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Abstract

Objective: Accurately capturing signals from healthcare devices worn on the body is 
vital for health monitoring, a field of growing interest. A flexible polyvinylidene fluoride 
(PVDF)-based piezoelectric sensor has been chosen for wearable applications. This study 
aims to optimize PVDF sensor performance by focusing on structural design. Methods: 
According to piezoelectric theory, this paper presents a mathematical expression system 
centered on the first-order piezoelectric equation, which describes the relationship 
between the electric displacement, the quantity of charge, and the output voltage of 
the PVDF film under strain. The study focuses on the features of weak physiological 
signals in the human body to establish a multi-layer shell structure finite element model 
using COMSOL Multiphysics. The analysis covers the electric displacement field mode, 
output charge, electric potential, and uniformity of stress distribution. We systematically 
investigated the impact of PVDF piezoelectric layer area, shape, thickness, and 
encapsulation materials on sensor performance using the controlled variable method. 
Results: As the area increases, the sensitivity and stress uniformity improve. Rectangular 
shapes exhibit more uniform stress distribution than circular shapes, and raising the 
aspect ratio within a certain range further enhances stress uniformity while maintaining 
comparable sensitivity. Increasing the thickness of the piezoelectric layer raises the 
electrical potential. Flexible encapsulation materials can provide higher sensitivity than 
rigid materials but are more susceptible to stress concentration. Conclusion: This paper 
finds the best structural form and parameter adjustment range of the PVDF sensor, which 
can provide a theoretical basis and numerical references for designing high-performance 
wearable sensors.

Keywords: Polyvinylidene fluoride flexible sensor, Wearable sensing technology, COM-
SOL simulation, Piezoelectric effect

Highlights

● Established potential displacement-charge-voltage relation for polyvinylidene fluoride by means of the first-order piezoelectric 
equation.

● Applied COMSOL multilayer shell model and multiphysics coupling for calculating the interlayer stress and electric displacement 
field.

● Structurally explored how changes to structural parameters impacted sensor performance through the control variable method.
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1 INTRODUCTION

Due to the increasing social demand for daily health monitor-
ing, wearable sensing technology is widely recognized and is 
gradually becoming a major direction of development in medi-
cal diagnosis. Among the different types of wearable sensors, 
piezoelectric, piezoresistive, capacitive, and triboelectric sen-
sors have the best application prospects [1, 2]. Piezoelectric 
materials have obvious self-powered characteristics and low 
energy consumption, which can meet the needs of long-term 
health monitoring, exercise physiology parameter monitoring, 
and non-invasive monitoring for chronic disease patients [3-5]. 
Sensors made with piezoelectric material, as shown in Figure 
1A, can convert mechanical energy into electrical energy via 
the piezoelectric effect when subjected to mechanical force [6, 
7]. Traditional piezoelectric materials mostly use rigid ceram-
ics such as lead zirconate titanate and lead titanate. Though 
highly sensitive, these devices are fragile, and there is a bio-
compatibility problem that affects comfort; results can also be 
inaccurate if they do not adhere properly [8, 9]. To tackle these 
shortcomings, flexible sensors have become an important 
direction for development. In 1969, Kawai discovered the 
piezoelectricity of polyvinylidene fluoride (PVDF), whose 
polarized film has a piezoelectric coefficient as high as 6-7 
pC/N—ten times that of any other polymer [10]. As can be seen 
from Figure 1B, PVDF is becoming a popular material for 
flexible wearable sensors because of its good piezoelectric 
property, flexibility, biocompatibility, and cost-effectiveness 
[11-13].

In recent years, a lot of research has proved that PVDF can 
be used for wearable applications. Ghosh et al. developed a 
Pt-PVDF piezoelectric nanogenerator that served as a static 
strain-sensitive wearable tactile sensor [14]. Yang et al. created 
a self-powered, breathable, high-performance flexible wearable 
sensor using an electrospun polarized PVDF-barium titanate 
membrane and a Ni fabric electrode [15]. The physiological sig-
nals of the human body are mostly weak and easily interfered 
with, so high sensor sensitivity is required. To improve the 
piezoelectric properties of PVDF, most studies aim at increas-
ing the β-phase content [16]. Electrospinning is a commonly 
used method. He et al. found that by controlling process, solu-
tion, and environmental parameters, PVDF molecular dipoles 
can be oriented to significantly increase the β-phase fraction 
and crystallinity [17]. Adding nanofillers can also significantly 
increase the proportion of β-phase. Parangusan et al. noticed 
that increasing the amount of Co-ZnO nanofillers in the PVDF-
hexafluoropropylene matrix raised the quantity of crystalline 
β-phase, leading to a dramatic increase in the output voltage of 
the flexible nanogenerator [18]. Islam et al. used 3D printing to 
fabricate PVDF-MoS2 composites and achieved in-situ dipole 
alignment through shear stress, which increased the piezoelec-
tric coefficient eightfold relative to pure PVDF, correlating with 
an increased β-phase volume fraction [19]. Structural optimi-
zation has also been studied. Liu et al. built a multiscale porous 

structure, as shown in Figure 1C, and combined it with corona 
polarization to produce an electret effect and improve sensor 
performance [20]. Xue et al. designed a cylindrical arch struc-
ture to optimize PVDF film deformation and enhance the sen-
sor’s signal acquisition capacity [21]. Kim et al. developed an 
air-expansion approach to create dome-shaped PVDF films 
(Figure 1D) and fabricated a dome-shaped 4×4 array tactile 
sensor, finding that dome-shaped sensors are more sensitive 
than planar ones [22]. Yan et al. built a basic PVDF simulation 
model and changed the length, width, and height of the PVDF 
structure to study the effect of structural parameters on sensor 
sensitivity, as shown in the stress distribution results in Figure 
1E [23]. Wang et al. proposed external strategies like electrode 
design and stress modification, offering new ways to improve 
PVDF sensor performance [24]. These studies provide practi-
cal technical pathways for developing the next generation of 
comfortable and efficient wearable health monitoring devices.

However, despite some achievements in material composites 
and structural design in current research, systematic studies on 
structural optimization bottleneck issues in the wearable field 
remain insufficient. Therefore, based on the demands of wear-
able health monitoring, and in accordance with the structural 
characteristics of PVDF piezoelectric properties, this paper 
proposes an innovative method: by establishing a multilayer 
shell finite element model in COMSOL Multiphysics, the 
impact of sensor area, shape, thickness, and encapsulation 
material on stress distribution and electric displacement output 
is investigated. This method explores an optimized sensor 
structure suitable for wearable applications. Compared with 
traditional trial-and-error experimentation, it greatly reduces 
research and development costs and cycle time, and more effi-
ciently identifies the optimal structural configuration. More- 
over, it reveals the coupling relationship between piezoelectric 
effects and structure parameters, providing a theoretical refer-
ence for designing high-performance wearable sensors.

2 MATERIALS AND METHODS

2.1 Piezoelectric effect of PVDF film sensors

The finding of the piezoelectric effect is traced back to when 
the Curie brothers first found an unusual electromechanical 
phenomenon while working with a quartz crystal. When an 
electric field is applied to the crystal, it deforms; conversely, 
when a mechanical load is applied, surface charges are gener-
ated. As for the features of PVDF thin-film sensors, their gen-
eral structure is a layered thin film. The thickness direction 
(usually the 3-axis direction) is the polarization direction, with 
electrodes deposited on the top and bottom surfaces. When 
subjected to a load, charge separation along the polarization 
direction generates equal but opposite charges on the upper and 
lower surfaces. This is known as the direct piezoelectric effect. 
As shown in Figure 2, polarization occurs along the thickness 
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Figure 1. Schematic diagram related to the development of PVDF sensors. (A) Schematic of the piezoelectric sensor principle; (B) Flexural 
characteristics of PVDF piezoelectric film; (C) Preparation of multi-scale porous P(VDF-TrFE) film; (D) Structure of a 4×4 array tactile sen-
sor; (E) Stress distribution along the length, width, and height of the PVDF film. PVDF, polyvinylidene fluoride; P(VDF-TrFE), poly(vinylidene 
fluoride‑trifluoroethylene).

Figure 2. Schematic of the positive piezoelectric effect in PVDF 
film. PVDF, polyvinylidene fluoride.

direction; applying a load results in positive charge accumula-
tion on the upper surface and negative charge on the lower 
surface.

To quantitatively characterize this electromechanical conver-
sion mechanism, a comprehensive mathematical framework 
must be established. Under the assumption of linear material 
response, this can be expressed via matrix equations, typically 
employing the first-order piezoelectric equation [25-27]:
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Where D (C/m2) is the electric displacement vector, x is the 
strain tensor; E (V/m) is the electric field intensity vector, X 
(Pa) is the stress tensor; εX represents the dielectric constant 
matrix under constant stress, sE represents the elastic modulus 
matrix under constant electric field, d denotes the piezoelectric 
strain coefficient matrix, and dT is the transpose of d. This equa-
tion describes the bidirectional energy conversion mechanism 
of piezoelectric materials.

When PVDF is applied to thin-film sensors, no external elec-
tric field is present. Under such conditions, the general equation 
(1) reduces to the following form [26]:
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In the equation, D1, D2, D3 denote the components of the elec-
tric displacement vector, describing the charge density distri-
bution along the corresponding axes; X1, X2, X3 denote the nor-
mal stress components, characterizing tensile or compressive 
stress along each principal direction; X4, X5, X6 denote the shear 
stress components, describing the in-plane shear deformation 
forces acting on the material.

The thickness of PVDF film sensors is far smaller than their 
in-plane dimensions, making direct measurement of in-plane 
displacement components D1 and D2 challenging. Conversely, 
D3 can be directly acquired via the upper and lower electrodes, 
representing an effective physical quantity directly correlated 
with the sensor’s output signal. Considering measurement fea-
sibility and practical application requirements, we focus on D3 
and simplify it as [23]:

D3 = d31X1 + d32X2 + d33X3                                                                                                     (4)

The surface charge density σ=D3 on the electrode plane, and 
the total accumulated surface charge Q can be expressed as:

Q dA D A38= =v                                                                       (5)

From a circuit standpoint, the PVDF film structure can be seen 
as a parallel-plate capacitor, whose capacitance C is a function 
of the dielectric properties and dimensions of the material:

C h
A0 r= f f                                                                              (6)

Where ε0 is the vacuum permittivity, εr is the relative permit-
tivity of PVDF, A is the film area, and h is the film thickness. 
This yields an expression for the output voltage U across the 
electrodes:

U C
Q D h

0

3

r

= =
f f

                                                                         (7)

According to the piezoelectric mechanism, structural configu-
ration, and mathematical modeling of the PVDF film sensor, a 
clear relationship among the electrical displacement, accumu-
lated charge, and output voltage has been established.

2.2 COMSOL simulation preparation

2.2.1 Constitutive equation simulation implementation

To convert the above theoretical model into a practical simula-
tion method in COMSOL Multiphysics, we need to specify the 
form of the governing equations to be implemented. For appli-
cations dominated by the direct piezoelectric effect, like PVDF 
thin-film sensor, the “strain-charge” formulation should be 
chosen. The fundamental governing system consists of three 
physical equations [28, 29].

Dynamic equilibrium equation:

t
u S Fv2

2

$
2

2
d= +tc m                                                               (8)

Where ρ is the density of PVDF, t
u
2

2

2

2  is the acceleration vector, 
∇●S is the divergence of the stress tensor S, and Fv is the volume 
force vector. This equation describes the mechanical vibration 
response of the film and serves as the foundation for analyzing 
deformation due to load.

Electrostatic Gauss’s law:

D v$d = t                                                                                  (9)

Where ∇●D is the divergence of the electric displacement vector 
D and ρv is the free charge density. This equation governs how 
the electric displacement field distributes in space with respect 
to free charges.

Electromechanical coupling constitutive relations:
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)                                                                   (10)

Where c is the elastic stiffness tensor, e is the piezoelectric 
stress constant tensor, and ε is the total strain tensor. This is the 
basic system of equations for electromagnetic coupling. The 
former refers to the mechanical response “strain → stress”, 
whereas the latter one is the piezoelectric effect “strain → elec-
tric displacement”. This creates a direct correlation between 
PVDF film deformation and electrical signal output, thereby 
transforming mechanical load into an electrical quantity.

According to the derivation and theory of the above piezoelec-
tric equation, the material parameters of PVDF must be defined 
to establish a successful simulation model in COMSOL. These 
parameters include density, elastic modulus matrix, piezoelec-
tric strain constant matrix, and free relative permittivity. They 
govern PVDF’s electromechanical response characteristics, 
and must satisfy the complete tensor description for an ortho-
tropic anisotropic material [28]. The selected parameter values 
are shown in Table 1.

2.2.2 Construction of the multilayer shell model

PVDF sensors typically feature a multilayer planar structure. 
As shown in Figure 3, the configuration comprises five layers: 
upper and lower encapsulation layers, a PVDF piezoelectric 
layer, and two intermediate electrode layers. The electrode lay-
ers serve to conduct charge [11, 30]. Given that this study focus-
es on the influence of piezoelectric-layer structural parameters 
and encapsulation-material selection on sensor performance, 
and considering that the electrode-layer thickness is extremely 
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Table 1. Key PVDF material parameters used in the simulation
Density ρ (kg/m3) Piezoelectric constant d31 (C/N) Piezoelectric constant d32 (C/N) Piezoelectric constant d33 (C/N) Relative permittivity εᵣ
1,780 1.358×10-11 1.476×10-12 -3.380×10-11 7.74
Note: PVDF, polyvinylidene fluoride.

Figure 3. Multilayer structure of the PVDF sensor. PVDF, polyvinylidene fluoride.

thin (typically 6 μm), its effect on the overall stress distribution 
can be neglected. The simulation model can thus be simplified 
to a three-layer structure consisting of the upper and lower 
encapsulation layers with the PVDF piezoelectric layer in 
between.

To construct this configuration in the COMSOL environment, 
a multilayer shell model is employed. The theoretical basis for 
such modeling primarily includes layered theory and equiva-
lent single-layer theory. Since this study requires accurate cal-
culation of stress and electric displacement in each layer, lay-
ered theory is adopted as basic modeling way. Layered theory 
solves equations in the direction of thickness, making it suit-
able for the analysis of composite shell structures of medium 
thickness and above. It uses a solid-like formulation that dis-
tributes the degrees of freedom over three displacement com-
ponents along the thickness direction [31]. This feature allows 
it to fully assess stress and strain distributions within each 
layer, correctly forecasting interlaminar stresses and delamina-
tion phenomena. For the present study, this approach enables a 

detailed examination of stress transfer and inter-
actions between the PVDF piezoelectric layer 
and the encapsulation layers, as well as within 
the PVDF layer itself. It also provides insight 
into how each material deforms under loading. 
Such comprehensive data support the analysis 
of how the electric displacement field correlates 
with interlayer stress.

2.2.3 Sensor design parameters and boundary 
condition settings

In this study, it is found that area, shape, thick-
ness and encapsulation material of the sensor’s 
piezoelectric layer are the most important pa- 
rameters. Area is chosen between 1 and 25 cm2. 
An excessively small area hampers the capture 
of broad-range signals like breathing and body 
motion, while an overly large area could cause 
non-uniform strain because of insufficient bon- 
ding space and increase wearing discomfort. 
Common sensor shapes include circular and 
rectangular geometries. Several standard PVDF 
thicknesses are available: 28 μm, 52 μm, and 110 
μm, among others. Thinner films (e.g., 28 μm) 
offer greater comfort, whereas thicker ones (e.g., 
110 μm) tend to provide higher sensitivity. 
Common encapsulation materials are polyethyl-
ene terephthalate (PET), polydimethylsiloxane 

(PDMS), nylon, polyimide (PI), and polyvinyl alcohol (PVA) 
[1]. Different encapsulation materials can significantly affect 
sensor performance. The material parameters used for the five 
encapsulation materials in this study are listed in Table 2.

After determining the sensors’ parameters and selecting the 
encapsulation materials, the simulation boundary conditions 
are established to simulate real-world conditions. A fixed con-
straint is applied to the bottom surface to simulate skin contact, 
restricting both translational and rotational movement. A con-
stant pressure of 1,000 Pa is applied on the top surface, corre-
sponding approximately to the minimum pressure detectable 
by human fingers [32].

2.3 COMSOL simulation workflow

After the above preparations are completed, the model can be 
built. First, select “Geometry” and draw rectangles or circles 
to make up a composite structure. Under “Materials”, add 
multilayer material. Assign PVDF to the middle layer and the 

Table 2. Fundamental parameters of different encapsulation materials
Material Density (kg/m3) Young’s modulus (MPa) Poisson’s ratio
PET 1,400 3,100 0.34
PDMS 970 7.50 0.49
Nylon 1,150 2,000 0.40
PI 1,400 3,100 0.34
PVA 1,300 3,000 0.35
Note: PET, polyethylene terephthalate; PDMS, polydimethylsiloxane; PI, polyimide; 
PVA, polyvinyl alcohol.
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Figure 4. Multilayer shell structure preview. (A) Layer cross-section; (B) Layer stacking. PET, polyethylene terephthalate.

Figure 5. Mesh partitioning of multilayer shell model. (A) Rectangular; (B) Circular.

chosen encapsulation material to the top and bottom layers. 
Parameters for each layer like its thickness, elastic modulus, 
Poisson’s ratio, and piezoelectric constant are then set. Finally, 
the “Layer Cross-Section Preview” and “Layer Stacking Pre- 
view” functions can be used to visualize the multilayer shell 
structure, as shown in Figure 4.

The model setup is completed and boundary conditions are 
applied. First, the “Multilayer Shell” and “Current in Multilayer 
Shell” physics interfaces are added to form the basis for multi-
physics coupling. Under the “Multilayer Shell” node, the fol-
lowing features are added: “Piezoelectric Material”, “Fixed 
Constraint”, and “Surface Load”. For “Piezoelectric Material”, 
“Layer 2” is selected with the constitutive relationship set to 
“Strain-Charge”. The option “Maintain out-of-plane material 
orientation unchanged” is enabled to keep polarization aligned 
along the Z-axis. A “Fixed Constraint” is applied to “Layer 3” 
(upward direction). For “Surface Load”, “Downward on Layer 
1” is chosen and a value of 1,000 Pa is entered. Under the 
“Current in Multilayer Shell” node, “Insulating Layer” and 
“Piezoelectric Layer” are added. “Layer 1” and “Layer 3” are 
assigned as “Insulating Layer”, while “Layer 2” is defined as 
the “Piezoelectric Layer”. If required, a “Ground” condition 
can be added under the “Piezoelectric Layer” node. When cal-
culating surface potential and stress, “Layer 2-Layer 3” is set as 

grounded. The surface displacement field modulus and output 
charge are then computed. For charge-related outputs, both 
“Layer 1-Layer 2” and “Layer 2-Layer 3” interfaces are 
grounded.

After applying the boundary conditions, the mesh is generated. 
Mesh quality is directly related to the accuracy of the simula-
tion. In this study, a mapped mesh is used, as shown in Figure 
5. Mapped meshing allows precise control of element size and 
distribution, resulting in high-quality, uniformly distributed 
elements [33].

After completing the mesh generation, a steady-state study is 
selected to perform the simulation and obtain the required 
performance metrics. Under the “Dataset” node, “Multilayer 
Material” is added, and the calculation location is set to 
“Interface”. After completing the interface selection, the 
“Multilayer Material” dataset is chosen under the “Derived 
Values” node. By inputting the calculation expressions shown 
in Table 3, the average, maximum, and minimum values of 
the electric displacement field modulus, electric potential, and 
stress for each layer can be precisely computed, along with the 
output charge—i.e., the integral value of the electric displace-
ment field modulus.
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Table 3. Computational expressions for performance metrics
Performance metric Expression Unit
Electric displacement field modulus ecis.normD C/m2

Electric potential V2 mV
Normal stress X1 lshell.sp1 N/m2

Normal stress X2 lshell.sp2 N/m2

Normal stress X3 lshell.sp3 N/m2

3 RESULTS

3.1 Simulation results of the basic model

To prove the rationality of the simulation model and methodol-
ogy, a basic sensor model is set up using 9 cm2 area, a 28 μm 
thickness and 60 μm thick PET encapsulating material. 
According to the “COMSOL simulation workflow” described 
above, the electric displacement field distribution (Figure 6A), 
electric potential distribution (Figure 6B), and stress distribu-
tion on the upper surface of the multilayer shell piezoelectric 
layer (Figure 6C) under static condition are obtained through 
COMSOL simulation. As shown in Figure 6A, under stress the 
piezoelectric layer has identical electric displacement field 
modulus on both the upper and lower surfaces. The arrow 
direction indicates the direction of the electric displacement 
field on the surface of the piezoelectric layer, which is generally 
downward. Near the edges, however, affected by the boundary 
of the multilayer shell and the material interface, the direction 
of the electric displacement field is not parallel to the electric 
field direction but has a certain deflection angle. As can be seen 
in Figure 6B, the potential of the top and bottom insulating 
layers remains constant. The lower surface of the piezoelectric 
layer is grounded, so its potential is almost 0 mV. On the upper 
side, polarization charges accumulate, creating a potential dif-
ference relative to the lower side, reaching up to 9.54 millivolts. 
Figure 6C shows a non-uniform stress distribution in the 
piezoelectric layer. Stress components in different directions 
exhibit distinct color gradients in the plane, with a pronounced 
difference between the edge and center regions. The average 
values of the surface electric displacement field modulus, out-
put charge, electric potential, and stress components X1, X2, and 
X3 are summarized in Table 4.

Substituting the simulated stress values X1, X2, X3 and piezo-
electric constants into equation (4), the electric displacement 
field modulus is calculated as:

D3 = d31X1 + d32X2 + d33X3 = 2.283×10-8 C/m2                                                 (11)

Compared with the simulated electric displacement field mo- 
dulus of 2.253×10-8 C/m2, the calculation error rate is:

2.283 10

2.283 10 2.253 10
100% 1.31%error rate 8

8 8-
#

# #
#= =-

- -

   (12)

Using equations (5), (6), and (7), the calculated charge output is 
20.547 pC and the potential is 9.335 mV, with relative errors of 
1.29% and 0.45%, respectively—both below 5%. These results 
indicate that the simulation model accurately captures the cou-
pling between the piezoelectric effect and the stress field, vali-
dating the model and analysis methodology. 

To analyze the linearity of the sensor under varying loads, the 
load was successively set to 0, 100, 200, 300, 400, 500, 600, 
700, 800, 900, and 1,000 Pa. The surface potential of the piezo-
electric layer was measured at each load step, yielding the 
results shown in Figure 7. A linear fit of upper surface poten-
tial versus load gives the relationship y=0.0095x, with R2=0.99. 
Indicating a very high degree of linear correlation between the 
sensor output and the applied external load.

3.2 Parameter optimization of multilayer shell structures

Based on the simulation results of the baseline model, sensitiv-
ity, stress distribution uniformity, and linearity are key metrics 
for evaluating sensor performance. Sensitivity is characterized 
by three indicators: the electric displacement field magnitude 
on the upper surface of the piezoelectric layer, the output charge 
quantity, and the electric potential. The electric displacement 
field pattern represents the charge generation capacity per unit 
stressed area, the output charge quantity represents the total 
charge output, and the electric potential represents the voltage 
signal strength formed by the accumulated charges [34, 35]. 
Stress distribution uniformity refers to the uniformity of the 
stress distribution on the upper surface of the piezoelectric 
layer under external load. Uniform stress distribution can 
ensure consistent piezoelectric conversion efficiency and help 
avoid the problems such as signal distortion, sensitivity change, 
and structural fatigue failure caused by concentrated stress. 
Maintaining uniform stress is therefore critical for sensor accu-
racy, stability and durability [36, 37]. Since the piezoelectric 
effect of this sensor is primarily determined by X1, X2, and X3, 
the uniformity of stress distribution can be quantified by calcu-
lating the standard deviation of these three components. A 
smaller standard deviation indicates more uniform distribution 
of stress in that direction and better overall sensor performance. 
Linearity shows the proportional connection between the out-
put signal and the input load, which is important for ensuring 
measurement accuracy [34]. 

