosion, resulting in 
significant pitting and stress corrosion cracking 
[22]. This finding underscores the influence 
of tensile stress on the corrosion behavior of 
HP Mg. Aiming to alleviate stress and strain 
concentration at the junction of staple legs, 
Amano et al. innovated the crown design of FA 
sorb Mg™ staples, which has a more rounded 
shape that eliminates sharp bends, as illustrat-
ed in Figure 1B [18]. Subsequently, the study 
by Guo et al. revealed that the redesign of Zn-
0.8Li-0.1Mn staples to incorporate chamfers, 
shown in Figure 1C, led to a primary concen-
tration of residual stress on the legs and arc of 
the staple [5]. This structural optimization not 
only alters staple deformation but also impacts 
stress/strain distribution. Given the sensitivity 
of biodegradable materials to stress and strain, 
structural optimization presents a crucial meth-
od for reinforcing anastomosis with biodegrad-
able staples.

Conclusion

Biodegradable surgical staples are designed to 
temporarily secure wounded tissue during the 
healing process, providing clear benefits over 

traditional permanent staples by minimizing 
post-surgical complications. The effectiveness 
of these staples, especially in gastrointestinal 
anastomosis, hinges on their ability to meet 
varied mechanical and biodegradation require-
ments, influenced by the healing rates and 
tissue types involved. Through careful selection 
of materials and structural refinement via finite 
element analysis, the practicality of biodegrad-
able staples has been enhanced. Nonetheless, 
current researches on Mg/Zn-based alloys tend 
to overlook critical factors such as corrosion 
rate, age-hardening, creep, and corrosion fa-
tigue. Addressing these aspects is crucial for a 
comprehensive evaluation of material suitability 
for gastrointestinal anastomosis applications, 
ensuring that biodegradable staples can reli-
ably perform throughout the wound remodeling 
period.
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