Based on the parameters outlined in Section 2.2.3 “Sensor 
design parameters and boundary condition settings”—namely 
piezoelectric-layer area, shape, thickness, and encapsulation 
material—an optimization strategy can be formulated. To eval-
uate the individual effect of each structural parameter on sen-
sor performance, a controlled‑variable approach is adopted. 
This involves keeping all variables constant except the one 
under investigation. Simulations are conducted sequentially by 
varying the area, shape, thickness, and encapsulation material, 
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while recording the corresponding changes in performance 
metrics. A comparative analysis of these results identifies the 
optimal range for each parameter, providing a quantitative 
basis for structural optimization of the sensor. Furthermore, 
subsequent simulations reveal that adjusting these structural 
parameters does not significantly alter the sensor’s linear char-
acteristic, which remains consistently high. This confirms the 
stability of linearity within the current structural framework 

and establishes a reliable benchmark for subsequently optimiz-
ing sensitivity and evenness of the stress distribution.

3.2.1 Analysis of piezoelectric layer structure impact on 
sensor performance

To investigate the influence of area on sensor performance, the 
thin film area is changed according to the model in the Section 

Figure 6. Simulation results for the base model. (A) Electric displacement field distribution of the multilayer shell piezoelectric layer: (i) Front 
view; (ii) Upper surface; (iii) Lower surface; (iv) Side view. (B) Electric potential distribution of the multilayer shell piezoelectric layer: (i) Upper 
surface; (ii) Lower surface. (C) Stress distribution on the upper surface of the multilayer shell piezoelectric layer: (i) Stress X1; (ii) Stress X2; (iii) 
Stress X3.
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sitivity of the piezoelectric conversion. In terms of stress distri-
bution uniformity, the standard deviations of stress in all three 
directions are smaller for the rectangular sensor than for the 
circular sensor, by factors ranging from 1 to 8. This shows that 
under external loading, the circular sensor exhibits much poor-
er directional consistency in stress distribution and is more 
prone to issues such as local stress concentration.

Building upon the rectangular shape, the aspect ratio is varied 
to investigate its influence on sensitivity and stress distribution; 
the results are presented in Table 7. Concerning sensitivity, the 
modulus of the electric displacement field is constant across 
different aspect ratios. Both the output charge and the electric 
potential have a slight decreasing trend as the aspect ratio 
increases, although the numerical differences are minor. This 
means that changes in aspect ratio do not significantly affect the 
piezoelectric conversion sensitivity of the sensor. For the stress 
distribution uniformity, the standard deviations of stresses in 
three directions reduce continuously with increasing aspect 
ratios, with the most pronounced decrease found in X1. These 
results suggest that properly enhancing the aspect ratio 
improves the evenness of the stress distribution and helps miti-
gate local stress concentration.

To investigate the effect of thickness on sensor performance, 
simulations are carried out under fixed conditions while vary-
ing the thickness of piezoelectric layer. Table 8 shows the data 
result on the effect of thickness on sensitivity and stress distri-
bution. In terms of sensitivity, the electric displacement field 
modulus remains consistent across different thicknesses. The 
output charge quantity increases slightly but not significantly 
with thickness. Electric potential shows an obvious increase as 
the thickness increases, which is consistent with the theoretical 
derivation in equation (7). As for the stress distribution unifor-
mity, it is found that the standard deviations of stress in all 
three directions have an obvious increasing trend with greater 
thickness. This shows that the thickening of piezoelectric layer 
brings a less uniform distribution of stress, which enlarges the 
possibility of local stress concentration and adversely affects 
the stability of the output signal.

3.2.2 Analysis of encapsulation material effects on sensor 
performance

To examine the influence of Encapsulation materials on sensor 
performance, multilayer shells using different materials are 
simulated under the same conditions. The results in Table 9 
show the effect of encapsulation material on sensitivity and 
stress distribution.

3.1 “Simulation results of basic model”, while keeping all other 
simulation conditions unchanged. Effects of different areas on 
sensor sensitivity and stress distribution are summarized in 
Table 5. As for the sensitivity, the electric displacement field 
modulus and the electric potential decrease only slightly as the 
area increased, while the output charge increase linearly with 
the area, as seen in the theoretical derivation in equation (5). 
For the stress distribution uniformity aspect, increasing the 
area greatly improves uniformity: the standard deviations of 
stress in the three directions decrease significantly with incre- 
asing area. This shows that a larger area distributes the load 
more broadly and reduces stress concentration. Overall, in- 
creasing the area benefits both sensitivity and stress distribu-
tion uniformity.

To explore the impact of sensor shape, a circular model and an 
equilateral rectangular model—each with an area of approxi-
mately 9 cm2 (radius =1.693 cm)—are simulated under identi-
cal conditions. The stress distribution of the circular piezoelec-
tric layer is depicted in Figure 8, and the sensitivity and stress 
distribution results for both shapes are displayed in Table 6. A 
comparison of the stress distribution in Figure 8 with that of 
the rectangular layer in Figure 6C reveals stress concentration 
at the edges of both shapes. According to the color legend data, 
it can be known that the stress values in all three directions are 
higher for the circular layer and are more dispersed, indicating 
poorer stress uniformity in the circular geometry. Regarding 
sensitivity, Table 6 shows that the electric displacement field 
modulus and electric potential are nearly identical for both 
shapes, while the rectangular sensor has a slightly higher out-
put charge. The overall differences are negligible, suggesting 
that shape change does not have a significant effect on the sen-

Table 4. Surface-related data of the piezoelectric layer
Electric displacement field modulus (C/m2) Output charge (pC) Potential (mV) Stress X1 (N/m2) Stress X2 (N/m2) Stress X3 (N/m2)

2.253×10-8 20.281 9.293 732.120 741.430 1001.900

Figure 7. Sensor linear characteristic curve.
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In terms of sensitivity, sensors encapsulated with PET, PI, PVA, 
and nylon exhibit the identical values for the electric displace-
ment field modulus, output charge, and electric potential. In 
contrast, PDMS encapsulation yields significantly higher val-
ues for these metrics. This difference is probably due to differ-
ent Young’s moduli of the encapsulation materials. The data 
suggest that a lower Young’s modulus corresponds to higher 
sensitivity. Rigid materials such as PET, PI, PVA, and nylon 
impose more constraints on the mechanical deformation of the 
piezoelectric layer, restricting its strain response to external 
excitation and decreasing piezoelectric conversion efficiency. 
On the contrary, flexible PDMS exerts less constraint, maxi-
mizing the mechanical deformation of the piezoelectric layer. 
Under the same external excitation, a piezoelectric layer em- 
bedded in PDMS therefore produces a larger effective strain 
output.

As to the degree of stress distribution uniformity, the standard 
deviations of stresses in the three directions are in creasing suc-
cessively for PET, PI, PVA and nylon encapsulation. This shows 
that among these materials, PET has the best stress distribution 
uniformity, and nylon gives the worst. However, for the PDMS 
encapsulation case, the standard deviations of stress in the X1 
and X2 directions increase sharply, while only the X3 direction 
is comparable to other materials. This shows that the PDMS 
seriously degrades the uniformity of the stress distribution and 
is prone to the formation of local stress concentration. Rigid 
encapsulation materials undergo only limited deformation and 
can transmit external stress more uniformly to the piezoelectric 
layer. Their stiffness helps prevent large localized deformation 
in the piezoelectric layer, thereby lowering the risk of stress 
concentration. In contrast, flexible PDMS deforms non-uni-
formly. Under external loading, it not only transmits stress 
unevenly, but its own deformation can also induce uneven 

stress distribution among various parts of the piezoelectric 
layer, leading to pronounced localized stress concentration and 
an increase in stress standard deviation.

4 DISCUSSION

4.1 Reliability and rationality of the simulation model

This study uses a multi-layer shell structure finite element 
model built by COMSOL, and the experiment shows good vali-
dation accuracy. Theoretical calculations on the electric dis-
placement field, output charge quantity, and electric potential 
all show less than 5% error during simulation, showing that the 
model is correct in simulating the piezoelectric effect and 
charge generation of PVDF film under stress. A strict con-
trolled variable approach is used to build the simulation frame-
work. All the simulations use the same boundary conditions, 
such as the size of the external load and the method of restrict-
ing sensors. This minimizes interference from confounding 
factors, allowing clear attribution of performance variations 
to the specific parameter being studied. Consequently, the 
approach provides a reliable basis for subsequent parameter 
optimization. Trends observed in the simulation data closely 
align with key aspects of mechanical transmission and piezo-
electric theory. For instance, the variation in sensitivity with 
piezoelectric-layer thickness follows the theoretical piezoelec-
tric equations. Concerning the encapsulation material, flexible 
PDMS has far more permissive deformations of the piezoelec-
tric layer, leading to a larger effective strain release and signifi-
cantly higher sensitivity metrics compared to rigid PET materi-
als. But because it is prone to non-uniform deformation, the 
stress standard deviation in the X1 and X2 directions increases, 
which is in line with the stress-transmission characteristics of 
flexible materials [38]. The data show no logical contradictions 

Table 5. Effects of different areas on sensor sensitivity and stress distribution

Area (cm2) Electric displacement 
field modulus (C/m2)

Output charge 
(pC) Potential (mV) Stress X1 standard 

deviation (N/m2)
Stress X2 standard 
deviation (N/m2)

Stress X3 standard 
deviation (N/m2)

1 2.265×10-8 2.265 9.341 55.526 21.004 42.964
4 2.256×10-8 9.024 9.303 29.211 10.178 24.755
9 2.253×10-8 20.281 9.293 16.561 5.772 14.874
16 2.252×10-8 36.039 9.288 10.133 4.134 9.620
25 2.252×10-8 56.298 9.286 6.605 3.304 6.636

Figure 8. Stress distribution in circular piezoelectric layer. (A) Stress X1; (B) Stress X2; (C) Stress X3.
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or anomalous fluctuations, further verifying the reliability of 
the simulation results.

4.2 Influence of structural parameters on sensor 
performance

The influence of structural parameters on the performance of 
wearable sensors involves a compromise between “optimal per-
formance” and “diversity of wearable applications”, achieved by 
adjusting stress transfer efficiency, material usage adaptability, 
and piezoelectric conversion. Wearable applications include 
motion posture monitoring, physiological signal collection, and 
human-computer interaction, which all have different require-
ments for sensor sensitivity, portability, and fit. Therefore, 
structural parameters must be tuned to balance general appli-
cability with scenario-specific demands.

Increasing the sensor area distributes external loads more 
widely and reduces stress concentration, significantly lowering 
the standard deviations of stresses in all three directions. The 

output charge is proportional to the area, allowing simultane-
ous optimization of output uniformity and total charge output. 
This feature might have unique benefits in motion monitoring 
situations, like joint activity watching, where it allows for more 
complete capture of big-range deformation signals. However, 
in applications close to the body surface—such as wrist pulse 
or chest auscultation monitoring—or in miniaturized wearable 
devices such as smart bracelet, an excessively large area creates 
non-functional regions outside the effective signal range. These 
regions cannot bear sufficient load to generate useful charge, 
thereby reducing the charge output density per unit area and 
impairing the response to weak physiological signals. Moreover, 
a larger area consumes more piezoelectric and encapsulation 
material, which increases production costs. And it also increas-
es the sensor’s overall size, reducing portability and compro-
mising conformity to curved body surfaces. For example, on 
small areas like fingertips, an oversized sensor cannot conform 
to the surface curvature, leading to displacement and prevent-
ing stable long-term monitoring.

Table 6. Effects of different shapes on sensor sensitivity and stress distribution

Shape Electric displacement 
field modulus (C/m2)

Output charge 
(pC) Potential (mV) Stress X1 standard 

deviation (N/m2)
Stress X2 standard 
deviation (N/m2)

Stress X3 standard 
deviation (N/m2)

Rectangular 2.253×10-8 20.281 9.293 16.561 5.772 14.874
Circular 2.254×10-8 20.256 9.294 94.868 42.031 25.088

Table 7. Effects of different aspect ratios on sensor sensitivity and stress distribution

Aspect ratio Electric displacement 
field modulus (C/m2)

Output charge 
(pC) Potential (mV) Stress X1 standard 

deviation (N/m2)
Stress X2 standard 
deviation (N/m2)

Stress X3 standard 
deviation (N/m2)

30:30 2.253×10-8 20.281 9.293 16.561 5.772 14.874
36:25 2.253×10-8 20.277 9.291 11.995 5.125 11.357
45:20 2.253×10-8 20.274 9.290 9.354 5.025 9.681
50:18 2.253×10-8 20.273 9.289 7.642 4.656 8.430
60:15 2.253×10-8 20.272 9.289 5.595 4.360 6.942

Table 8. Effects of different thicknesses on sensor sensitivity and stress distribution

Thickness (μm) Electric displacement 
field modulus (C/m2)

Output charge 
(pC) Potential (mV) Stress X1 standard 

deviation (N/m2)
Stress X2 standard 
deviation (N/m2)

Stress X3 standard 
deviation (N/m2)

28 2.253×10-8 20.281 9.293 16.561 5.772 14.874
52 2.255×10-8 20.294 17.268 24.937 8.739 22.339
110 2.259×10-8 20.333 36.598 45.999 17.199 41.982

Table 9. Effects of different encapsulation materials on sensor sensitivity and stress distribution
Encapsulation 
material

Electric displacement 
dield modulus (C/m2)

Output charge 
(pC) Potential (mV) Stress X1 standard 

deviation (N/m2)
Stress X2 standard 
deviation (N/m2)

Stress X3 standard 
deviation (N/m2)

PET 2.253×10-8 20.281 9.293 16.561 5.772 14.874
PI 2.256×10-8 20.305 9.303 27.638 11.719 17.879
PVA 2.256×10-8 20.307 9.305 29.323 12.406 18.690
Nylon 2.260×10-8 20.340 9.319 44.322 20.577 22.636
PDMS 2.988×10-8 26.896 12.303 1235.419 628.479 15.409
Note: PET, polyethylene terephthalate; PI, polyimide; PVA, polyvinyl alcohol; PDMS, polydimethylsiloxane.
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Likewise, the shape and aspect ratio of sensors must align with 
the effective signal range and the form factor of the wearable 
carrier. Circular sensors not only exhibit poorer stress unifor-
mity but also offer limited spatial adaptability for elongated 
wearables such as smart belts. Therefore, excluding circular 
shapes, exploring different rectangular aspect ratios is more 
significant. The increasing of the aspect ratio can progressively 
reduce stress standard deviation by optimizing stress transfer-
ring path, making it suitable for observing linear deformation. 
However, an excessively high aspect ratio causes the sensor 
edges to extend beyond the target signal range, creating inac-
tive stress zones that degrade performance. Considering the 
general requirements across wearable applications, size and 
aspect ratio should be adjusted flexibly according to specific 
applications. In scenarios like motion monitoring that require 
large-sacle signals, moderately increasing the area and aspect 
ratio helps achieve uniform stress distribution and full signal 
capture. On the contrary, for surface physiological signal acqui-
sition or miniaturized devices, controlling the area and aspect 
ratio ensures that inactive zones do not compromise sensitivity 
and that the sensor conforms to the surface geometry and 
device carrier size.

Although increasing the piezoelectric layer thickness raises the 
output potential, the electric displacement field modulus and 
output charge show only minor fluctuations. This shows that 
thickness does not substantially change the core efficiency of 
piezoelectric conversion. In engineering applications for wear-
able sensors, output charge is typically converted to voltage 
using charge amplifiers; thus, a thicker piezoelectric layer is not 
necessary to achieve higher potential. More importantly, wear-
able devices are in direct, prolonged contact with the skin. A 
thicker piezoelectric layer can lead to signal instability and 
introduce additional inertial interference during movement. It 
also requires more piezoelectric material like PVDF, raising 
cost, while reducing adhesion to the skin surface. Excessively 
thick piezoelectric layers cannot conform well to body curva-
tures, causing wrinkles, creating a pronounced foreign-body 
sensation, and reducing comfort during extended wear. At 
actively moving joints such as the neck and elbow, excessive 
thickness would severely compromise wearability. Therefore, 
a 28 μm thin piezoelectric layer can maintain low stress vari-
ance, meet the signal-acquisition requirements of wearable 
applications, control cost, and improve wearing comfort simul-
taneously, representing the optimal thickness choice.

The effect of the encapsulation material on the performance of 
the wearable sensor mainly depends on Young’s modulus, 
which must also be flexible, biocompatible, and environmen-
tally tolerant (e.g., to sweat and temperature variation). Flexi- 
ble PDMS imposes less constraint on the deformation of the 
piezoelectric layer, which allows for a greater effective strain to 
be released. This increases the modulus of the electric displace-
ment field, the charge quantity, and the electric potential by 
about 32% with respect to a rigid material such as PET, which 
is particularly advantageous for high-sensitivity situations like 

micro-motion detection. However, PDMS is susceptible to non-
uniform deformation, leading to an extremely large standard 
deviation of X1, X2 stress, severe stress concentration, and sig-
nificant signal fluctuation. Therefore, it is only appropriate for 
extremely sensitive scenarios where stability can be compro-
mised. Rigid materials such as PET, PI, PVA, and nylon do not 
increase sensitivity but provide uniform stress distribution 
through strong mechanical constraint, making them suitable 
for daily wearables that prioritize stability. Among these, PET 
has the smallest stress standard deviation, along with favorable 
flexibility, chemical resistance, and biocompatibility, meeting 
the general requirements of most wearable sensors [39]. Con- 
sequently, PET should be the choice of encapsulation material 
for everyday wearables like fitness trackers. For applications 
with extreme sensitivity requirements, PDMS may be consid-
ered, but material or structure optimization is required to 
address the problem of stress concentration, while maintaining 
stability and wearability.

5 CONCLUSION

This study is to optimize PVDF sensors for wearable health 
monitoring by researching the effect of multilayer shell struc-
tural parameters on sensor performance. The following conclu-
sions can be drawn. Increasing the sensor area improves sensi-
tivity and stress distribution uniformity. Rectangular structures 
have higher stress uniformity than circular structures; a moder-
ate increase in aspect ratio maximizes uniformity while main-
taining sensitivity. Thinner piezoelectric layers are better, as 
they maintain lower stress variance and better wearing comfort 
without significantly compromising output potential. Flexible 
encapsulation materials such as PDMS yield higher sensitivity, 
but they introduce a risk of stress concentration and signal 
instability. This study identifies an optimal structural configu-
ration and practical parameter ranges for PVDF-based wear-
able sensors, giving a theoretically grounded approach for 
designing high-performing wearable devices and supporting 
the development of effective health-monitoring technologies.
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1 INTRODUCTION

Scoliosis is a three-dimensional spinal deformity with an inci-
dence rate of 0.23%–2.40% [1]. The vast majority of scoliosis 
patients are diagnosed with adolescent idiopathic scoliosis 
(AIS). The etiology of AIS remains unclear, but it may be relat-

ed to factors such as genetics, growth and development, abnor-
mal neurological function, and melatonin secretion [2]. Among 
the many influencing factors, paraspinal muscle dysfunction is 
considered to be the main cause of the occurrence and progres-
sion of scoliosis [3, 4]. The paraspinal muscles are mainly com-
posed of the superficial erector spinae muscles and the deep 
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Abstract

Objective: To explore the correlation among paraspinal muscle functions elec- 
tromyography (EMG), muscle stiffness, and pain threshold in patients with adolescent 
idiopathic scoliosis (AIS). Methods: Eighteen patients with AIS were recruited. A 
Noraxon system equipped with four wireless EMG sensors was used to collect EMG data 
on the paraspinal muscles in relaxed standing and weight-bearing standing states. Muscle 
stiffness and pain threshold were measured using a muscle tonometer. The differences 
in mean EMG amplitude, muscle stiffness, and pain threshold between the concave and 
convex sides of the scoliosis were analyzed. Results: Among patients with different 
scoliosis locations, Cobb angles, ages, and brace treatment durations, the mean EMG 
amplitude of the paraspinal muscles on the convex side of scoliosis was significantly 
higher than that on the concave side (P<0.05). The muscle stiffness and pain threshold 
of the paraspinal muscles on the convex side were also significantly higher than those 
on the concave side (both P<0.05). There was a low correlation between the mean EMG 
amplitude of the paraspinal muscles, muscle stiffness, and pain threshold (R<0.5, P>0.05). 
Conclusion: In AIS patients, the electromyographic activity, muscle stiffness, and pain 
threshold of the paraspinal muscles on the convex side of scoliosis were all higher than 
those on the concave side, and the correlation among the three indicators was low.

Keywords: Scoliosis, Paraspinal muscles, Electromyographic activity, Muscle stiffness, 
Pain threshold

Highlights

● Electromyographic activity, muscle stiffness, and pain threshold on the convex side of the scoliotic curve exhibited significantly 
higher than those on the concave side.

● In adolescent idiopathic scoliosis patients, there was a weak correlation between electromyographic activity, muscle stiffness, and 
pain threshold of the paraspinal muscles.
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multifidus muscles on both sides of the spine [5]. The two work 
together to maintain the upright posture of the human body and 
support trunk movement [6]. Patients with scoliosis have para-
spinal muscle imbalance, which is manifested by differences in 
muscle volume and different degrees of muscle activation dur-
ing movement [7]. This muscle imbalance is both a cause and a 
result of scoliosis. Symmetrical paraspinal muscles have regu-
latory and balancing mechanisms that can correct mild scolio-
sis and further control the progression of the disease [8]. 

Surface electromyography (EMG), muscle stiffness, and mus-
cle pain threshold are important indicators for assessing the 
paraspinal muscle status in individuals with AIS. They can 
reflect muscle imbalance, adaptive changes in muscle activity, 
muscle activation patterns, and functional limitations in scolio-
sis patients. These three parameters were selected because they 
characterize paraspinal muscle function from complementary 
dimensions, covering neuromuscular activation status, biome-
chanical properties, and sensory pain characteristics, respec-
tively. Their combined application allows for a multidimen-
sional assessment of paraspinal muscle dysfunction in AIS. 
Surface EMG can reveal muscle activation patterns, detect 
muscle activity imbalances, and assess the functional perfor-
mance of paraspinal muscles under different activity states. In 
the field of scoliosis research, surface EMG is particularly suit-
able for identifying asymmetric muscle activation patterns and 
compensatory muscle recruitment patterns caused by changes 
in spinal alignment. Previous studies have found that surface 
EMG signal levels in scoliosis patients are higher than in 
healthy individuals, and the signal level on the convex side of 
the scoliosis is higher than on the concave side [9-11]. 

Muscle stiffness refers to the resistance generated when the 
paraspinal muscles are passively stretched by external force 
[12]. Changes in muscle stiffness can reflect changes in muscle 
tissue characteristics, including muscle tension, stiffness, and 
other biomechanical and structural features. It can also reflect 
potential changes in muscle tissue composition caused by long-
term asymmetrical loading. Liu et al. found that the stiffness of 
the paraspinal muscles on the concave side was higher than that 
on the convex side in AIS patients [5]. This difference can affect 
the alignment of the spinal force line and thus aggravate spinal 
deformity.

Paraspinal muscle pain threshold assessment is the measure-
ment of the pressure threshold that the human body can with-
stand when it begins to feel pain [13]. Monitoring the muscle 
pain threshold can help understand the pain sensitivity and pain 
perception of the paraspinal muscles in scoliosis patients. 
According to statistics, 23% of scoliosis patients have symp-
toms of lower back pain [14]. A comprehensive exploration of 
the physiological characteristics of the paraspinal muscles in 
scoliosis patients, including EMG signals, muscle stiffness, and 
pain threshold, can provide an important reference for elucidat-
ing the pathogenesis of scoliosis. At the same time, the above 

indicators can be applied in clinical practice to provide a basis 
for individualized diagnosis, treatment plan formulation, and 
clinical efficacy evaluation of scoliosis. 

Therefore, this study aims to explore the symmetry and corre-
lation among surface EMG of the paraspinal muscles, muscle 
stiffness, and muscle pain threshold in individuals with AIS. 
The findings are expected to deepen our understanding of mus-
culoskeletal dysfunction in scoliosis at the research context and 
provide a reference for developing individualized intervention 
programs for specific muscle problems in scoliosis patients at 
the clinical level.

2 MATERIALS AND METHODS

2.1 Study design

All participants were recruited from the Department of 
Rehabilitation, First Affiliated Hospital of Kunming Medical 
University. This study was approved by the Medical Ethics 
Committee of Kunming Medical University (Approval No: 
KMMU2023MEC088), and the recruitment period was from 
May 2023 to February 2024.

Inclusion criteria: (1) AIS patients with a Cobb angle <60°; (2) 
Age 10-18 years old; (3) Risser sign ≤4. 

Exclusion criteria: (1) Non-AIS; (2) History of spinal surgery; 
(3) Comorbid neuromuscular diseases and spinal lesions affect-
ing muscle function or pain sensitivity.

Surface EMG signals of the paraspinal muscles were collected 
using a surface EMG system (TeleMyo 2400 G2, Noraxon, 
USA). Participants were placed in a prone position with their 
arms relaxed. After cleaning the skin of the paraspinal muscles 
with a damp cotton ball, the electrode pads were placed on the 
erector spinae muscles at the apical level, 2 cm from the mid-
line of the spine. For patients with unilateral curvature, two 
pairs of electrodes were placed at the apical level; for patients 
with bilateral curvature, four pairs of electrodes were placed at 
two apical levels (Figure 1). The sensor was connected to the 
electrodes and fixed 1 cm from them. Surface EMG signals 
were collected for 10 seconds each in a naturally standing, rest-
ing state and under a 2 kg load, with a 30-second rest interval 
between collections. All measurements were repeated three 
times. The ratio of the average EMG amplitude on the convex 
side to the concave side was calculated as the paraspinal muscle 
symmetry index; the closer the value was to 1, the higher the 
symmetry of the muscles on both sides; the farther the value 
deviated from 1, the lower the symmetry.

The paraspinal muscle stiffness and pain threshold were mea-
sured using a muscle state detection system (Itochu, Japan, 
model OE-220). Subjects were placed in a prone position with 
arms relaxed. The erector spinae muscles at the apical level 
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were marked as detection sites; two detection sites were 
marked for patients with unilateral curvature, and four detec-
tion sites were marked for patients with bilateral curvature.

For paraspinal muscle stiffness assessment, the rapid muscle 
condition detection device was aligned to the detection site, 
and pressure was slowly applied vertically (Figure 2). Once the 
device screen displayed the test results, the single test ended 
and the data was saved. Each subject underwent the test three 
times. The ratio of muscle stiffness on the convex side to the 
concave side was defined as the paraspinal muscle symmetry 
index; the closer the value was to 1, the higher the symmetry 
between the two sides; the further the value deviated from 1, 
the lower the symmetry.

For paraspinal muscle pain threshold test, the muscle condi-
tion detection device was applied vertically to the designated 
detection site, and pressure was gradually increased through 
the detection probe. The subject held the braking device 
throughout the test. As the pressure slowly increases, the sub-
ject actively pressed the remote control to terminate the test 
when the pain threshold was reached, and the data displayed on 

of different scoliosis types, Cobb angles, age, and treatment 
duration of scoliosis braces on mean surface EMG amplitude. 
Pearson correlation coefficients were used to analyze the cor-
relation among mean surface EMG amplitude, muscle stiffness, 
and muscle pain threshold of paraspinal muscles in scoliosis 
patients.

3 RESULTS

3.1 Demographic data

This study included 18 participants, of whom 13 had received 
or were undergoing scoliosis exercise therapy, and 9 were 
undergoing orthotic therapy. Demographic data of the partici-
pants are shown in Table 1.

3.2 Surface EMG signals

The mean EMG amplitudes of the paraspinal muscles on the 
convex and concave sides of the spine are shown in Table 2. 
The results showed that the mean EMG amplitude on the con-
vex side of the paraspinal muscles was significantly higher than 

Figure 1. Electrodes placement and real-time sEMG. (A) Single curve; (B) Double curve. EMG, electromyography.

Figure 2. Assessment of paraspinal muscle. (A) Measurement of muscle hardness; (B) 
Measurement of pain threshold.

the device was recorded. Each test was repeat-
ed three times, with a 30-second rest interval 
between tests. The ratio of the pain threshold 
on the convex side to the concave side was 
used as the paraspinal muscle symmetry index; 
the closer the value was to 1, the higher the 
symmetry between the two sides; the further 
the value deviated from 1, the lower the 
symmetry.

2.2 Statistical analysis

Data analysis was performed using IBM SPSS 
Statistics 26.0 statistical software. Paired 
t-tests were used to compare the differences in 
mean surface EMG amplitude, muscle stiff-
ness, and muscle pain threshold of the paraspi-
nal muscles on the concave and convex sides of 
scoliosis. Analysis of variance with Bonferroni 
post-hoc tests was used to analyze the effects 

Table 1. Demographic data
Number Age BMI Cobb angle Risser sign Apex
n=18 13.56±3.00 17.26±2.46 32.54±10.83 0~4 T8-L2
Note: BMI, body mass index; Apex, apical vertebra.
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that on the concave side (P<0.05). The mean EMG amplitude 
under weight-bearing standing conditions was higher than that 
under relaxed standing conditions (P<0.05). Furthermore, the 
dispersion of the mean EMG amplitude data under weight-
bearing standing conditions was significantly greater.

Patients were grouped according to the location of the scolio-
sis (single curve, double curve), Cobb angle (<30°, ≥30°), age 
(<15 years, ≥15 years), and duration of orthotic treatment (<6 
months, ≥6 months). The influence of each variable on the 
symmetry of the paraspinal muscles was analyzed (Table 3). 
Pairwise comparisons between groups showed no statistically 
significant difference in the symmetry of the mean surface 
EMG amplitude of the paraspinal muscles between any two 
groups, regardless of whether the patient was standing relaxed 
or with loading (P>0.05).

3.3 Muscle stiffness and pain threshold

The results of paraspinal muscle stiffness and pain threshold 
tests are shown in Table 4. Muscle stiffness results showed that 

Paraspinal muscles play a crucial role in the pathogenesis and 
progression of scoliosis. This study confirmed that, regardless 
of curve location, Cobb angle, patient age, or orthotic treatment 
duration, the surface EMG signal on the convex side was sig-
nificantly higher than that on the concave side, consistent with 
previous findings [15, 16]. This asymmetry may stem from 
atrophy of the concave paraspinal muscle fibers accompanied 
by excessive stretching of the convex fibers [17, 18]. Me- 
chanistically, metabolic processes in the paraspinal muscles 
may disrupt the balance between melatonin and calmodulin. 
Increased calmodulin levels on the convex side can enhance 
contractile force, thereby amplifying EMG activity [19].

Significant differences in mean EMG signals were observed 
under weight-bearing standing conditions, likely due to in- 
creased contraction amplitude during weight-bearing and indi-
vidual variability in neuromuscular control strategies. Weight-
bearing conditions require greater postural control, leading 
patients to develop individualized compensatory activation 
patterns to maintain trunk stability. These differentiated force 

Table 2. Mean surface electromyographic amplitude of paraspinal muscles in patients with scoliosis
Position Mean EMG convex (mV) Mean EMG concave (mV) Concave-convex ratio P value
Relax standing (n=18) 16.57±7.52 10.83±3.99 1.56±0.49 P<0.001
Weight-bearing standing (n=18) 83.64±55.41 52.84±46.99 1.94±0.96 P<0.001
P value P<0.001 P<0.001 P<0.001
Note: EMG, electromyography.

Table 3. Symmetry of mean surface electromyographic amplitude of paraspinal 
muscles in different subgroups

Relax standing P value Weight-bearing 
standing P value

Double curves (n=10) 1.40±0.41 0.128 1.97±1.04 0.586
Single curve (n=8) 1.73±0.16 2.22±1.06
Cobb angle <30° (n=7) 1.64±0.60 0.467 2.02±1.01 0.725
Cobb angle ≥30° (n=11) 1.50±0.40 1.88±0.94
Age <15 years (n=11) 1.48±0.40 0.807 1.80±0.83 0.267
Age ≥15 years (n=7) 1.54±0.53 2.27±1.22
Orthosis <6 m (n=9) 1.31±0.30 0.260 2.31±1.19 0.706
Orthosis ≥6 m (n=9) 1.73±0.65 2.64±1.12

Table 4. Symmetry of paraspinal muscle stiffness and pain threshold
Measurement index Convex side Concave side Ratio P value
Muscle hardness m/N (n=18) 47.63±12.72 44.41±13.17 1.10±0.20 0.047
Muscle pain threshold N (n=18) 32.00±12.45 29.28±11.50 1.12±0.24 0.030

Table 5. Correlation analysis of paraspinal muscle surface electromyographic sig-
nal, muscle stiffness, and pain threshold symmetry
Measurement index Pearson correlation coefficient P value
Surface EMG & muscle hardness 0.418 0.734
Surface EMG & pain threshold 0.356 0.390
Muscle hardness & pain threshold 0.394 0.618

the stiffness of the paraspinal muscles on the 
convex side was significantly greater than that 
on the concave side in AIS patients (P=0.047). 
Pain threshold results revealed showed that the 
pain threshold on the convex side of the para-
spinal muscles was significantly higher than that 
on the concave side (P=0.030).

3.4 Correlation analysis

Pearson correlation analysis was used to explore 
the correlation among the symmetry of mean 
surface EMG amplitude, muscle stiffness, and 
pain threshold symmetry of the paraspinal mus-
cles on the convex and concave sides in AIS 
patients (Table 5). The results indicated sym-
metry of mean surface EMG amplitude was 
weakly correlated with muscle stiffness sym-
metry (R=0.418, P=0.734); symmetry of mean 
surface EMG amplitude was weakly correlat-
ed with pain threshold symmetry (R=0.356, 
P=0.390); and symmetry of muscle stiffness 
was also weakly correlated with pain threshold 
symmetry (R=0.394, P=0.618).

4 DISCUSSION
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exertion patterns, prevalent in scoliosis populations, increase 
the dispersion of surface EMG results.

The study also found that different curve locations, Cobb 
angles, ages, and orthotic treatment durations did not signifi-
cantly affect the symmetry of paraspinal surface EMG signals. 

This study found that muscle stiffness and pain threshold on 
the convex side were higher than those on the concave side, a 
finding that differs from previous studies reporting higher stiff-
ness on the concave side. This discrepancy may stem from dif-
ferences in detection methods, study population characteris-
tics, and clinical conditions. Severity of scoliosis, age, and 
treatment history may also affect long-term adaptive changes.

Patients who rely predominantly on the convex side for postural 
compensation may develop increased muscle tension and stiff-
ness on that side due to chronic overactivation. Clinical obser-
vation indicates that most scoliosis patients habitually use the 
convex side as the primary force-generating muscle group [20]. 
Long-term continuous contraction of convex-side muscles 
leads to changes in muscle stiffness. Increased muscle stiff-
ness is also associated with chronic musculoskeletal dysfunc-
tion, suggesting possible pathological changes such as tissue 
edema, hypoxia, and acidosis [21].

Asymmetry in pain threshold is primarily related to individu-
al differences in pain sensitivity and subjective perception. 
Scoliosis orthoses apply corrective force to the apical vertebra 
on the convex side, placing muscles under prolonged stress, 
which may increase their tolerance to external forces and raise 
the pain threshold. Studies have confirmed that scoliosis reha-
bilitation exercises can effectively retrain dominant muscle 
group force exertion habits through diverse specific move-
ments, thereby relieving pain and improving paraspinal mus-
cle asymmetry [22].

Assessing muscle stiffness and pain threshold helps compre-
hensively evaluate neuromuscular function and provides a 
basis for developing personalized rehabilitation programs and 
pain management strategies. Rehabilitation training should 
focus on improving bilateral muscle symmetry and correcting 
compensatory force exertion habits on the convex side. For 
patients with high muscle stiffness, targeted local relaxation 
and stretching exercises are recommended; for those with low 
pain threshold, gentler intervention methods should be con- 
sidered.

Changes in muscle stiffness and pain threshold before and after 
treatment can serve as important indicators for evaluating effi-
cacy and adjusting treatment plans. Future research should 
compare these indicators before and after rehabilitation exer-
cise interventions to achieve more accurate and objective eval-
uation of treatment efficacy.

This study found a low correlation between the surface EMG, 
muscle stiffness, and pain threshold in scoliosis patients. 

Muscle stiffness is defined as the degree of deformation of 
muscle morphology under specific pressure, while mean EMG 
signal reflects changes in EMG amplitude during paraspinal 
muscle contraction [23].

Leonard et al. showed that muscle stiffness and surface EMG 
were positively correlated in non-scoliosis patients, whereas 
the present study found a low correlation in scoliosis patients 
[24]. This difference may be explained by pathological abnor-
malities in scoliosis disrupting the original correlation between 
these indicators. This disruption is more pronounced in patients 
wearing orthotics, whose muscle activity is restricted and who 
are subjected to long-term pressure.

Only a few subjects reported significant back muscle pain 
symptoms in daily life. Such symptoms are more common in 
adult scoliosis patients but have a relatively low incidence in 
those with AIS [25]. Other studies have shown that rehabilita-
tion exercises have no significant effect on muscle stiffness and 
pain sensitivity in healthy individuals [26]. Further research is 
needed to determine whether specific rehabilitation exercises 
can improve muscle stiffness and reduce pain sensitivity in sco-
liosis patients.

This study has several limitations. First, the sample size was 
relatively small (n=18), primarily focusing on adolescents with 
mild to moderate scoliosis, limiting generalizability to patients 
with severe scoliosis or other age groups. Second, as a cross-
sectional study, causality cannot be inferred; it remains unclear 
whether abnormal muscle characteristics induce scoliosis pro-
gression or whether spinal deformity leads to secondary adap-
tive muscle changes. Third, previous rehabilitation exercises 
and orthotic treatments may have confounded the results, 
although subgroup analysis based on treatment duration did 
not reveal significant differences.

Future studies should conduct large-scale, stratified longitudi-
nal follow-up studies based on treatment history to clarify the 
causal relationship and dynamic changes in paraspinal muscle 
function in AIS.

5 CONCLUSION

In AIS patients, EMG activity, muscle stiffness, and pain 
threshold are all higher on the convex side than on the concave 
side, and the correlation among these three indicators is low. 
In-depth research on paraspinal muscle function can provide 
important references for developing individualized diagnosis 
and treatment plans for AIS.
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Advances in endoscopic closure devices for postoperative 
gastrointestinal defects
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1 INTRODUCTION

Digestive endoscopy has evolved beyond tissue sampling and 
excision to become a surgical platform for delivering therapeu-

tic devices to treat a variety of gastrointestinal (GI) disorders 
[1]. The emergence of techniques like endoscopic mucosal 
resection (EMR) and endoscopic submucosal dissection (ESD) 
has made the resection of early GI tumors possible [2, 3]. The 
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Abstract

Advanced endoscopic therapeutic techniques, such as endoscopic mucosal resection, 
endoscopic submucosal dissection, and third-space endoscopy, have transformed digestive 
endoscopy into a minimally invasive surgical platform. This transformation, nonetheless, 
poses a major challenge, namely the safe and efficient closure of the postoperative 
gastrointestinal (GI) defects that arise, as inadequately closed defects may lead to serious 
postoperative complications. This review provides a comprehensive overview of the 
historical background, the basic principles of closure, and the technical changes of the 
mainstream devices used for closure of GI defects, viewed mostly from the perspective 
of medical devices and engineering design. We have divided the most significant closure 
devices currently in use into endoscopic clipping devices and endoscopic suturing devices, 
and we have outlined their respective historical development and working principles. In 
addition, this review has identified and explained advanced clip-based closure methods 
that employ multiple through-the-scope clips (TTSCs) or are combined with auxiliary 
devices to overcome the inherent limitations of single-TTSC use. This review aims to 
provide endoscopists with a deeper understanding of the existing closure devices so as to 
facilitate their optimal clinical use, and to offer insights that may help in the development 
of next-generation closure technologies.

Keywords: Endoscopy, Postoperative defects, Through-the-scope clip, Over-the-scope 
clip, Endoscopic suturing device

Highlights

● Current innovation in gastrointestinal defect management falls into two main categories: clip-based mechanical compression de-
vices and advanced high-precision endoscopic suturing systems.

● Through-the-scope clips combined with auxiliary devices offer a strategic solution to overcome the size limitations inherent to 
single-device closure strategies for larger or complex defects.

● Future technological development should focus on enhancing reliability, operability, cost-effectiveness, and overall user-friendli-
ness of advanced endoscopic closure devices to broaden their clinical applicability.
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popularization of endoscopic full-thickness resection (EFTR) 
and of third-space endoscopy techniques such as peroral endo-
scopic myotomy, have established digestive endoscopy as a 
natural orifice transluminal endoscopic surgery platform [4-6].

While these advanced techniques offer immense clinical bene-
fits, a significant challenge arises: the management of compli-
cated postprocedural defects [7-9]. Endoscopic resection pro-
cedures inevitably create large, deep, or even full-thickness 
defects [10, 11]. Postoperative defects, especially iatrogenic 
endoscopic perforations, can lead to extremely severe compli-
cations [11, 12]. Therefore, the timely closure of defects can 
effectively reduce postoperative adverse events [13, 14]. 
Traditional closure devices are often insufficient for complex 
defects. To meet these challenges, endoscopic closure devices 
and related technologies have evolved in parallel with advance-
ments in endoscopic surgery [15]. The endoscopist’s armamen-
tarium has expanded from the early through-the-scope clips 
(TTSCs) for closing small defects, to over-the-scope clips 
(OTSCs) with greater closure strength, and subsequently to 
endoscopic suturing devices capable of achieving “surgical-
style” closure.

To date, many reviews have introduced commercially available 
closure devices from a clinical perspective, providing strate-
gies for device selection based on different types of GI defects 
[16-20]. This review, however, focuses on the development pro-
cess and working principles of closure devices. It reviews the 
closure principles and development history of endoscopic clip-
ping devices and endoscopic suturing devices, and also intro-
duces advanced clip-based closure methods that combine 
TTSCs with auxiliary devices. This review aims not only to 
guide endoscopists in the rational selection and utilization of 
their armamentarium but also to provide insights for both clini-

cians and engineers to develop next-generation closure devices 
and methods based on current instrumentation.

2 ENDOSCOPIC CLIPPING DEVICES

2.1 TTSCs

Since their first report by Hayashi et al. in 1975, TTSCs have 
evolved for approximately 50 years [21]. As indications have 
continuously expanded, TTSCs are now the most common and 
widely used closure devices in diagnostic and therapeutic 
digestive endoscopy (Figure 1) [22]. A regular TTSC compris-
es three key components: a metallic clip for tissue approxima-
tion, a delivery catheter based on tendon-sheath transmission, 
and an operating handle to control clip deployment [23, 24]. All 
TTSCs are passed through the instrument channel and exit at 
the distal end of the endoscope to reach the target lesion.

The basic working principle of TTSCs is to compress tissue by 
using the mechanical force generated upon closure, thereby 
achieving hemostasis or the approximation of defect edges. 
Different brands and models of TTSCs possess specific geo-
metrical parameters, physical properties, or additional features, 
such as rotatability, compression strength, and compatibility 
with magnetic resonance imaging (Table 1) [25, 26].

Early applications of TTSCs demonstrated favorable therapeu-
tic results, but a series of limitations hindered their clinical 
adoption, such as cumbersome manipulation, low clip-reten-
tion rate, and the inability to rotate the clip to the designated 
axial direction [27-29]. In the 1990s, Hachisu et al., in col-
laboration with Olympus (Tokyo, Japan), developed a proto-
type and a clinical model of the rotatable TTSC, which 
improved the device’s maneuverability [30]. In the 21st  
century, TTSC development has concentrated on integrating 

Figure 1. Different types of through-the-scope endoscopic clips. (A) Resolution 360 (Boston Scientific); (B) Instinct Plus (Cook Medical); (C) 
EZ Clip (Olympus); (D) SureClip (Micro-Tech); (E) DuraClip (ConMed). This figure is cited from [136].
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enhanced functional characteristics, including pre-loading, 
rotatability, re-opening capability, and reliable deployment 
[31]. Representative examples include the QuickClip series 
(Olympus, Tokyo, Japan), the Resolution Clip (Boston 
Scientific, Massachusetts, USA), the Instinct Clip (Cook 
Medical, NC, USA), and the SureClip (Micro-Tech, Nanjing, 
China) [25, 32, 33].

Most TTSCs consist of two prongs, whereas in 2003 Cook 
Medical (Winston-Salem, NC, USA) introduced the three-
pronged TriClip, designed to more easily grasp protruding 
lesions and potentially reduce the number of clips used [34]. 
However, due to its higher cost and reportedly inferior hemo-
static effect compared to regular TTSCs, two-pronged TTSCs 
remain the preferred choice [35].

Although the clip components themselves are typically dispos-
able, TTSC systems can be categorized based on the reusability 
of the delivery system into single-use disposable systems and 
reusable systems with a reloadable applicator. Common reus-
able TTSCs include the EZ Clip (Olympus Medical Systems 
Corp., Tokyo, Japan) and the ZEOCLIP (Zeon Medical, Tokyo, 
Japan). The EZ Clip was one of the earliest reloadable, rotat-
able TTSCs, while the ZEOCLIP reportedly achieves a larger 
opening width faster and easier than the EZ Clip [36]. 
Furthermore, the ZEOCLIP can be modified into a fluorescent 
marking clip for tumor localization [37]. The recently reported 
re-openable SB clip (Sumitomo Bakelite Co., Ltd., Tokyo, 
Japan) also belongs to the category of reusable TTSCs [38]. Its 
deployment, rotation, and price are comparable to the EZ Clip, 

and it can close large mucosal defects via hold-and-drag clo-
sure [39].

The above-mentioned TTSC systems, whether disposable or 
reloadable, typically deploy only one clip before the catheter 
must be reloaded or replaced. In contrast, multi-firing TTSCs 
are less common, such as the InScope Multi-Clip Applier 
(Ethicon Endo-Surgery, Cincinnati, Ohio, USA) and the 
Clipmaster3 (Medwork, GmbH, Aisch, Germany) [40, 41]. 
These devices make it possible to insert multiple clips during 
one single operation, and thus a withdrawal and reload are not 
necessary for every clip [40, 41]. However, a related article 
reported that multi-firing TTSCs might not actually shorten the 
time of the procedure, probably due to the limited experience, 
and their effectiveness still needs to be confirmed by more clin-
ical trials [41].

Regular TTSCs are known for their cost-efficiency, ease of 
operation, and minimal limitations on the maneuverability of 
the endoscope [42]. Their opening width and closure strength, 
however, are limited, so they are mainly used for closing small 
luminal defects [43, 44]. In general, it is advisable to use 
advanced clip-based methods combined with other devices for 
defects larger than 10 mm [15, 45].

Currently, TTSCs are designed with several sophisticated 
mechanical and functional features. For example, the through-
the-scope twin clip, made by Micro-Tech (Nanjing, China), 
comprises two pairs of prongs which can be independently 
opened and closed (Figure 2) [46]. Each prong can individually 

Table 1. Specifications and characteristics of currently available TTSCs

Product name Manufacturer

Minimum com-
patible instru-
ment channel 
diameter (mm)

Maximum 
opening 
width (mm)

Working length 
(mm) MR status

Delivery 
system 
type

Repeated 
opening

Rotational 
capability

QuickClip Pro Olympus  
(Tokyo, Japan)

2.8 11 1,650 (Upper GI), 
2,300 (Lower GI)

MR conditional Disposable Yes Yes

Instinct Plus Cook Medical  
(NC, USA)

2.8 16 2,300 MR conditional Disposable Yes Yes

Resolution 360 Boston Scientific 
(Massachusetts, USA)

2.8 11 1,550 
2,350

MR conditional Disposable Yes Yes

SureClip Micro-Tech  
(Nanjing, China)

2.8 8, 11, 16, 17 2,350 MR conditional Disposable Yes Yes

Lockado Micro-Tech  
(Nanjing, China)

2.8 11, 16, 22 2,350 MR conditional Disposable Yes Yes

DuraClip ConMed (NY, USA) 2.8 11, 16 2,350 MR conditional Disposable Yes Yes
EZ Clip Olympus  

(Tokyo, Japan)
2.8 7, 9.5, 11 1,650 

2,300
MR conditional Reusable No Yes

MANTIS Boston Scientific 
(Massachusetts, USA)

2.8 11 2,350 MR conditional Disposable Yes Yes

Dual action tissue Micro-Tech  
(Nanjing, China)

3.2 15 1,650 
1,950 
2,350

MR conditional Disposable Yes Yes

Note: TTSC, through-the-scope clip; MR, magnetic resonance; GI, gastrointestinal.

https://doi.org/10.61189/167468gjipte


Progress in Medical Devices 2026; 4 (2): 98-115. 	 Li et al.

https://doi.org/10.61189/030332bzapdu	 101

hold one side of the defect, and thus the area of large defects 
is effectively reduced and final closure becomes easier [47]. 
Another notable innovation is the MANTIS Clip (Boston 
Scientific, Marlborough, MA, USA), specifically designed for 
the hold-and-drag closure technique [48]. The clip features a 
mantis-like claw design to enable not only secure tissue 
engagement but also retraction [48]. The MANTIS Clip, as 
opposed to regular TTSCs, facilitates full-thickness closure, 
shortens closure time, and increases post-closure strength, 
while minimizing the created submucosal dead space [49]. 
Relevant studies even suggest that its closure strength is bet-
ter than that of OTSCs in the management of 30 mm perfora-
tions [42].

2.2 OTSCs

Due to the size restrictions imposed by the endoscopic instru-
ment channel diameter and the mechanical structure of TTSCs, 
as well as their inability to achieve full thickness closure, the 
limited closure strength of TTSCs remains a challenge. The- 
oretically, closure effectiveness can be improved by increasing 
the number of deployed TTSCs, but this method will corre-
spondingly increase the cost of defect closure, especially since 
TTSCs may fail during anchoring or misfire [50]. In an effort 
to eliminate the limit of TTSCs, OTSCs were subsequently 
developed, and the first clinical application was reported in 
2007 [51].

As an over-the-scope technique, OTSC systems do not pass 
through the instrument channel but are mounted on the outer 
side of the endoscopic distal end before insertion. Because of 
the shape memory properties of the material, the OTSC, which 
is usually made of nitinol, is held in an open configuration 
before release; after deployment, it returns to its original closed 
shape, thus providing continuous mechanical closure force, 
comparable to that of manual surgical suturing [52-54].

The principle for defect closure across the most common com-
mercially available OTSC systems, such as the OTSC System 
(Ovesco Endoscopy AG, Tuebingen, Germany) and the Padlock 
Clip System (Aponos Medical Co., Kingston, NH, USA), 
remains consistent: the edges of the defect are drawn into an 
application cap, where the tissue is compressed, achieving 
complete defect closure with the OTSC (Figure 3) [51, 55]. In 
terms of structural design, the Ovesco OTSC includes teeth 
similar to a bear claw, thus achieving strong tissue approxima-
tion [56]. In addition, the Ovesco OTSC has three different 
tooth geometries (type a, t, gc) with different uses: type a with 
blunt teeth for compression, type t with sharp teeth for com-
pression and anchoring, and type gc for gastric wall closure 
(Figure 4) [57, 58]. In contrast, the Padlock Clip has a different 
structure that, upon release, creates a hexagonal ring, thereby 
providing 360-degree radial puncture force to the tissue 
through six inner needles pointing toward the center [59]. 
Furthermore, the tips are equipped with tissue controllers so 
that the depth of the puncture is not excessive, and the space 
between the needles allows blood to flow into the tissue, thus 
accelerating the healing process [59].

As for the mounting procedure, the preparation of OTSC sys-
tems is more complicated than that of TTSCs, as it requires 
assembling the components outside the body before insertion. 
For both OTSC systems, the components are fitted onto the 
endoscopic distal end by means of an application cap [55, 60]. 
However, there is a difference in the release mechanism 
between these two systems: the Ovesco OTSC’s trigger wire is 
located inside the instrument channel and is activated by a 
hand wheel installed on the endoscopic grip section (Figure 
5), whereas the Padlock Clip’s trigger wire is external to the 
endoscope and is released by the push-button Lock-It delivery 
system (Aponos Medical, Kingston, NH, United States) 
(Figure 6) [55, 59, 60].

After the installation of the OTSC system on the endoscope, 
the device is moved to the site of the defect. At the target defect, 
the edges of the lesion are drawn into the distal application cap 
either by suction or with the help of suitable auxiliary devices 

Figure 2. Photograph of the through-the-scope twin clip with an 
enlarged view of its distal end. This figure is cited from [47].

Figure 3. Ovesco OTSC (left) and the Padlock clip (right) in their 
deployed configurations. This figure is cited from [137]. OTSC, 
over-the-scope clip.
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[57]. Subsequently, the endoscopist deploys the OTSC from 
the application cap by activating the specific trigger mecha-
nism, rotating the hand wheel for the Ovesco OTSC or press-
ing the button on the Lock-It delivery system for the Padlock 
Clip, thereby compressing the tissue and achieving complete 
defect closure [57, 61].

Successful OTSC closure is predicated on the effective and 
secure capture of the target lesion into the application cap. 
Therefore, choosing an optimal tissue approximation strategy 
is crucial and requires consideration of the defect size, the 
duration since onset, and the specific clinical indication [62]. 
Common approximation methods include simple suction, twin-
grasper assistance, and anchor assistance [62-64]. Simple suc-
tion offers clear advantages including convenience, rapid appli-
cation, and low cost. However, its maximum size limit for com-
plete closure is typically no more than 10 mm, and it may some-
times result in failure to achieve full-thickness closure [62]. 
Twin-grasper assistance and anchor assistance require spe-
cific auxiliary instruments and are typically used for large or 
full-thickness defects [63, 65]. While twin-grasper assistance 
exhibits limitations when managing large, fibrotic defects, 

anchor assistance proves highly effective for capturing fibrotic 
or indurated tissue [64, 66].

Compared to TTSCs, OTSCs provide a more durable and force-
ful full-thickness closure. OTSCs are a safe and effective treat-
ment method for refractory GI conditions such as perforations, 
leaks, severe acute GI bleeding, and recurrent ulcer bleeding 
[53, 55, 66-68]. However, OTSCs are more expensive than reg-
ular TTSCs, have a lower margin for error (allowing only one 
attempt), are difficult and costly to remove, and are less adapt-
able for very large defects, despite their efficacy for small- to 
medium-sized perforations [8, 42].

3 ENDOSCOPIC SUTURING DEVICES

3.1 Through-the-scope suturing devices

Due to the diameter constraints of the endoscopic instrument 
channel, the size of through-the-scope suturing devices is lim-

Figure 4. OTSC clip types. (A) Type a (atraumatic); (B) Type t (traumatic); (C) Type gc (gastric closure). This figure is cited from [58].

Figure 5. Ovesco OTSC loaded on a therapeutic upper endoscope. 
The distal end of the endoscope is attached to an application cap load-
ed with the OTSC, and the grip section is fitted with the hand wheel. 
This figure is cited from [138].

Figure 6. The Lock-It delivery system. The system consists of an 
application cap at the distal end of the endoscope and a trigger wire 
(parallel to the scope) that connects to a handle. This figure is cited 
from [139].
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ited, making it difficult to achieve continuous suturing with 
complex mechanical structures. Thus, early devices primarily 
utilized a hollow needle and T-tag to achieve tissue approxi-
mation rather than double full-thickness surgical closure [69-
71]. When utilizing a single-channel endoscope, the suturing 
system typically comprised a semiflexible hollow needle cath-
eter, two metal T-tags attached to a polypropylene thread 
placed inside the hollow needle, and a thread-locking device 
to eliminate the need for traditional knot tying, enabling the 
successful closure of full-thickness defects after EFTR [69]. 
Alternatively, when a double-channel endoscope is employed, 
the suturing system could consist of two flexible hollow needle 
catheters and three T-tags interconnected by a Y-shaped thread 
[70]. Both hollow needles were used to traverse the tissue on 
the two opposite sides of the defect and to deploy the corre-
sponding T-tags [72]. Subsequently, the proximal movable 
T-tag is pushed along the Y-shaped thread by the outer sheath 
that is advanced to close the defect margins for final closure 
[72]. Although the first device models had relatively simple 
mechanical structures, they were conceptually limited to per-
forming interrupted rather than continuous suturing. Fur- 
thermore, they lacked robust clinical data that could confirm 
their stability and safety.

In an effort to achieve continuous suturing endoscopically, 
endoscopists tried to adapt the needle-and-thread suturing 
method of traditional surgery for use in flexible endoscopy. In 
2014, Goto et al. were the first to report the utilization of the 
SutuArt (Olympus Medical Systems Corp, Tokyo, Japan) pro-
totype and a semicircular needle attached to an absorbable 
barbed suture for endoscopic hand suturing (EHS), verifying 
the method’s feasibility and effectiveness in ex vivo experi-
ments [73]. SutuArt is a through-the-scope, flexible, and rotat-
able needle driver. The handle of the SutuArt controls the 
opening and closing of the distal jaws, which are used for a 
stable needle grasp, and also has a locking mechanism (Figure 
7) [73].

EHS is capable of securing defect closure with high safety and 
strength. Therefore, it is a suitable candidate for large defects 
(measuring 20 mm to 30 mm or more) at various locations and 
depths. Consequently, it shows enormous potential in the field 
of advanced gastrointestinal endoscopic surgery [15, 74, 75]. 
However, the dissemination of this technique is limited by sev-
eral practical problems, most prominently, the prolonged time 
required for the procedure and the technical complexity of 
EHS, which together necessitate a high degree of operator skill 
and a long period of training [74, 76, 77].

Recent advancements in endoscopic technology have given rise 
to new through-the-scope suturing devices. One of these inno-
vations is the X-Tack (Apollo Endosurgery, Inc, Austin, Tex, 
USA), a through-the-scope continuous suturing device de- 
signed for efficient and secure closure of large or irregularly 
shaped GI defects (Figure 8) [78, 79]. The main parts of the 
X-Tack system comprise an applicator that converts the linear 
motion of the handle slider into rotational motion, four 5-mm-
long surgical steel laser-cut helix tacks connected to the suture, 
and a cinch device used to tighten and secure the suture [80].

During the procedure, the endoscopist uses the preloaded 
applicator to rotate and anchor the first helix tack into the tissue 
at the defect margin, thereby securing the initial end of the 
suture. The applicator catheter is then withdrawn and reloaded 
externally with the subsequent helical tacks, and the anchoring 
process is repeated at the defect edges. The subsequent helix 
tacks are preloaded on the suture and can slide along it. 
Therefore, a final cinch device is used to tighten the suture, 
thereby approximating the anchored helix tacks and achieving 
defect closure. After securing the other end of the suture with a 
T-tag deployed from the cinch device, the entire closure con-
struct is stabilized, thus preventing re-opening and ensuring 
efficient and reliable closure [79].

Similar to EHS, X-Tack has been reported to have a high rate of 
clinical success [81]. However, as reported in a related study, 
several technical limitations may restrict its overall effective-
ness [42]. For instance, difficulty in achieving full-thickness 
suturing results in a closure strength that is lower than that of 
TTSCs.

Figure 7. The SutuArt through-the-scope endoscopic needle hold-
er. This figure is cited from [140].
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3.2 Over-the-scope suturing devices

As early as 1986, Swain et al. had already reported a chain-
stitch suturing machine that was primarily made of rod-shaped 

the suture, thereby avoiding extracorporeal knots [86]. When 
the detachable needle-tip, carrying the suture thread, punc-
tured the tissue, it was captured by a catching cartridge [88]. 
Subsequent iterations of the device retained the basic mecha-

Figure 8. X-Tack suturing device. (A) X-Tack handle; (B) Pre-loaded helix tack. This 
figure is cited from [141].

Figure 9. The eagle claw endoscopic suturing device. (A) Biological inspiration: 
curved talons; (B) Distal working end of the eagle claw device; (C) The complete sys-
tem. This figure is cited from [141].

transparent acrylic glass [82]. This suturing 
device is quite cumbersome and is fixed at the 
distal end of a double-channel endoscope. The 
tissue was drawn into the device’s chamber by 
the vacuum. Then a suture-loaded needle and a 
flexible control cable for the catch mechanism 
were carefully guided through the two instru-
ment channels to perform the tissue approxima-
tion [82, 83].

In 1994, Swain et al. reported a tag-based sutur-
ing device used for fixing biosensors to the GI 
tract wall [84]. The two most significant features 
of this device were a specially designed tag and 
a hollow needle. In 1996, Kadirkamanathan et 
al. further developed a new endoscopic suturing 
device based on this principle for anti-reflux 
gastroplasty procedures [85]. This device con-
nected the T-tag to a nylon thread which, af- 
ter deployment from the hollow needle, was 
received by a dedicated reception chamber, 
thereby facilitating the continuation of the sutur-
ing process following external reloading [85]. 
Although the above devices were not developed 
with the direct purpose of suturing GI tract 
defects, the mechanical structures, suturing 
methods, and knot-tying techniques proposed 
during their development provided a reference 
for the research and development of future over-
the-scope suturing devices.

Thereafter, the Apollo Group and Olympus 
Corporation designed prototype suturing devic-
es that could be visualized endoscopically, the 
Eagle Claw series (Figure 9) [86]. Comprising 
a curved needle and opposable jaws, the devices 
were mounted on the exterior of the endoscopic 
distal end. The needle-tip of Eagle Claw II was 
non-detachable and had a hole for the thread to 
pass through. When the jaws closed, the tissue 
was punctured, and the thread passed through 
the tissue with the needle. A retrieval hook then 
retrieved one side of the suture through an extra 
channel provided by the device. After extracor-
poreal knotting, the knot was advanced back 
into the body using a second endoscope fitted 
with a knot-pushing cap [87]. The Eagle Claw V 
improved upon the previous generation by add-
ing a detachable needle-tip with a thread and a 
catching cartridge attached to the other end of 
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dedicated cinch device is required proximally to tighten the 
suture thread and deploy a second T-tag for definitive fixation.

Compared to the OverStitch system, the OverStitch Sx (Apollo 
Endosurgery, Inc, Austin, Tex, USA) features two independent, 
external working channels that effectively substitute the two 
channels required by a double-channel endoscope (Figure 11) 
[99]. This innovative design significantly enhances device ver-
satility by enabling compatibility with a wide range of standard 
single-channel flexible endoscopes, thereby promoting broader 
accessibility and application [99]. However, the addition of this 
external device may slightly restrict the overall flexibility and 
maneuverability of the endoscope [100].

4 ADVANCED CLIP-BASED CLOSURE METHODS

The major drawback of regular TTSCs is their maximum open-
ing width which is limited by the endoscopic working channel 
diameter. Whereas the clip span can be slightly increased by 
elongating the clip prongs, this physical limitation still consid-

nism and principle of the Eagle Claw V, featuring no significant 
alterations, and its feasibility and efficacy for hemostasis and 
gastrotomy closure were validated in a porcine gastric model 
[89, 90].

Building upon the Eagle Claw, the OverStitch (Apollo 
Endosurgery, Inc, Austin, Tex, USA) received Food and Drug 
Administration approval in 2008 after years of development 
[91]. The OverStitch is capable of safely and reliably achieving 
continuous suturing of the GI tract, enabling its use for endo-
scopic sleeve gastroplasty, full-thickness GI wall suturing, clo-
sure of post-ESD/EMR defects, management of fistulas or 
leaks, stent fixation, and various other indications [92-95]. It 
has become one of the most widely used over-the-scope sutur-
ing devices [96]. In contrast to its predecessors, the Eagle Claw 
series, OverStitch is a cap-based device, and is therefore more 
compact and maneuverable (Figure 10) [97]. This design elim-
inates the need for the large external catheter assembly 
attached to the outside of the endoscope body, thereby maxi-
mizing the inherent endoscopic flexibility [97]. However, its 

Figure 10. Double-channel OverStitch suturing device with a tissue-capturing he-
lix. (A) The needle driver handle mounted on the endoscope; (B) The Endcap mounted 
on the endoscopic distal end. This figure is cited from [141].

Figure 11. Comparison of the OverStitch Sx and OverStitch endoscopic suturing 
systems. This figure is cited from [142].

first and second iterations were only compatible 
with specific double-channel Olympus endo-
scopes, which consequently impeded its wide-
spread clinical adoption [98].

The continuous suturing mechanism of the 
OverStitch is engineered to emulate the opera-
tional mechanism of conventional manual sutur-
ing techniques for endoscopic application [91, 
97]. The process begins as the unloaded needle 
driver closes and securely docks with the anchor 
exchange catheter within the instrument chan-
nel. The needle driver then reopens to retrieve 
the suture-attached anchor, thereby forming 
the functional operating unit. Following anchor 
retrieval, a helix device is deployed via the 
secondary instrument channel to capture and 
retract full-thickness tissue into the device’s 
jaw. Subsequently, closure of the needle driver 
advances the anchor to puncture and traverse 
the captured tissue. Upon full traversal, the 
deployed anchor is captured by the anchor 
exchange catheter, which simultaneously facili-
tates its separation from the needle driver, con-
cluding the successful double full-thickness 
passage of the suture thread. Thereafter, the 
needle driver is reopened, and the suture thread, 
having passed through the tissue, is returned 
to the instrument channel, completing a single 
stitch. This entire sequence may then be repeat-
ed in vivo to establish a continuous running 
suture line. To secure the continuous suture line, 
the suture-attached anchor is released while the 
needle driver remains open, serving as the ini-
tial T-tag to fasten the distal end. In contrast, a 
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erably hampers their ability to close large mucosal or full-
thickness defects. Compared with regular TTSCs, OTSCs pro-
vide a higher mechanical closure force, but they are not suitable 
for very large defects. Although endoscopic suturing devices 
can be used for larger defects, their higher economic cost and 
steep learning curve limit their widespread adoption in regular 
clinical practice.

As a result, over years of continuous clinical practice, endosco-
pists have come up with a multitude of advanced techniques to 
specifically surpass this limitation. These advanced clip-based 
closure techniques are systematically reviewed and presented 

Nomura et al. described an innovative single-channel endo-
scope method in 2018 [103]. Firstly, the operation begins with 
fastening the separated endoloop to one side of the clip using a 
surgical thread. The clip-connected endoloop is then with-
drawn into the clip’s outer sheath, passed through the endo-
scope channel to the defect site, deployed from the sheath, and 
fixed to one side of the defect. The closure is completed using 
the standard purse-string steps.

After the EPSS had been established, endoscopists made vari-
ous alterations to the technique. For example, placing the 
endoloop and the clips as a preventive measure before perform-

Figure 12. Schematic illustration of the EPSS procedure for closure of a gastro-
intestinal defect. (A, B) An initial clip is applied and an endoloop is positioned at the 
proximal margin of the defect; (C) Additional clips are deployed to secure the endoloop 
along the proximal edge; (D) The defect margins are approximated by tightening the 
endoloop; (E) Complete closure of the defect is achieved. This figure is cited from 
[102]. EPSS, endoscopic purse-string suture.

in this paper. Depending on the main auxilia-
ry instruments used for defect approximation, 
this review distinguishes clip-and-snare closure 
methods, loop-clip closure methods, clip-only 
closure methods, and clip-and-line closure me- 
thods.

4.1 Clip-and-snare closure methods

Clip-and-snare methods make use of regular 
clips in combination with detachable snares or 
similar auxiliary devices to achieve defect clo-
sure. In this approach, the method exerts con-
tinuous radial tension on the defect edges, which 
leads to the effective approximation of large 
defects.

The first use of a clip and snare for defect clo-
sure, in combination with a double-channel 
colonoscope, was reported by Matsuda et al. in 
2004 [101]. An endoloop (Olympus, Tokyo, 
Japan) was placed around the defect, and regu-
lar clips were used to fix the two ends of the 
snare separately to the margins of the defect. 
Subsequent tightening of the endoloop provid-
ed the required radial tension for preliminary 
defect closure.

By inventing the endoscopic purse-string suture 
(EPSS) method in 2014, Zhang et al. significant-
ly advanced the clip-and-snare closure method 
(Figure 12) [102]. The method involved placing 
multiple clips around the edges of the defect to 
fix the endoloop. The edges of the defect were 
drawn together by tightening the snare, and the 
method was confirmed effective for closing gas-
tric wall defects less than 40 mm in diameter 
[102].

The initial dependence on a double-channel 
endoscope to allow simultaneous handling of 
both instruments limited the widespread adop-
tion of the clip-and-snare method. However, 
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Figure 13. Schematic illustration of the endoscopic ligation with O-ring closure 
procedure. This figure is cited from [109].

ing EFTR helps the subsequent closure of the created defect, 
thereby shortening the procedure time [104, 105]. Additionally, 
dental floss can be used for clip traction to prevent the clip from 
inverting during endoloop tightening. Alternatively, an addi-
tional endoloop can be placed over the EPSS for circumferen-
tial bundling and securing of all clips, thus effectively closing 
defects that EPSS cannot adequately address [106-108].

For more secure closure, Nishiyama et al. developed a novel 
technique named endoscopic ligation with O-ring closure 
(Figure 13) [109, 110]. In this method, the surgical nylon loop 
used for clip tightening replaces the detachable snare, and the 
endoscopic variceal ligation device is employed to gather the 

clips [109]. This process is then repeated to 
achieve total closure of large defects.

4.2 Loop-clip closure methods

Loop-clip closure methods use clips that are 
either custom-made or commercially available 
and feature an integrated loop structure to 
achieve preliminary closure of large defects. 
Although terminology varies across the litera-
ture, this review refers to these devices collec-
tively as “loop-clips”.

By way of an example in 2007, Fujii et al. uti-
lized a regular clip to grasp a specially designed 
figure-of-8-shaped metallic loop, advancing it 
through the instrument channel to close a post-
EMR defect (Figure 14) [111]. This method laid 
the foundation for subsequent loop-clip devel-
opment. In 2008, Sakamoto et al. first described 
the loop-clip as a new closure device, which 
involved both a metallic and a nylon loop [112]. 
The operation of loop-clip methods is inher-
ently simpler and more convenient than clip-
and-snare methods. The process involves 
deploying the loop-clip at the defect margin, 
subsequently inserting a regular clip through 
the instrument channel to grasp the loop. The 
loop is then pulled to the opposing normal 
mucosa and the second clip is deployed, thus 
achieving preliminary closure of the large defect 
[113].

The loop structure is highly versatile, with its 
material often consisting of metal, nylon, or 
rubber [111, 112, 114]. This variability accom-
modates diverse clinical scenarios, such as the 
closure method with an elastic ring reported by 
Kowazaki et al., which utilizes a clip with an 
attached elastic loop and also belongs to this 
category [114]. Regardless of the specific de- 

signs, the loop-clip essentially helps to turn a large defect into 
several smaller ones, which can then be closed individually 
with regular clips. In recent years, the loop-clip has been uti-
lized to raise the mucosal layer and provide traction to the 
lesion, thus visually exposing more of the tissue that the endos-
copist can dissect during ESD operations [115-117].

The most notable difference between loop-clip and clip-and-
snare closure methods lies in how they apply force. Loop-clip 
closure methods use the loop as a medium. A second clip grips 
the loop of the first-deployed loop-clip and pulls it toward the 
opposing mucosa, thereby creating the traction. On the other 
hand, clip-and-snare closure methods utilize the loop structure 

Figure 14. EMR and subsequent closure of the resulting mucosal defect using a 
figure-of-8-shaped metallic loop in combination with two resolution clips. This 
figure is cited from [111]. EMR, endoscopic mucosal resection.

https://doi.org/10.61189/167468gjipte


Progress in Medical Devices 2026; 4 (2): 98-115. 	 Li et al.

https://doi.org/10.61189/030332bzapdu	 108

Figure 15. Schematic illustration of the CCCM. (A) A first clip is deployed on nor-
mal mucosa adjacent to the defect margin; (B) A second clip is attached to the stem of 
the first clip; (C, D) A third clip is advanced with one prong passing through the space 
between the jaws of the second clip to serve as a traction point; (E) The third clip is 
then secured to the contralateral normal mucosa to approximate the defect margins; (F) 
Complete closure is achieved with CCCM and additional clips. This figure is cited from 
[123]. CCCM, lip-on-clip closure method.

inserted into the space between the two prongs 
of the second clip, pulled to the opposite muco-
sa, and released. After confirming stability, 
additional clips are deployed to fully close the 
mucosal defect. In principle, the clip-on-clip 
closure method is functionally analogous to 
loop-clip methods, because the second clip is 
used to establish the traction bridge instead of a 
loop structure. Notably, to date, there have been 
no direct comparative ex vivo or clinical stud-
ies among different types of clip-only closure 
methods.

4.4 Clip-and-line closure methods

Clip-and-line closure methods achieve defect 
closure through the synergistic action of regu-
lar clips and a line, typically a suture or dental 
floss. This technique relies on linear tension 
exerted on the line, causing the clips anchored 
at the defect margin to converge, thereby 
achieving tissue approximation.

In 2016, Yamasaki et al. reported the line-
assisted complete closure (LACC) method 

itself, which is fastened to the defect rims by several clips. The 
radial contraction force resulting from loop tightening thus 
brings the defect rims toward the center.

4.3 Clip-only closure methods

Clip-only closure methods refer to techniques for closing large 
defects using only multiple clips, without auxiliary devices or 
tools. The double-layered closure method for closing large 
mucosal defects after ESD and EMR was introduced by Tanaka 
et al. in 2012 [118]. They deploy a set of clips along the long axis 
of the defect in the submucosal layer, thus reducing the defect 
area, and then, another set of clips is interwoven in the mucosal 
layer to achieve complete defect closure [118]. In 2017, Banno 
introduced the mucosa–submucosal clip closure method [119]. 
The principle involves orienting a regular clip parallel to the 
defect’s short axis, using its two prongs to hook the mucosa and 
submucosa separately, and then deploying it [119]. The process 
is carried out incrementally along the defect edge to bring the 
mucosal margins closer together, thus reducing the defect area 
that is finally closed with clips. Subsequent investigations, 
however, revealed that this method was limited to defects 
smaller than 50 mm and to those that were technically chal-
lenging [120, 121].

In 2018, the clip-on-clip closure method was proposed as an 
effective, straightforward, and safe technique (Figure 15) [122, 
123]. First of all, a clip is deployed on the normal mucosa out-
side the defect circumference. Then, a second clip is placed on 
the first clip’s stem. To finish, one prong of the third clip is 

[124]. This method is effective for closing mucosal defects and 
perforations, significantly reducing the incidence of post-endo-
scopic submucosal dissection coagulation syndrome [125]. 
LACC is performed with only one line and regular clips. After 
binding the line to one clip prong, the clip is deployed on the 
side of the defect. A second clip is subsequently used to grasp 
the line and deploy it on the opposite side. If more clips are 
needed, a zigzag pattern is used along the margin [126]. 
Continuous tension is then applied to the line, approximating 
the defect for final closure with additional regular clips. Further 
research has found that LACC can be a viable option for large 
perforations and defects [127-129].

In 2021, Nomura et al. introduced the reopenable-clip over the 
line method (ROLM), which employs a line and reopenable 
clips to close defects without creating submucosal dead space 
[130, 131]. Compared to LACC, in ROLM the suture for the 
second and subsequent clips must be threaded extracorporeally 
through the tooth hole of the reopenable clip before insertion 
through the instrument channel [132]. This design ensures the 
line and the clip remain continuously connected, which elimi-
nates the need for challenging intraprocedural line grasping 
and provides a more robust and stable connection for subse-
quent tension and defect approximation. It is important to note 
that both LACC and ROLM require the use of additional clips 
for complete closure of the defect after manual line tensioning, 
as the defect will reopen if tension is released. Furthermore, 
completion of the entire procedure necessitates the endoscopic 
transection of the line, which is typically performed using spe-
cialized accessories such as loop cutters or scissor forceps.
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To overcome this limitation, Nomura et al. successfully com-
bined ROLM with a modified locking-clip technique in 2022 
[133]. The locking-clip technique is a technique that uses spe-
cial TTSCs with specific mechanical structures [134]. The 
clip’s root is where the line is pre-threaded. When the clip is 
fully opened, the root of the clip and the line become firmly 
engaged. Therefore, endoscopists can first use ROLM with 
regular clips to gradually reduce defect area and approximate 
the tissue, and then they can apply modified locking-clip tech-
nique to tighten the line and fix it to the surrounding normal 
mucosa. After this important anchoring step, the line can be 
manually severed, thus allowing it to remain in vivo even under 
continuous high tension [133, 135].

5 CONCLUSION

The advancements in endoscopic closure devices, driven by 
clinician-engineer collaboration, have successfully transformed 
post-procedural GI defect management. Current innovation 
can be broadly categorized into two major directions: TTSCs 
and OTSCs and highly accurate instruments intended to imi-
tate surgical suturing techniques. Within this landscape, the 
strategic use of TTSCs in combination with auxiliary devices 
effectively bypasses the mechanical constraints of single instru-
ments, broadening their clinical applicability. Nonetheless, 
optimal clinical utilization demands a tailored approach, where 
endoscopists must integrate established procedural guidelines 
with defect complexity to judiciously select the most appropri-
ate single device or combined closure strategy. Looking for-
ward, although present closure devices, such as clips and 
emerging suturing systems, have shown functionality in vari-
ous GI defects, the direction of future technological develop-
ment should be that of enhanced reliability, operability, cost-
effectiveness, and general ease of use of next-generation endo-
scopic closure devices.
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REVIEW ARTICLE
Research progress on postoperative bleeding after endoscopic 
submucosal dissection and its treatment
Jin Xu, Shiju Yan

School of Health Science and Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China.

1 INTRODUCTION

Esophageal cancer and gastric cancer are common malignant 
tumors of the digestive system. Patients who can be diagnosed 
and treated in the early stage generally have a relatively good 
prognosis. Atypical hyperplasia of the esophageal and gastric 
mucosa is a precancerous lesion of esophageal cancer and gas-
tric cancer. Early diagnosis and treatment of atypical hyperpla-
sia of the esophageal and gastric mucosa can block the develop-
ment of precancerous lesions into esophageal cancer and gas-
tric cancer.

Endoscopic resection is now widely accepted as a less invasive 
treatment for local resection of early gastric cancer, with a neg-
ligible risk of lymph node metastasis [1]. A suitable endoscopic 
resection technique should be safe, effective, and applicable to 

various clinical situations. However, endoscopic resection is 
associated with various complications, the most important of 
which are bleeding and perforation [2].

Endoscopic resection for digestive tract lesions has the advan-
tages of minimal surgical trauma, fewer postoperative compli-
cations, and good postoperative recovery, making it the pre-
ferred minimally invasive surgical treatment for digestive tract 
mucosal and submucosal lesions [3].

Endoscopic mucosal resection (EMR) and endoscopic submu-
cosal dissection (ESD) are two endoscopic resection proce-
dures for gastrointestinal lesions. Compared with standard pol-
ypectomy techniques, EMR and ESD provide wider and deeper 
resection margins and allow for more detailed pathological 
evaluation of the overall resected lesion, which has advantag-
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Abstract

Endoscopic submucosal dissection (ESD) is now considered the standard endoscopic 
resection technique for patients with early gastric cancer. ESD provides a higher rate 
of complete resection and a lower local recurrence rate. However, ESD results in larger 
and deeper ulcers, and post-ESD bleeding is a common complication. Bleeding after 
ESD cannot be completely avoided, especially in patients with large-sized gastric ulcers, 
those on anticoagulant therapy, and elderly patients. Most bleeding can be controlled 
by endoscopic hemostatic methods during the procedure, such as the application of 
hemostatic clips for ulcer closure and hemostatic powder for ulcer shielding. In addition, 
we also found the potential value of using new materials such as self-assembling peptides 
for hemostasis. This review first revisits the definition of endoscopic resection of the 
digestive tract. Then, we discuss post-ESD bleeding and the influence of risk factors such 
as the location, size, and depth of the surgical lesion, anticoagulant medication use, and 
the patient’s age and lifestyle. Finally, we review the treatment methods for post-ESD 
bleeding, including intraoperative ulcer closure, ulcer shielding, and the application of 
thrombin and adrenaline injection.

Keywords: Digestive tract tumors, Digestive tract endoscopy, Bleeding risk factors, He-
mostasis in gastric endoscopic submucosal dissection
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es in treating early neoplastic gastrointestinal lesions [3]. 
Although EMR is convenient, larger lesions cannot be com-
pletely resected in a single EMR procedure. Therefore, doctors 
cannot make an accurate diagnosis of the entire pathological 
specimen to make more appropriate treatment decisions for the 
patient’s condition, which increases the risk of local tumor 
recurrence or inappropriate treatment. ESD can directly resect 
tumors in the submucosa. Due to the large wound size and the 
difficulty of implementing the technique, there is a higher inci-
dence of bleeding and perforation after ESD [4].

This review focuses on post-ESD bleeding by summarizing rel-
evant literature on ESD, including surgical procedures, risk 
factors for delayed bleeding, prevention and treatment strate-
gies, and related medical devices.

2 DEFINITIONS, EPIDEMIOLOGY, AND RISK 
FACTORS

2.1 Definitions and pathophysiology

In this review, the literature search was carried out through 
the Web of Science database, and the search time range was 
set from the establishment of the database to September 2025. 
The core search terms included “Endoscopic Submucosal 
Dissection”, “Gastrointestinal Hemorrhage”, “Immediate 
Bleeding”, “Delayed Bleeding”, and “Risk Factors”. According 
to the onset time, bleeding complications can be subdivided 
into immediate (intraoperative) bleeding that occurs during 
the procedure and delayed bleeding that occurs after the pro-
cedure. There are differences in risk factors and treatment logic 
between these two types of hemorrhage. Immediate hemor-
rhage is mainly affected by anatomical location and proce-
dural factors, while delayed hemorrhage is more related to the 
patient’s general condition and healing environment. Immediate 
bleeding is infrequent with EMR techniques, but is quite com-
mon with ESD. The management of immediate bleeding plays 
a key role in the successful completion of ESD. It is difficult to 
accurately measure the amount of bleeding during EMR and 
ESD. Therefore, in the definitions of upper gastrointestinal 
bleeding (GIB) in different countries, bleeding after ESD is 
usually defined as a condition with any clinical signs of bleed-
ing. Clinical signs include hematemesis, melena, or a decrease 

in haemoglobin of >2 g/dL from the previous laboratory test, 
and the condition requires endoscopic hemostasis [5]. The defi-
nition of delayed bleeding can range from clinical symptoms of 
bleeding such as hematemesis and melena to bleeding that 
requires blood transfusion or even bleeding that requires endo-
scopic treatment. Delayed bleeding usually occurs within 24 
hours after ESD and has been reported to be related to lesion 
location, size, patient age, and anticoagulant drug use [6-9]. In 
formulating treatment plans, immediate bleeding focuses on 
intraoperative visual field maintenance and precise electroco-
agulation; for delayed bleeding, single prophylactic thermoco-
agulation cannot significantly reduce the rate of delayed bleed-
ing and may even aggravate thermal damage to gastric tissue 
[10]. Therefore, the treatment strategy for patients should also 
consider more complex procedural approaches, such as ulcer 
shielding methods and ulcer closure methods, for prevention.

2.2 Gastric lesions and ESD

The size of the gastric lesion is a risk factor for bleeding after 
ESD. Theoretically, the larger the lesion, the greater the risk of 
bleeding after ESD [5]. In addition, there is controversy about 
whether tumor location affects bleeding after ESD. The ideal 
dissection plane is the avascular layer below the vascular net-
work of the gastric wall and above the muscular layer [11]. 
Several studies reported that the bleeding rate was significantly 
higher for tumors located in the lower third and middle/lower 
third of the stomach, while other studies found that an upper 
location of the lesion in the stomach was a more influential risk 
factor [2, 6, 12-16]. Although the correlation between lesion 
location and bleeding after ESD is inconsistent in the literature, 
studies tend to support that ESD in the lower third of the 
stomach is associated with bleeding after ESD (Table 1) [17]. 
Therefore, endoscopists should more closely monitor patients 
with lesions located in the lower third of the stomach.

2.3 Patient-related risk factors 

Studies have shown that the use of anticoagulants has a signifi-
cant impact on post-ESD bleeding in the stomach. For patients 
receiving anticoagulant therapy, delayed bleeding after ESD 
remains an unpreventable adverse event [19].

Table 1. Effect of lesion site on bleeding after endoscopic submucosal dissection
Author Lower-third (%) Middle-third (%) Upper-third (%) P-value
Nam et al. [18] 3.8 2.0 0.0 <0.05
Tsuji et al. [6] 9.6 3.2 4.6 <0.05
Furuhata et al. [14] 7.3 4.5 3.1 <0.01
Sato et al. [16] 5.3 5.4 4.1 >0.05
Libânio et al. [2] 5.5 5.6 5.2 >0.05
Matsumura et al. [13] 6.1 3.3 4.6 >0.05
Toyokawa et al. [15] 5.2 4.9 5.0 >0.05
Mukai et al. [12] 16.9 13.5 0.0 >0.05
Note: This table is cited from [17].
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The use of aspirin is also a risk factor for delayed bleeding, but 
there is controversy regarding the relationship between the risk 
of post-ESD bleeding and the aspirin treatment regimen during 
the procedure. A prospective study by Cho et al. on 328 patients 
showed that the postoperative bleeding rate in the group that 
continued to use aspirin was 15.6%, significantly higher than 
the rate of 4.2% in the group that stopped taking the drug (odds 
ratio [OR]=4.12, P=0.001) [20]. The authors confirmed through 
multivariate analysis that aspirin is an independent risk factor 
for post-ESD bleeding. A meta-analysis by Yang et al. covering 
15 studies with 4,876 patients confirmed that the use of aspirin 
increases the risk of bleeding (OR=2.34, P<0.001), but sub-
group analysis showed that the risk was lower with low-dose 
aspirin (≤100 mg/d) (OR=1.87) [21]. Similarly, a systematic 
review by Jaruvongvanich et al. that included a total of 2,143 
patients showed through meta-analysis that the continued use 
of aspirin did not significantly increase the risk of bleeding 
(OR=1.25, P=0.20) [22]. These studies reveal the complexity of 
risk assessment: the absolute risk of bleeding increases by 
about 4–6% in patients at high risk of thrombosis who continue 
to take aspirin, while the risk of thrombotic events due to stop-
ping the drug may be even higher. Therefore, when treating 
patients with different medication statuses, doctors need to 
comprehensively consider risk factors such as aspirin dosage, 
lesion size, and procedure time to develop an appropriate ESD 
plan.

Gastric ESD is increasingly being used in elderly patients, yet 
bleeding remains the main complication. Park et al. used the 
Korean National Health Insurance Service database, which 
included patients who underwent gastric ESD from November 
2011 to December 2022 [8]. The elderly group (aged >75 
years) accounted for 18.6% of all cases. The study used a 
mixed-effects logistic regression model to analyze and iden-
tify the risk factors for bleeding and analyzed the risk factors 
for bleeding in the elderly and non-elderly groups, respective-
ly, to evaluate the differences in their patterns. In the multi-
variate logistic regression, significant risk factors included 
younger age, male sex, a higher comorbidity index, gastric 
cancer, multiple lesions, several comorbidities (such as renal 
failure), antithrombotic drug use, being underweight, smok-
ing, and heavy drinking habits. The impact of some factors on 
the risk of bleeding differed significantly between age groups. 
In the elderly group, the risk was increased in association 
with a high comorbidity index (≥5). Although the incidence of 
bleeding was higher in the elderly group, this may be due to 
the higher prevalence of comorbidities and more frequent use 
of antithrombotic drugs in this population, rather than age 
itself [8]. The correlation between age and the risk of bleeding 
is consistent with previous studies, and doctors need to con-
sider age when developing appropriate treatment plans for 
patients.

3 BLEEDING TREATMENT OPTIONS

3.1 Observation without immediate intervention

For small polyps with a wound diameter of less than 2 cm after 
electrocoagulation or electroresection, if there is no bleeding, 
perforation, or other complication, generally no treatment is 
required. For some patients with early gastric cancer or early 
esophageal cancer and larger wounds with a diameter greater 
than 2 cm, if the muscularis propria is intact after ESD, hemo-
stasis is effective during the procedure, the risk of perforation is 
low, and further intervention is difficult after the procedure, 
wound observation without immediate intervention can also be 
considered [23]. After the procedure, patients should fast, stay 
in bed, and receive enhanced acid suppression treatment.

Epinephrine has the effect of constricting blood vessels and 
achieving local hemostasis and is often added to the submuco-
sal injection solution [24]. The injection needle consists of an 
outer sheath (made of plastic, polytetrafluoroethylene, or stain-
less steel) and an inner hollow needle. Using the handle at the 
end of the needle sheath, the operator uses a syringe connected 
to the handle to inject liquid agents into the target tissue. The 
injection of various solutions achieves hemostasis through 
mechanical tamponade and chemical mechanisms. A study 
showed that preoperative submucosal injection of epinephrine 
during EMR for colonic polyps significantly reduced the risk of 
bleeding after colonic polyp resection compared with no inter-
vention, and the cost was significantly lower than that of 
mechanical hemostasis methods such as hemostatic clips. 
Hemocoagulase for injection is a hemostatic agent extracted 
from snake venom that can promote the formation of fibrin 
polymers, thereby achieving hemostasis, and is commonly 
used in surgical procedures.

3.2 ESD ulcer closure 

Endoscopic ulcer closure and hemostasis include the use of 
hemostatic clips, the combination of hemostatic clips and 
nylon ropes for wound closure, and the use of over-the-scope 
clips (OTSCs). Hemostatic clips are one of the most widely 
used endoscopic closure devices after treatment. In areas 
where gastrointestinal ligation devices are difficult to use for 
closure, hemostatic clips are generally selected. Clinically, for 
small wounds, a single hemostatic clip can completely close 
the wound; for larger wounds, multiple hemostatic clips are 
needed for continuous closure similar to sutures, or a combina-
tion of hemostatic clips and nylon ropes can be used for purse-
string closure. The literature reports that endoscopic purse-
string suturing using hemostatic clips and nylon ropes to treat 
large lesions in the gastric antrum (single lesion with a diameter 
greater than 3 cm) is safe and feasible [25]. The OTSC system 
with a rake-shaped metal clip can effectively close large-diam-
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eter gastrointestinal perforations or refractory gastrointestinal 
fistulas. Prophylactic closure of artificial ulcer surfaces with 
the rake-shaped metal clip can effectively prevent postoperative 
perforation.

For postoperative bleeding after ESD, through-the-scope clip-
ping (TTSC), OTSC, and suturing represent the main tech-
niques for tissue apposition [25]. TTSC is the most commonly 
used hemostatic clip in clinical practice at present. It is released 
through the endoscopic working channel and is suitable for 
clamping small mucosal or submucosal bleeding points. It has 
the advantages of easy operation and low cost. However, its 
clamping force is limited, and it can usually only close superfi-
cial tissues. It has poor closure effects for deeper or larger 
wounds, perforations, or full-thickness defects. In contrast, 
OTSC is a cap-like device mounted at the front end of the endo-
scope. It achieves strong occlusion through a spring-loaded 
mechanism and can simultaneously clamp the mucosal layer, 
muscular layer, and even the serosal layer. It is suitable for clos-
ing full-thickness gastrointestinal wall defects (such as perfo-
rations and fistulas) or treating massive bleeding. OTSC has a 
larger clamping range, deeper grasping ability, and stronger 
closing force, but the operation is relatively complex, the cost is 
high, and it usually cannot be released repeatedly. TTSC is 
suitable for superficial hemostasis during routine ESD, while 
OTSC is more commonly used for the emergency treatment of 
complex complications, such as perforations, delayed massive 
bleeding, or fistulas. The two are complementary in clinical 
application.

3.3 ESD ulcer shielding 

3.3.1 Hemostatic powders 

Polyglycolic acid (PGA) is a high-molecular-weight polymer. It 
is a soft material with certain ductility and tensile strength and 
can be hydrolyzed into carbon dioxide and water. Therefore, it 
is safe for application in the human body. The earliest applica-
tion of PGA in the treatment of wounds after digestive tract 
ESD was reported in 2012. Takimoto et al. used PGA combined 
with fibrin glue to prevent delayed perforation after ESD of 
duodenal tumors with a diameter of 20 mm [26]. The PGA 
sheet was placed over the ulcer with biopsy forceps and fixed 
with sprayed fibrin glue, and it was absorbed spontaneously 
within four to fifteen weeks. This shows that the endoscopic 

tissue shielding method using PGA sheets and fibrin glue has 
potential in preventing bleeding after ESD.

In recent years, several hemostatic powders have been devel-
oped and clinically used to treat bleeding after gastric ESD. 
These hemostatic powders can be used clinically (Table 2) 
[27]. In the study by Zhang et al., patients (n=173) who under-
went ESD from January 2009 to June 2012 were included in a 
prospective randomized study [28]. The remaining 171 patients 
(excluding two patients whose procedures were aborted) were 
randomly divided into two groups: Group A (medical adhesive 
group, n=89) and Group B (control group, n=82). There were no 
significant differences in the average treatment time (59.4 min 
and 55.0 min, respectively) and the incidence of intraoperative 
perforation (10.1% in Group A and 9.8% in Group B) between 
Group A and Group B. There was a significant difference in the 
average length of hospital stay between Group A and Group B 
(8.89 days and 9.90 days), and the incidence of delayed bleeding 
after the procedure in Group A was significantly lower than 
that in Group B (0.00% and 4.88%).

One of the advantages of applying hemostatic powder is that it 
requires minimal technical expertise. Since the powder only 
needs to be sprayed onto the surface of the ulcer after ESD 
through a catheter, regardless of the anatomical location, hemo-
static powder has certain natural advantages in difficult areas 
[29]. Therefore, beginners in ESD can easily apply hemostatic 
powder to prevent bleeding after ESD-induced iatrogenic 
ulcers [27]. However, there is a learning curve for those who 
use hemostatic powder for the first time. In addition, hemo-
static powder can be quickly and easily applied to large lesions. 
Moreover, due to its non-contact application, hemostatic pow-
der does not cause additional secondary tissue damage [30]. 
Therefore, applying hemostatic powder is an effective treat-
ment option for protecting the ulcer surface after ESD and 
reducing postoperative scarring [31]. However, hemostatic 
powder may be affected by gravity. Most powders adhere well 
to the surface due to the moisture of the ulcer after ESD. After 
the endoscopist sprays the powder onto the target lesion, the 
remaining powder can accumulate in a gravity-dependent man-
ner in the target area.

The hemostatic material TC-325 (Hemospray®, Cook Medical, 
Winston-Salem, NC, USA) has been reported as an endoscopic 
hemostatic option for gastrointestinal bleeding, including 

Table 2. Recently developed hemostatic powders and their mechanisms of action
Name Composition Mechanism of action
Hemospray Mineral Absorption of water; Concentration of platelets and clotting factors
EndoClot Polysaccharide Absorption of water; Concentration of platelets and clotting factors
Nexpowder Biocompatible natural polymer Modification of water absorption capacity using coating technology; 

Reversible cross-linking of amine and aldehyde groups
CGGEL Bioadhesive gels containing recombinant human EGF Absorption of water; Concentration of platelets and clotting factors
Note: EGF, epidermal growth factor. This table is cited from [27].
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bleeding after endoscopic procedures [32, 33]. Aziz et al. stud-
ied and evaluated the efficacy of Hemospray in patients with 
non-variceal upper GIB [33]. The primary outcomes were clini-
cal and technical success; the secondary outcomes were clus-
tered rebleeding, early rebleeding, delayed rebleeding, refrac-
tory bleeding, mortality, and treatment failure. The final analy-
sis included a total of 20 studies and 1,280 patients. Technical 
success of Hemospray was observed in 97% of the cases, and a 
significant trend of increasing technical success was observed 
during the publication period from 2011 to 2019. The clinical 
success rate of Hemospray was 91%, while the clinical success 
rate of other hemostatic measures was 87%. After using 
Hemospray, the secondary outcomes of clustered rebleeding, 
early rebleeding, delayed rebleeding, refractory rebleeding, 
mortality, and treatment failure occurred in 27%, 20%, 9%, 
8%, 8%, and 31% of the cases, respectively. Hemospray is safe 
and effective in treating non-variceal upper GIB, is not inferior 
to traditional hemostatic measures, and can be used as an alter-
native option.

Polysaccharide hemostatic materials have been proven in mul-
tiple clinical trials to be applicable to the treatment of post-
ESD bleeding. Yu et al. used a carbon dioxide insufflator (CO2 
Regulation Unit, Olympus) to insufflate the hemostatic material 
[34]. This device uses high airflow during the catheter insertion 
stage to disperse moisture. After aiming the catheter at the 
ulcer surface, the assistant changes the mode to low airflow to 
evaluate the efficacy of the newly designed polyethylene oxide 
(PEO) adhesive in preventing delayed bleeding. The rate of 
delayed bleeding in the PEO group was relatively lower than 
that in the control group, but the difference was not significant 
(P=0.094). No bleeding events occurred within 48 hours after 
ESD in the PEO group, while the bleeding rate after 48 hours 
in the control group was 60.9% (14/23). Cha et al. used the 
hemostatic powder UI-EWD (NexpowderTM, Nextbiomedical, 
Incheon, South Korea) to study the endoscopic hemostasis suc-
cess rate, UI-EWD-related adverse events, and rebleeding rate 
[35]. The incidence of endoscopic hemostasis in the UI-EWD 
group for lesions located at the hepatic flexure (7.3% vs. 0.0%, 
p=0.011) and lesions larger than 4 cm (25.5% vs. 8.0%, p=0.002) 
was significantly higher than that in the conventional treatment 
group. The cumulative rebleeding rate within 28 days was 5.5% 
(3/55), significantly lower than that in the conventional treat-
ment group (17.0%, 19/112; p=0.039). For lower GIB with ana-
tomical or technical obstacles to endoscopic access, Cha et al. 
believe that UI-EWD should be considered first.

3.3.2 New treatment option: self-assembling peptide TDM

The synthetic self-assembling peptide TDM is derived from 
non-biological materials and consists of 16 amino acid residues. 
It is usually in the form of an aqueous solution and can easily 
pass through a catheter. The self-assembling peptide can form 
a gel under specific physiological conditions [36]. Therefore, 

the self-assembling peptide TDM can be used not only in open 
surgery but also in flexible endoscopic treatment.

The first generation of self-assembling peptides (TDM-621, 
3-D Matrix, Tokyo, Japan) is currently used as a hemostatic 
agent in Europe. TDM-621 has some drawbacks. Its gel forma-
tion rate is slow, and its retention on the wound is poor. 
Therefore, the second-generation synthetic peptide TDM-623 
was developed. TDM-623 has been developed as the second 
generation of self-assembling peptide materials, which can 
accelerate gel formation and improve tissue retention. Yoshida 
et al. tested the feasibility of the synthetic self-assembling pep-
tide TDM-621 for hemostasis after endoscopic treatment of 
gastric tumors and evaluated its hemostatic effect in 12 patients 
[37]. No secondary bleeding was observed in any of the 12 
patients, and no adverse reactions considered to be related to 
TDM-621 were observed. However, this study not only has a 
small sample size but also lacks a direct efficacy comparison 
with traditional mechanical clipping or prophylactic electroco-
agulation, and further verification is needed. Kubo et al. con-
ducted an animal experiment using the self-assembling peptide 
TDM-623 and performed endoscopic hemostatic treatment 
with the self-assembling peptide on 23 bleeding lesions [36]. 
Seventeen of the 23 cases (74%) achieved complete hemostasis 
on the anterior wall of the stomach. Kubo et al. believe that the 
new self-assembling peptide (TDM-623) shows a strong hemo-
static effect, and TDM-623 has potential practical value for 
upper gastrointestinal endoscopic procedures [36]. The success 
rate of the new-generation material in animal models (74%) is 
lower than that of the first-generation material in human single-
arm studies (100%). This illustrates the limitations of the cur-
rent study. There are huge differences in hemodynamics and 
microenvironment between artificial wound hemorrhage in 
animal models and real human postoperative ESD hemorrhage; 
at the same time, the remaining 26% hemostatic failure rate 
also indicates that the procedural protocol relying solely on 
self-assembling peptides to deal with high-pressure arterial 
hemorrhage is unreliable. On the whole, the current literature 
on self-assembling peptides mainly remains at the stage of 
small-sample case series or animal experiments. Before self-
assembling peptides can be routinely applied to upper gastroin-
testinal endoscopic treatment, large-sample, multicenter ran-
domized controlled trials with positive controls (such as TC-325 
hemostatic powder or traditional hemostatic clips) need to be 
carried out to clarify their true clinical benefits and applicable 
boundaries.

4 SUMMARY

With the development of endoscopic technology, endoscopic 
treatment techniques for gastric ESD provide a less invasive 
and effective treatment method than traditional surgery. 
Endoscopy is becoming the first-line method for treating pre-
cancerous lesions of gastric cancer. Although significant prog-
ress has been made in research on post-ESD bleeding in the 
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stomach, there is still room for further research. With popula-
tion aging and the increasing prevalence of chronic diseases, 
the use of aspirin and other anticoagulant drugs in clinical 
practice has increased significantly, and they have become 
important means for the primary and secondary prevention of 
cardiovascular diseases. In the face of an aging population and 
patients receiving anticoagulant therapy, in addition to tradi-
tional mechanical closure and thermocoagulation therapy, the 
development of tissue shielding technology and the emergence 
of new aqueous hemostatic materials provide a new solution to 
make up for the limitations of traditional devices in treating 
large-area mucosal defects. 

A review of the treatment of bleeding after ESD in recent years 
shows that clinical practice urgently needs to shift from simple 
post-hemorrhage remediation to risk-based procedural man-
agement. Doctors not only need to accurately evaluate the use 
of antithrombotic drugs before the procedure but also need to 
carry out personalized prevention and treatment according to 
the characteristics of the lesions during the procedure. Future 
research should focus on developing dedicated hemostatic pro-
tocols for patients receiving anticoagulant therapy and verify-
ing the cost-effectiveness of novel hemostatic materials through 
multicenter clinical trials to ultimately minimize ESD compli-
cations, improve the clinical success rate, and reduce proce-
dural risk [38].
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RESEARCH ARTICLE
Cardiac function state recognition model based on bimodal  
time–frequency representation
Mingzhi Zhang, Piding Li
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1 INTRODUCTION

Cardiovascular disease remains one of the leading causes of 
death and illness worldwide, currently accounting for 16% of 
all deaths [1]. The prevalence of cardiovascular disease in 
China continues to rise, with an estimated 330 million people 
now affected [2]. Phonocardiogram (PCG) and electrocardio-

gram (ECG) serve as critical physiological parameters for eval-
uating cardiac function. PCG mainly reflect the mechanical and 
acoustic features of valve movement and blood flow, while 
ECG records the heart’s electrophysiological activity [3, 4]. 

Current research has widely examined single-modality classifi-
cation of PCG and ECG [5, 6]. Advances in sensing and signal-
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Abstract

Objective: This study uses dual-modality signals, including phonocardiogram (PCG) 
and electrocardiogram (ECG), together with machine learning methods to distinguish 
cardiac function states in subjects. Methods: We developed a model based on time–
frequency representations. The model includes data preprocessing, a time–frequency 
conversion module, a feature extraction module, and a feature-fusion classifier module. 
The system uses complete ensemble empirical mode decomposition with adaptive 
noise to remove noise from the PCG and applies filters to reduce noise in the ECG. 
The system extracts Mel-frequency cepstral coefficients from the PCG and uses 
Fourier synchrosqueezed transform for the ECG. This study also improves VGG16 
and ResNet18 as feature extractors by inserting a variant attention mechanism into the 
feature extraction networks. Finally, the system feeds the feature vector into a support 
vector machine for classification. Results: The dual-modality time–frequency method 
achieves 95.4% accuracy and 97.4% sensitivity for positive cases on public datasets, 
demonstrating strong performance in cardiac function classification. Conclusion: This 
research shows that the approach improves both diagnostic accuracy and sensitivity. The 
system provides valuable support for the preliminary screening of cardiac dysfunction.

Keywords: Multi-modal, Phonocardiogram signal, Electrocardiogram signal, Feature 
encoding, Heart disease screening

Highlights

● We use two types of cardiac physiological signals together. They complement each other and help improve the final classification 
accuracy.

● This study converts phonocardiograms and electrocardiograms into time–frequency images, which helps increase the positive 
detection rate and enables automatic learning of modality-specific features through a neural network.

● This study modifies the baseline model to achieve a more streamlined neural network architecture and incorporates an attention 
mechanism to better focus on information correlations.
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processing technologies have made multimodal technology an 
emerging direction, as the two modalities together provide 
complementary information [7]. 

Chakir et al. extracted ten time-domain statistical features 
from ECG and PCG [8]. Li et al. divided the PCG signal into 
four frequency bands and used convolutional neural networks 
and long short-term memory for feature extraction [9]. Sun et 
al. improved coronary artery disease detection by decoupling 
ECG and PCG to create coupled signals, and extracted entropy 
features and recursive graph depth features [10]. Li et al. 
enhanced the Dempster-Shafer evidence theory to fuse classifi-
cation results, which improved the accuracy of the final deci-
sion [11]. Zhang et al. proposed an end-to-end Co-learning-
assisted Progressive Dense Fusion Network with a three-branch 
interleaved architecture, which showed strong performance on 
both public and private datasets [12]. Zhu et al. proposed Dual-
Scale Deep Residual Network, which uses a dual-scale feature 
aggregation module to merge low-level features from different 
scales [13]. Liu et al. used the Vision Transformer to detect 
coronary heart disease [14]. However, several challenges 
remain, including low positive detection rates for medical con-
ditions, limited feature representations, and complex network 
architectures. 

This study proposes a cardiac function state recognition meth-
od based on dual-modality time–frequency representations. 
The time–frequency maps provide a comprehensive view of the 
cardiac signals. A neural network module then automatically 

Noise in PCG signals usually comes from friction sounds 
caused by a subject’s breathing or movements [15]. To denoise 
the PCG signals, this study adopted the Complete Ensemble 
Empirical Mode Decomposition with Adaptive Noise pro-
posed in the literature [16]. First, the method was used to 
extract multi-timescale intrinsic mode function (IMF) compo-
nents. Next, detrend fluctuation analysis metrics were calcu-
lated for these IMF components. Finally, adaptive dual-
threshold wavelet analysis was applied to the IMF components 
based on these metrics to perform denoising and signal recon-
struction, producing the cleaned PCG signal. Following pre-
processing, the PCG signal was normalized to the 0–1 range.

Figure 1 shows the PCG signals before and after noise reduc-
tion. The noise was effectively removed without altering the 
original waveform shape.

The main sources of noise in ECG signals are baseline drift 
caused by a subject’s respiration and power-line interference 
from electrical equipment [17]. To remove baseline drift, this 
study applied a fourth-order Butterworth high-pass filter with a 
cutoff frequency of 0.5 Hz. To eliminate 60 Hz power-line 
interference and its 120 Hz harmonic, a second-order infinite 
impulse response comb filter was used on the ECG signal. 
Figure 2 shows the ECG signals before and after noise reduc-
tion. The noise was also eliminated.

The total duration of normal sample recordings was 3,770 sec-
onds, while abnormal samples totalled 8,897 seconds. To bal-

Figure 1. Comparison of PCG signals before and after preprocessing. PCG, phono-
cardiogram.

extracts features from these maps, and  
finally, a machine learning model performs 
classification.

2 MATERIALS AND METHODS

2.1 Overall architecture

To address the aforementioned issues, this 
study proposes a cardiac function state rec-
ognition model based on dual-modality PCG 
and ECG data.

The proposed model framework consists of 
four main modules: the signal preprocessing 
module, the time–frequency information con-
version module, the feature vector extraction 
module, and the feature fusion and classifica-
tion module.

2.2 Data preprocessing

Given the characteristics of the signals and the 
presence of noise, this study first performed 
preprocessing and denoising on the PCG and 
ECG signals separately.
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ance the number of positive and negative samples, this study 
used overlapping sliding windows to segment the raw signals. 
Each window spanned 3 seconds, with a stride of 1.25 seconds 
for normal samples. After segmentation, there were 2,809 nor-
mal segments and 2,786 abnormal segments.

2.3 Time-frequency information conversion module

A spectrogram is a time–frequency representation of a signal, 
converting a one-dimensional time-domain signal into a two-
dimensional image that contains both time and frequency 
information. This allows for a more comprehensive analysis 
of non-stationary signals. Compared with one-dimensional 
time-series signals, time–frequency plots preserve both tem-
poral and frequency details, helping models capture the 
dynamic evolution of signals more effectively. Unlike tradi-
tional spectral analysis, which provides only global frequency 
information, time–frequency plots show when specific fre-
quencies occur or change, offering greater flexibility and 
precision.

The time–frequency plot shows time on the horizontal axis and 
frequency on the vertical axis. Color or brightness represents 
the signal’s power or energy, with brighter colors indicating 
higher energy at a specific time and frequency. This representa-
tion provides neural networks with input that carries rich physi-
cal meaning.

Next, the Mel filter bank is calculated.

The Mel-scale frequency intervals for the Mel filter bank are:

( ) / ( 1)Mmax minT = - +z z z                                                      (2)

where M denotes the number of Mel filters. The Mel filter bank 
covers a minimum frequency of ɸmin and a maximum frequen-
cy of ɸmax.

Therefore, the centre frequencies of the Mel scale for the Mel 
filters in Group M are:

( ) , 0m m m Mc T # #=z z                                                    (3)

The formula for converting frequency from hertz to the Mel 
scale is:

2595log (1
700

)
f

10= +z                                                          (4)

The formula for converting frequency from the Mel scale back 
to hertz is:

700(10 1)f 2595= -
z

                                                                 (5)

The frequency response formula for an equal-height triangular 
filter bank is:

Figure 2. Comparison of ECG signals before and after preprocessing. ECG, electro-
cardiogram.

2.3.1 Mel-frequency cepstral coefficients 
(MFCC) transformation of PCG signals

PCG signals are non-stationary, with frequen-
cies that change over time. This study uses 
MFCC as the time–frequency representation 
for one-dimensional PCG signals. MFCC has 
the advantage of simulating the human ear’s 
sensitivity to low frequencies using Mel filter 
banks, which map the linear spectrum onto the 
Mel scale.

The logarithmic Mel-spectrogram is created 
by first filtering a signal through a set of Mel-
scale filters, followed by logarithmic compres-
sion applied to the resulting power spectrum.

First, the power spectral density of the signal 
P(k) is calculated:

( )
1

( )P k N X k 2
=                                                                    (1)

where X(k) denotes the frequency component 
of the signal in the k band, and N represents the 
number of sample points.
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where f(m) denotes the centre frequency of the m-th filter bank 
in hertz.

Next, the logarithmic spectral energy distribution of the Mel 
frequencies for each frame is calculated:

( ) log ( ) ( ) 0S m P k H k m M,
0

1

e m
k

N

: # #=

=

-

c m/                          (7)

In this study, the MFCC window length was set to 25 millisec-
onds to balance temporal and frequency resolution. The overlap 
length was set to 15 milliseconds to reduce information loss 
between frames and to smooth time–frequency variations. The 
number of Mel filters was set to 40, providing higher resolu-
tion in the low-frequency range while still covering the high-
frequency range. The fast Fourier transform length was set to 
512 to balance efficiency and accuracy. Since PCG signals have 
frequency components between 0 and 500 Hz, the frequency 
range was set to 0–500 Hz [18].

The MFCCs of normal and abnormal PCG signals are shown in 
Figure 3A and 3B, respectively.

The spectrogram of normal PCG signals shows higher energy 
in the low-frequency range and displays more distinct frequen-
cy bands.

2.3.2 Fourier synchrosqueezing transform (FSST) transforma-
tion of ECG signals

ECG signals are also non-stationary. FSST allows visua- 
lization of their frequency information over time. When ECG 
signals have abrupt changes or transient frequency compo-
nents, FSST can identify their instantaneous frequency char-

where f represents frequency, τ represents the time parameter, 
and g(τ-t) represents the window function.

The STFT is limited by the principle of time–frequency uncer-
tainty. Signal energy spreads in the time–frequency plane due 
to the window function, causing frequency blurring. To esti-
mate instantaneous frequency, the partial derivative with 
respect to time is calculated:

( , ) Re
2

1

( , )

( ( , ))
t f i V t f

V t ft
#
2

=~
r

t c m                                               (9)

The coefficients V(t, f ) obtained from the STFT are first mapped 
along the frequency axis to the estimated instantaneous fre-
quency ( , )t f~t . Synchronous compression is then applied to 
redistribute the energy, producing the amplitude of the FSST:

( , )
(0)

1
( , ) ( ( , ))T t g V t f t f dt= -~ d ~ ~

3

3

+

-

t#                           (10)

where ω represents the frequency after synchronous compres-
sion, g(0) denotes the window function at time zero, and δ rep-
resents the Dirac delta function.

The FSST tracings for normal and abnormal ECG signals are 
shown in Figure 4A and 4B respectively.

Normal ECG signals show cleaner and more concentrated ener-
gy in the FSST, whereas abnormal ECG signals display chaotic 
and dispersed energy across the spectrum.

In this study, the FSST used a Kaiser window function with a 
length of 64. Since ECG signals contain frequency components 
between 0 and 250 Hz, the frequency range was set to 0–250 
Hz accordingly [14].

2.4 Feature vector extraction module

2.4.1 PCG feature vector extraction module

This study uses VGG16 as the baseline model for fine-tuning 
and modification. The network architecture and parameters are 
shown in Table 1 and Figure 5.

Figure 3. Logarithmic Mel-spectrograms of normal and abnormal PCG. (A) Normal 
PCG; (B) Abnormal PCG. ECG, electrocardiogram; PCG, phonocardiogram.

acteristics [19]. By synchronously com- 
pressing the results of the short-time Fourier 
transform (STFT), FSST concentrates dis-
persed energy toward the instantaneous fre-
quency curve, producing a clearer time–fre-
quency representation.

First, the STFT of the input signal is 
computed:

V( , ) ( ) ( )t f x g t e dj f2
: := -x x x

3

3

-

+

r x-#                (8)
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Additionally, this study incorporates the Dual Relation-Aware 
Attention Network Module (DA Module) to improve classifi-
cation accuracy [20]. The architecture of the DA Module is 
shown in Figure 6.

The DA Module contains three components: the Position 
Attention Module, the Channel Attention Module, and the 
additive fusion layer. Both the input size and the output size 
are C×H×W.

The structures of the Position Attention Module and Channel 
Attention Module are shown in Figure 7A and 7B respectively.

Within the Position Attention Module, the input feature map A 
first passes through a convolutional layer to extract features. 
The module then replicates these features into three compo-

K reshape (D Softmax(B C))
T

: :=                                         (11)

where B∈RC×HW, C∈RC×HW, D∈RC×HW, K∈RC×H×W. 

After obtaining the feature map K modulated by the positional 
attention mechanism, the module multiplies it by the weighting 
coefficient α. It then fuses this result with the original input 
feature map A through addition:

E K A= +a                                                                             (12)

where α is set to 0.5.

Similarly, within the Channel Attention Module, the input 
feature map A is first reshaped to C×HW. The module then 
multiplies A by its transpose AT, producing a matrix of size 
C×C. After that, the feature is normalised using the Softmax 
function to generate attention scores between channels.  
These attention scores are then multiplied by A and finally 
reshaped back to C×H×W. The computational process is as 
follows:

U reshape (Softmax(A A ) A)
T

: :=                                         (13)

where A∈RC×HW and U∈RC×H×W.

After obtaining the feature map U modulated by the channel 
attention mechanism, the module multiplies it by the weighting 
coefficient β and fuses it with the input feature map A through 
summation:

E U A= +b                                                                             (14)

where β is set to 0.2.

The outputs from the two attention modules are fused 
through summation, enriching the spatial contextual informa-
tion and strengthening the discriminative power of the channel 
features.

Figure 4. FSST plots of normal and abnormal ECG signals. (A) Normal ECG signal; 
(B) Abnormal ECG signal. ECG, electrocardiogram; PCG, phonocardiogram.

Table 1. Parameters of the PCG feature vector extraction module
Layer Structure
Conv 3×3, Cin=Cout, S=1
Conv1 3×3, Cin=3, Cout=16, S=1
Conv2 3×3, Cin=16, Cout=32, S=1
Conv3 3×3, Cin=32, Cout=64, S=1
Conv4 3×3, Cin=64, Cout=256, S=1
Conv5 3×3, Cin=256, Cout=512, S=1
Dropout1 p=0.1
Dropout2 p=0.5
MaxPool 2×2, S=2
DA Module 3×3, d_model=512, H=8, W=8
Linear In=512×4×4, Out=64
Fully connected In=64, Out=2
Note: PCG, phonocardiogram; Cin, the number of input channels for 
the convolutional layer; 3×3, the size of the convolutional kernel; 
Cout, the number of output channels; p, the dropout probability for 
the Dropout layer; S, stride; d_model, the number of feature chan-
nels; H, the height of the feature map; W, width; In, the input di-
mension size for the linear layer; Out, the output dimension size; DA 
Module, Dual Relation-Aware Attention Network Module; MaxPool, 
max pooling layer; Conv, convolutional layer; Linear, linear layer; 
Fully Connected, fully connected layer; Dropout, dropout layer.

nents: Query, Key, and Value. Each component 
is reshaped before the positional attention cal-
culation begins. After reshaping, the Query 
feature map B is transposed to size HW×C, 
while the Key feature map C is reshaped to 
size C×HW. The attention scores between 
these two maps are then computed, reducing 
the feature map size to HW×HW. The module 
multiplies this encoded positional attention by 
the Value feature map D, and finally reshapes 
the result back to C×H×W. The computational 
process is as follows:
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2.4.2 ECG feature vector extraction module

This study uses ResNet18 as the baseline model for fine-tuning 
and modification. The network architecture and parameters are 
shown in Table 2 and Figure 8.

Here, SC represents the residual connections, DSConv repre-
sents depthwise separable convolutions, and MidConv denotes 
the convolutional layers where the input and output dimensions 
are identical.

To reduce the number of parameters and computational load, 
this study replaces the convolutional layers within residual 
blocks with depthwise separable convolutions. Depthwise sep-
arable convolutions decompose standard convolution opera-
tions into two lighter, decoupled steps: depthwise convolution 
and pointwise convolution. The depthwise convolution uses 
fixed-size kernels to independently convolve each channel and 
stack the resulting feature maps. The subsequent pointwise 
convolution employs a 1×1 kernel to aggregate information 
from the depthwise stage, enabling linear combinations across 
channels. To further enhance inter-channel information fusion, 
a MidConv layer is introduced to strengthen feature interac-
tions among different channels.

Additionally, this study incorporates the Selective Kernel 
Module (SK Module) to improve classification accuracy [21]. 
The architecture of the SK Module is shown in Figure 9.

The SK Module includes three components: Split, Fuse, and 
Select.

In the Split section, two convolutional kernels of different sizes 
are first applied to the input feature map X, producing Ũ and Û, 
respectively. These two outputs are then added together to gen-
erate U. The computational process is as follows:

U F (X)3 3= #u u                                                                             (15)

U F (X)5 5= #t u                                                                              (16)

U U U= +u t                                                                               (17)

where X,Ũ,Û∈RH×W×C.

The Fuse component uses global average pooling to extract key 
information from the overall context:

S F (U)gp=                                                                               (18)

where S∈R1×1×C.

Subsequently, a fully connected layer is used to compress the 
key information S into a compact representation Z:

Z ReLU(BatchNorm(F (S)))fc=                                              (19)

where Z∈R1×1×d and d<C.

The Select component then processes Z usingtwo fully con-
nected layers of size d×C. The resulting outputs are concatenat-
ed and normalized via the softmax function to generate the 
weights W∈R2×1×C:

W F (Z)a fc= u                                                                                (20)

W F (Z)b fc= t                                                                              (21)

W softmax(Concat (W , W ))a b=                                              (22)

where Wa,Wb∈R1×1×C.

Figure 5. Backbone architecture of the PCG feature vector extraction module. PCG, phonocardiogram; Conv, convolutional layer; ReLU, 
Linear rectification function; Pool, pooling layer; Dropout, dropout layer; DA Module, Dual Relation-Aware Attention Network Module; Linear, 
linear layer; FC, fully connected layer.

Figure 6. DA Module structural diagram. DA Module, Dual Rela-
tion-Aware Attention Network Module.
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Finally, the first dimension is multiplied by weight W and 
applied to Ũ, while the second dimension is multiplied by 
weight W and applied to Û. This process produces the feature 
map V, which is modulated by the attention mechanism with 
selectable kernels:

V W[0] U W[1] U9 9= +u t                                                    (23)

where Z∈RH×W×C.

ples remained. Each sample includes synchronously recorded 
PCG and ECG signals and is labeled as either normal or abnor-
mal. The sampling frequency is 2,000 Hz. Statistical analysis 
indicates that the sample durations in the training-a set range 
from 9 to 36 seconds. The 388 samples were divided into train-
ing and test sets at a ratio of 9:1. To prevent data leakage, seg-
ments derived from the same recording were assigned exclu-
sively to either the training set or the test set. To better reflect 
real-world conditions, record-level classification results were 
used instead of segment-level results. Specifically, record-level 
predictions were obtained by averaging the segment-level out-
put probabilities.

3.2 Experimental setup

The model was trained on a system equipped with a single 
NVIDIA RTX 4060 GPU (16 GB VRAM). The implementa-
tion was based on the PyTorch deep learning framework (ver-
sion 2.5.1). During training, the Adam optimizer was employed 
for 60 epochs with a learning rate of 1×10-5. The batch size was 
set to 32, and the cross-entropy loss function was used.

3.3 Evaluation criteria

This study uses accuracy (Acc), sensitivity (Sen), specificity 
(Spe), and F1 score to evaluate model performance. The defini-
tions of these four metrics are as follows:

Accuracy
TP TN FP FN

TP TN=
+ + +

+
                                        (24)

Sensitivity
TP FN
TP=
+                                                          (25)

Table 2. Parameters of the ECG feature vector extraction module
Layer Structure
Conv 7×7, Cin=3, Cout=64, S=2
DSConv1 3×3, Cin=Cout=64, S=1
DSConv2 3×3, Cin=Cout=128, S=1
DSConv3 3×3, Cin=Cout=256, S=1
DSConv4 3×3, Cin=Cout=512, S=1
MidConv 3×3, Cin=Cout
Dropout1 p=0.4
Dropout2 p=0.7
Pool AdaptiveAvgPool (1, 1)
SK Module Kernels=[1, 3, 5, 7], Reduction=8, L=32
Linear In=512, Out=64
Fully connected In=64, Out=2
Note: ECG, electrocardiogram; Conv, convolutional layer; Cin, the 
number of input channels for the convolutional layer; Cout, number of 
output channels; S, stride; DSConv, depthwise separable convolution; 
MidConv, intermediate convolution; Dropout, dropout layer; Drop-
out, dropout layer; p, the dropout probability for the Dropout layer; 
AdaptiveAvgPool, adaptive average pooling; (1, 1), pooling the fea-
ture map to a spatial size of (1, 1); SK Module, Selective Kernel Mod-
ule; Kernels, the convolutional kernel sizes used in the SK Module; 
Reduction, the compression ratio; L, the minimum dimension.

Figure 7. Submodule architecture of the DA Module. (A) Architecture of the position 
attention module; (B) Architecture of the channel attention module. DA Module, Dual 
Relation-Aware Attention Network Module.

2.5 Feature fusion and recognition

This study employed a feature vector extrac-
tion module to obtain 64-dimensional features 
from each modality. These features were then 
concatenated to form a 128-dimensional fea-
ture vector. Finally, classification was per-
formed using a Support Vector Machine (SVM) 
model.

3 EXPERIMENTAL SETUP

3.1 Experimental data

To validate the effectiveness of the proposed 
method, data from the publicly available 
Physio+Net/Computing in Cardiology Cha- 
llenge 2016 dataset were used. The training-a 
subset of this dataset contains 409 samples. 
After excluding samples without paired ECG 
recordings and those officially annotated as 
unclassifiable due to excessive noise, 388 sam-
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samples predicted as positive, reflecting the accuracy of the 
model’s predictions. The F1 score is the harmonic mean of sen-
sitivity and precision, providing a balanced metric for overall 
model performance.

4 RESULTS AND DISCUSSION 

As shown in Table 3, the improved PCG model achieved higher 
Acc, Sen, Spe, and F1 score. The PCG model with the Axial 
Attention Module achieved the highest Spe. However, its over-
all Acc remained lower than that of the model with the DA 
Module, which reached 85.3%. As shown in Table 4, the 
improved ECG model incorporating the SK Module achieved 
the highest Acc, Sen, and F1 scores. Table 5 presents a com-
parative assessment of dual-modality versus single-modality 
results. The PCG and ECG dual-modality network outper-
formed the single-modality approach across all four metrics, 
with particularly strong complementary improvement in speci-
ficity. While time–frequency images effectively detect abnor-

Specificity
TN FP
TN=
+                                                          (26)

1 2F
Sen Pre
Sen Pre#

+
= #                                                               (27)

where TP, FP, TN, and FN represent the number of true posi-
tives, false positives, true negatives, and false negatives in the 
confusion matrix, respectively.

In binary classification, sensitivity measures the proportion of 
actual positive samples correctly predicted as positive. Higher 
sensitivity indicates a stronger ability to identify positive sam-
ples, resulting in fewer missed detections. Specificity measures 
the proportion of actual negative samples correctly predicted 
as negative. Higher specificity indicates a stronger ability to 
exclude negative examples, resulting in fewer false positives. 
Precision measures the proportion of true positives among all 

Figure 8. Backbone architecture of the ECG feature vector extraction module. ECG, electrocardiogram; Conv, convolutional layer; BN, 
batch normalization; ReLU, Linear rectification function; MidConv, intermediate convolution; Dropout, dropout layer; DSConv, depthwise sepa-
rable convolutions; SK Attention, Selective Kernel Module; SC, Skip Connection; Linear, linear layer; Pool, pooling layer; FC, fully connected 
layer.

Figure 9. Structure of the SK Module. SK Module, Selective Kernel Module.
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mal cardiac function, the dual-modality approach increases the 
model’s confidence in negative predictions and reduces false 
alarms. The “Benchmark” in Tables 3 and 4 refers to the back-
bone network without any additional modules introduced.

Table 6 compares different classifiers. The decision tree model 
achieved the highest specificity, but its overall accuracy was 
relatively low. The SVM achieved the highest Acc, Sen, and F1 
score.

Table 7 compares metrics across studies. This research 
achieved an Acc of 95.4% and a Sen of 97.4%, outperforming 
other studies. However, there is still room to improve Spe and 
the F1 score.

5 CONCLUSION

This study proposed a cardiac function state recognition 
model based on dual-modality time–frequency representations 

of PCG and ECG signals. First, both PCG and ECG signals 
underwent preprocessing for noise reduction and segmentation. 
Next, the one-dimensional time-series signals were converted 
into time–frequency plots to better capture pathological infor-
mation. For these two-dimensional time–frequency plots, dis-
tinct automatic feature extraction neural networks were de- 
signed. Accuracy and sensitivity were improved by refining the 
baseline model and integrating attention modules. Since mini-
mizing missed diagnoses is crucial in disease screening, this 
study prioritized high sensitivity. Finally, the 64-dimensional 
feature vectors from each modality were concatenated and 
input into an SVM, achieving a classification accuracy of 
95.4% and a sensitivity of 97.4%.

Compared with state-of-the-art methods, the approach devel-
oped in this study achieved higher Acc and Sen on public data-
sets. In future work, this research will focus on refining the 
methodology and models to improve their generalization capa-
bilities, allowing them to be applied in scenarios with missing 
modalities.
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Table 3. Evaluation metrics for the baseline single-modality PCG 
model and models with different modules

Acc Sen Spe F1
Baseline VGG16 0.827 0.890 0.681 0.878
Benchmark 0.840 0.901 0.698 0.888
Benchmark+CBAM 0.822 0.879 0.690 0.874
Benchmark+AA 0.802 0.790 0.828 0.848
Benchmark+DA 0.853 0.901 0.741 0.896
Note: PCG, phonocardiogram; Acc, accuracy; Sen, sensitivity; Spe, 
specificity; F1, F1 score; VGG16, Visual Geometry Group 16-layer 
network; CBAM, Convolutional Block Attention Module; AA, Axial 
Attention; DA, Dual Relation-Aware Attention Network.

Table 4. Evaluation metrics for the baseline single-modality ECG 
model and models with different modules

Acc Sen Spe F1
Baseline ResNet18 0.820 0.820 0.819 0.864
Benchmark 0.840 0.853 0.810 0.882
Benchmark+CBAM 0.796 0.846 0.681 0.853
Benchmark+AA 0.874 0.879 0.862 0.907
Benchmark+SK 0.876 0.930 0.750 0.913
Note: ECG, electrocardiogram; Acc, accuracy; Sen, sensitivity; Spe, 
specificity; F1, F1 score; ResNet18, Residual Network 18-layer; 
CBAM, Convolutional Block Attention Module; AA, Axial Atten-
tion; SK, Selective Kernel.

Table 5. Evaluation metrics for single-modal and dual-modal 
classification

Acc Sen Spe F1
PCG-Only 0.853 0.901 0.741 0.896
ECG-Only 0.876 0.930 0.750 0.913
PCG+ECG 0.954 0.974 0.905 0.967
Note: Acc, accuracy; Sen, sensitivity; Spe, specificity; F1, F1 score; 
PCG, phonocardiogram; ECG, electrocardiogram.

Table 6. Evaluation metrics for the ablation experiments of the 
replacement classifier

Acc Sen Spe F1
KNN 0.915 0.960 0.810 0.941
DT 0.879 0.864 0.914 0.909
GBDT 0.943 0.971 0.879 0.960
XGBoost 0.951 0.974 0.897 0.965
SVM 0.954 0.974 0.905 0.967
Note: Acc, accuracy; Sen, sensitivity; Spe, specificity; F1, F1 score; 
KNN, K-Nearest Neighbor; DT, Decision Tree; GBDT, Gradient 
Boosting Decision Tree; XGBoost, eXtreme Gradient Boosting; 
SVM, Support Vector Machine.

Table 7. Evaluation metrics for comparative experiments
Acc Sen Spe F1

Li P et al. [9] 0.873 0.903 0.845 0.874
Zhang et al. [12] 0.946 0.949 0.940 0.974
Li J et al. [11] 0.864 0.850 0.931 0.911
Hettiarachchi et al. [22] 0.904 0.947 0.750 0.939
Chakir et al. [8] 0.925 0.923 0.929 0.941
Approach in this study 0.954 0.974 0.905 0.967
Note: Acc, accuracy; Sen, sensitivity; Spe, specificity; F1, F1 score.
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Abstract

Traditional methods of tissue closure, such as sutures and staples, have long been the gold 
standard in surgery. However, they have major drawbacks, such as the body’s reaction 
to foreign materials and the difficulty of the technical aspects of minimally invasive 
procedures. Energy-based tissue fusion (EBTF) technology is a revolutionary alternative 
that uses energy to produce autologous tissue sealing. This review aims to provide a 
comprehensive analysis of the biophysical principles, technological evolution, and 
clinical applications of current EBTF technologies and related devices. The fundamental 
mechanisms of EBTF technologies are investigated, with a focus on collagen denaturation 
and cross-linking induced by different energy modalities such as radiofrequency (RF) 
current, ultrasound, and laser. Three representative systems are critically evaluated: 
the impedance-controlled bipolar system (LigaSureTM), the ultrasonic coagulating 
shears (HarmonicTM), and the hybrid ultrasonic-bipolar device (ThunderbeatTM). Their 
performance is compared in terms of vessel sealing efficacy, thermal spread, operative 
time, and complication rates across various surgical specialties. The clinical evidence 
indicates that the primary advantage of RF device lies in safety, whereas the ultrasonic 
devices offer reduced lateral thermal damage, and the hybrid device demonstrate superior 
versatility and procedural speed. The review concludes by identifying future trends, 
including the integration of artificial intelligence and robotic platforms, which promise 
to further enhance the safety and precision of surgical energy devices.

Keywords: Energy-based tissue fusion, Medical devices, Vessel sealing system, Electro-
surgery, Minimally invasive surgery

Highlights

● Mechanistic comparison of radiofrequency, ultrasonic, and laser energy modalities for achieving collagen denaturation in tissue 
fusion.

● Critical evaluation of three leading device platforms (LigaSureTM, HarmonicTM, and ThunderbeatTM) across surgical specialties and 
performance metrics.

● Future integration of artificial intelligence and robotic systems to enhance precision and safety in energy-based surgical devices.

1 INTRODUCTION

The history of surgical operations has gone hand in hand with 
the evolution of tissue closure and hemostasis methods, which 

have become one of the main engines of minimally invasive 
surgery development [1, 2]. Over the past century, surgical 
practitioners have embraced traditional tissue closure tech-
niques such as sutures, staples, and clips as the most reliable 
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methods of tissue closure in the operating room [3-5]. However, 
these methods involve forcibly holding tissue together by 
applying mechanical tension and hence have some inherent 
limitations. Since these are foreign materials, they are either 
permanently or semi-permanently lodged in the body, which 
may lead to a foreign body granuloma, tissue adhesion, or even 
infection [6, 7]. Besides, intracorporeal suturing during mini-
mally invasive and robotic-assisted surgeries, which is among 
the most technically demanding skills for many surgeons, can 
be time-consuming and, on top of that, have a very steep learn-
ing curve. Tissue adhesive could serve as an alternative to 
suturing for tissue closure; though their use in certain anasto-
moses is still very rare [8, 9]. Issues such as failure to maintain 
proper strength in a wet environment, inability to conform to a 
moving tissue surface, and difficulty in applying accurately 
make them unreliable as the main closure method [10]. These 
limitations speak to the obvious demand for a more effective 
and consistently safer anastomotic technology.

Driven by the progress in biomedical engineering, energy-
based tissue fusion (EBTF) technology has been massively 
transformed during the last three decades and has thus impact-
ed surgical procedures in a way hardly ever seen before. At its 
core, this technology combines precisely measured energy 
input, e.g., radiofrequency (RF), ultrasound, or laser, and 
simultaneous mechanical compression resulting in tissue seal-
ing and cutting being achieved at the same time (as shown in 
Figure 1). When energy is further applied, the temperature of 
tissue rises to a critical level, which is generally between 60 °C 
and 90 °C. At this level, the main structural protein, type I col-
lagen, is denatured: the triple-helix structure opens, allowing 
the polypeptide chains to re-arrange [11]. Then, due to cooling 

and under pressure, these new collagen fibrils become inter-
twined with coagulated extracellular proteins, thus a strong 
and enduring seal is formed, exhibiting considerable tensile 
strength [12-14]. This mechanism of collagen denaturation and 
subsequent cellular and tissue cooling into a “sticky coagulum” 
may account for the success of EBTF [15]. Unlike conven-
tional electrocautery, which relies on thermal destruction of 
tissue to achieve hemostasis, EBTF technology can form a 
genuine molecular fusion. Su et al. were the first to use Raman 
spectroscopy to study the characteristics of in vitro tissue 
fusion. Through spectral analysis of fused porcine blood ves-
sels and small intestines, they demonstrated for the first time at 
the molecular level that collagen denaturation and crosslink 
reorganization occurred in the fused tissue [16]. The discovery 
has provided a vital theoretical basis for the subsequent devel-
opment of EBTF technology. Nowadays, with the moderniza-
tion of medical science continuously increasing, the clinical 
applications of EBTF have expanded on a large scale. Especially, 
in minimally invasive and robotic-assisted surgeries, where it 
is highly technical and time-consuming to suture, EBTF can 
help make the procedure faster and more efficient.

This review aims to provide a comprehensive overview of the 
current state of EBTF technology. First, the different biophysi-
cal mechanisms of the various energy modalities and how each 
of them affects tissue remodeling are described. Subsequently, 
the design philosophy and clinical performance of several mar-
ket-leading devices are evaluated, stressing their strengths and 
limitations within surgical practice. At the end, a perspective is 
offered on the future trajectory of EBTF technology and related 
medical devices, focusing on the potential integration of intel-
ligent sensing algorithms and robotic surgical systems.

Figure 1. Energy-based tissue fusion mechanism. (A) Energy application and mechanical compression; (B) Collagen denaturation; (C) Cooling 
and sealing; (D) Tissue fusion. RF, radiofrequency.
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2 FORM OF ENERGY

Current clinical EBTF technologies predominantly rely on 
three principal energy modalities: RF energy, ultrasonic ener-
gy, and laser energy. Even though EBTF technologies differ a 
lot as far as how the energy is delivered, they all come together 
biologically to one common result: using heat to change and 
rearrange structural proteins in tissues. To get more insight into 
how each individual modality works, it is essential to first mas-
ter the mechanisms and evolution of different energy forms.

2.1 RF energy

RF energy refers to alternating electrical currents within the 
frequency range of 300 kHz to 300 GHz, and is generally 
regarded as one of the most mature and widely used forms of 
energy in contemporary electrosurgery. In surgical tissue 
fusion, current frequency generally varies between 300 kHz 
and 500 kHz. The surgical use of RF energy primarily revolves 
around a triad of capabilities: a clean cut, coagulation to stop 
bleeding, and the sealing of tissues for anastomosis. The high 
frequency of current notably provides numerous significant 
benefits: more versatility in use, energy delivery with much 
higher precision within a shorter period, and a lower probabil-
ity of neuromuscular stimulation compared with lower-fre-
quency currents. 

The core method of RF-driven tissue fusion is based on Joule 
heating principles. Basically, tissue electrical impedance causes 
resistance to electrical current flow, which then results in rapid 
agitation of ions within the cellular and extracellular milieu. 
The ionic friction thereby directly converts electrical energy 
into thermal energy, which locally heats the tissue. The effects 
that consequently occur include both: a non-thermal aspect of 
electroporation at the level of cell membranes and, more 
prominently, a deep thermal effect [17]. It is the orderly appli-
cation of heat that makes the fusion possible.

The history of using RF energy for tissue anastomosis dates 
back to the early 1990s, when the Paton Welding Institute in 
Ukraine was the first to conduct pioneering research uniting 
the concept of tissue welding with controlled energy. In 1998, a 
major breakthrough came when Kennedy et al. demonstrated, 
for the first time, the application of RF energy to create an arte-
riovenous anastomosis, thus proving the possibility of such an 
approach in vascular tissue [18]. Over the next ten years, the 
technology went through rapid clinical adoption and develop-
ment. It was Lamberton et al. who conducted a landmark study 
that shifted perceptions in 2008, when they compared four 
laparoscopic vessel ligation devices [19]. Among the devices 
tested, the RF energy-based system provided the best results in 
terms of burst pressures and sealing times; therefore, it was 
confirmed as the most effective for vessel sealing. The technol-
ogy was also subjected to extensive testing on large animal 
models. For example, Pan et al. used a porcine model in 2020 

to compare RF tissue fusion with traditional suture methods for 
intestinal anastomosis [20]. Histological examination showed 
that the gaps in the muscularis layer at the anastomotic site in 
the RF group were replaced by newly formed collagen fibers. 
This demonstrates that the tissue was not only sealed but also 
actively supported during the healing process, thus confirming 
the method to be a practical and safe alternative.

2.2 Ultrasound

Ultrasonic energy represents another cornerstone modality in 
EBTF, which is set apart by its special mode of mechanical, 
rather than electrical, energy conversion. In surgical applica-
tions, ultrasonic devices work at very high frequencies, usually 
between 20 kHz and 60 kHz, well above the limit of human 
hearing. Contrary to RF energy, which depends on electrical 
current and heat generated by resistance, ultrasonic emission 
makes use of piezoelectric transducers in the instrument han-
dle to convert electrical energy into very high-frequency longi-
tudinal mechanical vibrations at the working part of the instru-
ment such as a blade or a jaw [21, 22].

Initially, mechanical friction at a microscopic level is the prin-
cipal effect when the vibrating blade touches the tissue under 
the application of a compressive force. Such friction produces a 
small-scale heat spot exactly at the tissue-blade interface as 
well as inside the compressed tissue area. The temperature usu-
ally rises more slowly and locally in the case of the ultrasonic 
method than in RF, and the peak temperature is generally only 
between 80 °C and 100 °C. This thermal effect is a secondary 
consequence of the primary mechanical energy delivery. The 
heat causes the denaturation of tissue proteins, mainly collagen 
and elastin, while the simultaneous, long-lasting pressure and 
vibration help release water vapor from the tissue. When tissue 
proteins denature, they create a thick coagulum. The persistent 
ultrasonic vibration under pressure breaks and reforms the 
protein bonds, resulting in their realignment and intermixing 
across the apposed tissue surfaces. They solidify into a single, 
welded seal on cooling and release of pressure. Very impor-
tantly, the significantly lower peak temperatures and the effect 
of ultrasonic energy in removing water often lead to less lateral 
thermal damage and less smoke production when compared to 
RF energy [23].

Ultrasonic energy has shifted from being merely a conceptual 
instrument to a clinically permitted mode, backed up by an 
ever-increasing body of research that shows its effectiveness 
and safety in various surgical fields. In 2002, Foschi et al. used 
transmission and scanning electron microscopy to study vascu-
lar tissue after ultrasonic anastomosis [24]. Their ultrastruc-
tural study indicated that the thermal effect caused by ultra-
sonic energy helps the breakdown and later reformation of tis-
sue proteins, therefore giving a mechanistic explanation of 
successful tissue fusion. Going from experimentation to clini-
cal testing, Sista et al. performed a comparison study of 211 
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consecutive patients undergoing right hemicolectomy due to 
colon cancer [25]. Patients were divided into two groups: one 
group using a novel ultrasonic energy handpiece (108 patients) 
and the other group treated with conventional hemostasis meth-
ods (103 patients). The data showed that the use of ultrasonic 
energy notably reduced surgical time, the amount of blood lost 
during surgery, and postoperative complications. Moreover, 
Tolone et al. assessed the application of the ultrasonic scalpel 
for endocrine surgery by comparing total thyroidectomy proce-
dures carried out with an ultrasonic scalpel and conventional 
suture ligation [26]. Their data demonstrated that ultrasonic 
energy is a safe, effective, and time-saving alternative. It can 
facilitate the operations without causing an increase in drain-
age volume, complications, or length of hospital stay.

2.3 Laser

Laser energy holds a special place in tissue fusion as a separate 
modality, mainly because of the pure photonic nature of laser. 
The process of laser generation can be described in simple 
terms as follows. Electrons in an atomic medium that are excit-
ed to a higher energy state by laser light will come down to 
their ground state and, in doing so, emit photons in a highly 
synchronized manner. This phenomenon results in the produc-
tion of light that is monochromatic, coherent, and highly direc-
tional [27]. From the surgical point of view, this means that 
energy can be delivered with extremely high spatial precision, 
thus the predetermined tissue plane for interaction can be tar-
geted and collateral damage can be minimized. One of the 
main inherent benefits of laser energy is that, being a form of 
light, it does not introduce any foreign material to the wound, 
thus eliminating the main source of infection or chronic inflam-
matory reactions associated with suture or staple lines.

Laser tissue fusion (LTF) is mainly mediated by the photother-
mal effect. Thus, when a laser beam at a certain wavelength is 
absorbed by water or hemoglobin, the energy released is ini-
tially converted into heat. This locally generated heat at the 
spot causes a phase change of the tissue structural proteins. 
Collagen is one of the proteins in the extracellular matrix that 
is commonly affected by heat. The triple-helical structure of 
collagen is mainly maintained by hydrogen bonds. The break-
ing of these hydrogen bonds occurs at a certain temperature, 
and this causes the collagen fibrils to lose their structure—
going from their highly ordered state into a chaotic, random 
coil conformation. Importantly, while this process occurs, the 
tissue’s overall architecture is preserved through mechanical 
apposition. Following cessation of laser irradiation and during 
a strict cooling phase, collagen from both tissue surfaces, 
which is now unfolded and quite mobile, will find each other 
and, by undergoing recrystallization, form bonds together. 
Here the polypeptide chains intertwine to form new intermo-
lecular bonds thus producing a uniform, cross-linked protein 
matrix that closes the wound [28]. It is like a biological “weld” 
without any gaps, the strength of which comes from the 

reforged collagen network rather than from the use of foreign 
materials or mere coagulation necrosis.

The use of laser energy in tissue anastomosis has transitioned 
through various milestone stages. Firstly, the pioneering work 
by Jain et al. in 1979 laid down the basis for the feasibility of 
laser vascular repair [29]. After that, some experiments helped 
to define the laser welding process parameters more clearly. As 
an illustration, Bremmer et al. showed that the seal strength 
depends to a great extent on fine control of laser power, irradia-
tion time, and simultaneous application of pressure in a rabbit 
artery model [30]. Also, some research articles further detailed 
the cellular heating mechanisms. For example, Li et al. pointed 
out that the optimum temperature range for the skin weld is 
approximately 55–65 °C, above which the mechanical proper-
ties become compromised because of significant protein 
denaturation [31]. Beyond immediate sealing performance, 
there is still evidence supporting favorable healing outcomes. 
According to Ghosh et al., laser-sealed mouse skin wounds 
regained function much earlier than those closed with sutures, 
suggesting that the laser might support physiological wound 
healing [32]. All these accomplishments together show the 
development of LTF from a new idea to a highly technical pro-
cess. Currently, the emphasis is on broadening its application 
and integrating in vivo monitoring to achieve better control 
over the procedure.

3 EBTF MEDICAL DEVICES

The evolution of surgical energy instruments has been one of 
the paradigm shifts in modern medicine. It signifies a trend 
from simple anatomical dissection to sophisticated tissue man-
agement. As a matter of fact, hemostatic methods over the last 
100 years have evolved from suturing and monopolar cautery 
to the present-day advanced and intelligent tissue fusion plat-
forms. This major change is mostly due to the increasing 
demand for surgical safety, efficiency, and minimally invasive 
methods. In this section, we have clinically reviewed several 
tissue fusion systems that are prevalently used in hospitals and 
have compared them to each other based on publicly available 
data from publications indexed in the Science Citation Index 
Expanded, peer-reviewed biomedical engineering literature, 
and clinical comparative studies indexed in PubMed (as shown 
in Table 1). We have focused on explaining the devices’ work-
ing principle, preclinical performance metrics, and clinical 
results in various types of surgery. This multidisciplinary work 
presents a fair evaluation of the available technologies and 
points to future innovations required to develop energy-based 
surgical devices.

3.1 LigaSureTM

From an engineering viewpoint, the fusion of tissues by means 
of RF energy is based on two main electrode configurations (as 
shown in Figure 2). The monopolar configuration uses only 
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one active electrode at the surgical site and the current then 
flows from the patient’s body to a remote dispersive electrode. 
This is good for superficial cutting and coagulation, but its 
wider current path makes it less accurate for tissue fusion. On 
the other hand, the bipolar configuration has both electrodes 
incorporated in the instrument jaws. The electric current flows 
only through the area of the tissue held between them, thus the 
thermal and electric effects are restricted to a small volume 
[47]. This concentrated energy release allows the fusion to be 
very precise, with minimal damage to surrounding tissues, so 
bipolar systems are suitable for sealing tissues. 

To ensure safe surgical seals, many contemporary systems 
integrate real-time tissue impedance monitoring with automat-
ed energy termination. The LigaSureTM system (Medtronic) 
is a representative example of a closed-loop technology based 
on tissue impedance monitoring and automated energy termi-
nation. Representative LigaSureTM instruments, including the 
LigaSure ImpactTM and LigaSure AtlasTM, are shown in 
Figure 3. As a leader in advanced bipolar vessel sealing, 
LigaSureTM’s main technological feature is its generator plat-
form (ForceTriadTM), which contains the exclusive TissueFectTM 
sensing system [49]. As technical reports and experimental 

Table 1. Summary of key literature comparing three EBTF medical devices across various procedures

Study Device evaluated Surgical site/ 
procedure

Sample size/study 
type Key outcomes and clinical findings

Amirkazem et 
al. [33]

LigaSureTM vs.  
Silk Suture

Spleen (traumatic 
splenectomy)

Randomized clinical 
trial

Drastically shortened operative time (12 vs. 21 min) 
and reduced intraoperative blood loss (80 vs. 280 mL).

Akhtar et al. 
[34]

LigaSureTM vs.  
Milligan-Morgan

Hemorrhoids  
(hemorrhoidectomy)

70 patients Significantly less postoperative pain (VAS at 6–24 h), 
reduced blood loss, and shorter operative time com-
pared to conventional technique.

Vidal et al. 
[35]

LigaSureTM Small Jaw 
vs. LigaSureTM Precise

Thyroid  
(total thyroidectomy)

2,000 patients Small Jaw reduced operative time (40 vs. 65 min), 
incision length (4 vs. 7 cm), and drainage needs, with 
no increase in complications.

Constant et al. 
[36]

LigaSureTM Kidney  
(donor nephrectomy)

124 patients Lowest estimated blood loss (90±53 mL); immediate 
graft function observed in all transplanted kidneys.

Revelli et al. 
[37]

Harmonic Scalpel Thyroid surgery Meta-analysis of 21 
RCTs

Significantly shorter operative time (-25 to -26 min), 
reduced blood loss (-30 mL), and lower postoperative 
drainage volume.

Dong et al. 
[38]

Harmonic Scalpel vs. 
Electrocautery

Breast  
(axillary dissection)

23 patients (retrospec-
tive case-control study)

Reduced intraoperative blood loss (33 vs. 90 mL), 
lower drainage volume (177 vs. 272 mL), and shorter 
drainage duration.

Waraich et al. 
[39]

Harmonic Scalpel vs. 
Electrocautery

Esophagus  
(esophagectomy)

142 patients  
(retrospective study)

Fewer blood transfusions, less median blood loss (500 
vs. 700 mL), and lower respiratory complications 
(13.6% vs. 17.3%).

Abo-hashem et 
al. [40]

Harmonic Scalpel vs. 
Bipolar

Hemorrhoids  
(hemorrhoidectomy)

RCT Significant drop in postoperative pain, lower urinary 
retention (9.4% vs. 34.4%), and faster return to work.

Kumar et al. 
[41]

Harmonic Scalpel Vascular surgery 
(SEPS)

Observational study Allowed accurate cutting with minimal thermal injury; 
average operative time of 40 min with low complica-
tion rate.

Seehofer et al. 
[42]

ThunderbeatTM vs.  
Harmonic/LigaSureTM

Animal model Animal study Significantly faster cutting speed; achieved average 
burst pressure of 734 mmHg for large vessels, outper-
forming comparators.

Liberman et al. 
[43]

ThunderbeatTM Thoracic (ex vivo  
pulmonary artery)

Ex vivo model Highest average burst pressure (875 mmHg) with zero 
sealing failures; other bipolar systems exhibited com-
plete failures.

Milsom et al. 
[44]

ThunderbeatTM Colorectal  
(laparoscopic)

Prospective study Safely ligated major vessels, such as the IMA, without 
adverse events; functioned as a single tool for dissec-
tion and hemostasis.

Kuipers et al. 
[45]

ThunderbeatTM vs.  
Electrocautery

Head and neck  
(neck dissection)

RCT Shortened median operative time by approximately 50 
min and reduced blood loss (210 vs. 431 mL).

Suzuki et al. 
[46]

ThunderbeatTM vs.  
traditional methods/ 
LigaSureTM

Head and neck  
(neck dissection)

Retrospective study Reduced operative time compared with traditional 
methods (66 vs. 96 min); lower complication rate 
(3.4%) compared with the LigaSure group (20%).

Note: EBTF, energy-based tissue fusion; VAS, visual analog scale; RCT, randomized controlled trial; SEPS, subfascial endoscopic perforator 
surgery; IMA, inferior mesenteric artery.
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studies show, the TissueFectTM system measures tissue imped-
ance at a frequency of more than 3,000 measurements per 
second [50]. The change in tissue impedance induced by the 
release of intracellular water through vaporization and colla-
gen denaturation follows a typical nonlinear pattern during the 
sealing cycle. The device continually adjusts voltage and cur-
rent based on these impedance changes, thus ensuring that the 

tissue remains within a thermal range that is ideal for fusion 
while avoiding drying or burning [51]. An algorithm detects an 
impedance level or changes indicative of seal completion and 
stops energy delivery automatically. Determining the operative 
endpoint is fully automated, so subjective surgeon judgment is 
replaced by objective signal-based control, which in turn leads 
to improvements in procedural consistency, safety, and seal 
reliability across different tissue types.

Numerous randomized controlled trials (RCTs) and retro-
spective studies within different surgical specialties have con-
firmed the clinical effectiveness of the LigaSureTM system. 
Present research highlights three main areas of focus where 
current evidence is concentrated: more efficient hemostasis 
superior to traditional methods, device-specific optimization 
advantages, and safety in complex surgeries. 

LigaSureTM, compared with traditional suturing or ligation 
methods, can significantly shorten operative time and mini-
mize the amount of bleeding during the operation. In a clini-
cal RCT of traumatic splenectomy, the use of LigaSureTM 
reduced the average duration of the surgery significantly (12 
vs. 21 min, P<0.05) and also considerably reduced the intraop-
erative blood loss (80 vs. 280 mL, P<0.05) as compared with 
the conventional silk suture ligation [33]. Likewise, in a case of 
hemorrhoidectomy for grade III/IV hemorrhoids, the device 
achieved better outcomes than the traditional Milligan-Morgan 
method as it was not only associated with lower blood loss and 
shorter operative time but also postoperative pain scores, mea-
sured 6–24 hours postoperatively, were significantly lower 
(P=0.001) [34].

Also, anatomically site-specific models of LigaSureTM have 
further improved surgical outcomes. According to a retro-
spective review of 2,000 total thyroidectomy patients, the per-
formance of different generations of devices was compared, 
and the LigaSureTM Small Jaw—specifically created for use in 
tight spaces—was found to be better than the standard LigaSure 
PreciseTM [35]. The Small Jaw was capable of significantly 
reducing the operative time (40 vs. 65 min, P=0.002), incision 
size, and the amount of drainage needed without increasing the 

Figure 2. Two main electrode configurations. (A) Monopolar circuit; (B) Bipolar circuit. The figure is reproduced from [48].

Figure 3. LigaSureTM instruments. (A) LigaSure Impact; (B) LigaS-
ure Atlas. The figure is reproduced from [52].
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risk of complications, thus confirming the clinical significance 
of anatomic device design.

Moreover, in transplant surgery, where the utmost safety pre-
cautions are taken, the system has demonstrated reliable vessel 
sealing functions. In this study of 124 laparoscopic living 
donor nephrectomies, the device was useful in keeping blood 
loss to a minimum during the separation of the main vascular 
branches in the nephrectomy procedure (90±53 mL) [36]. Most 
importantly, all the transplanted kidneys showed immediate 
function after reperfusion, thus proving that the device had a 
good safety record in terms of thermal spread and vessel 
integrity.

Overall, the research results obtained demonstrate that the 
LigaSureTM system is a highly versatile and effective advance-
ment in surgical energy devices. It has become an alternative 
to conventional ligation methods to some extent by continually 
reducing operative time, blood loss, and postoperative pain, 
while ensuring high levels of safety in both routine and 
advanced procedures.

3.2 HARMONICTM

When working in limited anatomical areas or close to vital 
structures, it is crucial to use surgical energy very precisely. 
HARMONICTM products are widely recognized as the leader 
in the ultrasonic energy field (as shown in Figure 4). The 
device’s principle of operation is radically different from that 
of bipolar RF devices. Through the piezoelectric effect, a trans-
ducer in the handpiece converts electrical energy into mechani-
cal vibration, which causes the blade to oscillate longitudinally 
at a frequency of 55,500 Hz. Such high-frequency vibration 
leads to the intensification of molecular friction within tissues. 
In this way, heat for protein denaturation is produced [49]. 
Since the heat is produced by internal friction and not by the 
passage of external electrical current, the device’s temperature 
is usually lower, and it is significantly lower than that of elec-
trosurgical devices. Moreover, the greatest characteristic of 
HARMONICTM is that it causes minimal lateral thermal dam-

age. A lot of comparative studies involving both infrared (IR) 
thermography and histopathology have demonstrated that the 
lateral thermal spread resulting from the use of Harmonic is 
usually only about 1–2 mm, which is much less than that of 
monopolar cautery and some bipolar devices [53]. This feature 
makes it an excellent tool for delicate dissection in areas with a 
high concentration of nerves and blood vessels. 

It is noteworthy, however, that despite minimal lateral thermal 
spread, the blade itself can accumulate heat after prolonged 
activation, necessitating a certain cooling period. Another 
drawback of the ultrasonic scalpel is that the instrument pro-
duces a very visible and substantial surgical smoke (aerosol). 
Unlike smoke produced by electrocautery, this kind of aerosol 
consists of larger particle diameters (0.35–6 µm) and has higher 
levels of moisture and lipid components. Chemical analysis 
using mass spectrometry (Rapid Evaporative Ionization Mass 
Spectrometry, REIMS) shows that aerosol is mainly lipids such 
as diglycerides and triglycerides, as opposed to electrocautery 
smoke that is rich in glycerophospholipids. Regarding biologi-
cal risks, even if the chemical toxicity of ultrasonic smoke is 
lower than that of electrocautery smoke, there is a theoretical 
risk that cellular materials can be carried because of the larger 
particle size [55, 56]. 

The HARMONICTM systems show the traits of versatility and 
clinical benefits that can be observed across several surgical 
specialties. The currently available studies point to three major 
areas of these effects: greater hemostatic effectiveness in on- 
cological and glandular surgeries, an improved post-surgical 
quality of life, and highly precise vascular interventions.

In particular, during major resections and glandular surgeries, 
the instrument has been shown to consistently improve fluid 
management and operative efficiency compared with tradition-
al methods. A meta-analysis of 21 RCTs in thyroid surgery 
brought out such effectiveness, revealing that the Harmonic 
Scalpel (HS) and Harmonic Focus notably reduced surgical 
duration (by 25–26 min, P<0.0001) and reduced blood loss dur-
ing surgery (by ~30 mL, P<0.01) as compared to conventional 

Figure 4. HARMONICTM instruments. (A) Harmonic Ace for laparoscopic use; (B) Harmonic Focus for open use. The figure is reproduced 
from [54].
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Figure 5, the innovative jaw design of this instrument, consist-
ing of a central ultrasonic probe enclosed by bipolar electrodes, 
enables the device to operate in two main modes: ‘Seal & Cut’ 
for simultaneous cutting and sealing, and ‘Seal’ for dedicated 
coagulation. Preclinical studies in porcine models showed that 
ThunderbeatTM was able to achieve significantly shorter dissec-
tion times than Harmonic Ace, LigaSure V, and EnSeal when 
working with vessels of various sizes (2–7 mm, P<0.01). 
Moreover, this device was given a top versatility rating, thus 
recognizing its ability to streamline surgical procedures 
through less frequent instrument changes [57].

The combination of ultrasonic friction and electrical resis-
tance heating, however, accounts for a more intricate thermal 
footprint. In a direct in vivo porcine model study comparing 
ThunderbeatTM with EnSeal and LigaSure across multiple tis-
sue types (liver, mesentery, muscle, and spleen), ThunderbeatTM 
produced significantly higher peak operating temperatures 
than the other two devices in a consistent manner. It led to the 
smallest total thermal injury zone in liver tissue, yet its collat-
eral thermal spread in the spleen, mesentery, and muscle was 
significantly higher than that of EnSeal and LigaSure, which 
proved to be less thermally intensive and caused negligible col-
lateral damage [58]. Therefore, when dissecting near critical 
neural or vascular structures, surgeons should take into account 
the possibility that ThunderbeatTM may have a propensity for 
greater lateral thermal spread.

There are three key surgical parameters that the existing litera-
ture mainly focuses on: the impact of integration on operative 
speed, the consistency of burst pressure for large vessels, and 
the efficiency of a single-instrument workflow. Through pre-
clinical studies, the biophysical characteristics of this hybrid 
technology have been thoroughly defined on a theoretical le- 
vel, and its dual action of ultrasonic cutting and bipolar coagu-
lation has been demonstrated. 

hemostasis [37]. These gains have also been supported in breast 
cancer surgery, where the use of the HS in axillary dissection 
led to a significantly smaller amount of blood loss during sur-
gery (33 vs. 90 mL, P<0.001) and less drainage volume and 
duration as compared to electrocautery [38]. Similarly, in 
esophageal cancer surgery, the device was superior to tradi-
tional electrocautery in reducing the need for blood transfu-
sion (median 0 vs. 2 units, P=0.003), reducing blood loss, and 
lowering the rate of postoperative respiratory complications 
(13.6% vs. 17.3%) [39].

Moreover, the HS can also significantly improve patient recov-
ery and quality of life long after an operation. In a proctological 
surgery study, it was found that the HS had markedly better 
postoperative pain outcomes than bipolar electrocautery [40]. 
Additionally, it resulted in less frequent use of narcotics and 
non-steroidal anti-inflammatory drugs, and there was a notice-
able decrease in the occurrence of urinary retention (9.4% vs. 
34.4%, P<0.05). Therefore, due to earlier discharge and return 
to work, after only two weeks, 75% of the patients in the HS 
group had returned to work, compared with 45% in the control 
group, signifying the socioeconomic benefits of this device.

Furthermore, the fundamental principle of the device’s ope- 
ration enhances precision in complex vascular interventions. 
In subfascial endoscopic perforator vein surgery for chronic 
venous insufficiency, the HS has been demonstrated as an effec-
tive alternative to metal clips or electrocautery. By coagulating 
and cutting simultaneously to produce only a minimal lateral 
thermal injury, surgeons have been able to achieve precise 
exposure of perforator veins [41]. The high level of precision 
here brought about the performance of fast operations (average 
40 min) with minimal risk of complications.

In conclusion, HARMONICTM is a unique system that not only 
improves surgical efficiency but also results in better patient 

Figure 5. Detailed view of three instruments. (A) LigaSureTM; (B) HARMONICTM; (C) 
ThunderbeatTM. The figure is reproduced from [42].

outcomes. The system minimizes tissue harm 
and controls bleeding which benefits the patient 
in two ways: on the one hand, it lowers the 
physiological impact of surgery. As demon-
strated by reduced blood loss and drainage in 
tumor cases. On the other hand, it accelerates 
patients’ functional recovery, as shown in proc-
tological and vascular procedures.

3.3 ThunderbeatTM

ThunderbeatTM is a hybrid energy system that 
combines ultrasonic and bipolar RF technolo-
gies in one device. Such a design addresses the 
complementary limitations of each modality: 
ultrasonic instruments are fast in cutting but 
have relatively limited hemostasis, whereas 
bipolar devices, although slower in dissection, 
provide strong coagulation [49]. As shown in 
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In an animal study, Seehofer et al. found that the device per-
formed cutting operations at a faster rate than single-modality 
ultrasonic or bipolar devices, yet it was still able to maintain an 
average burst pressure of 734 mmHg for vessels of 5–7 mm 
diameter [42]. The sealing capacity was taken to the limit in a 
model of the lung artery ex vivo by Liberman et al. [43]. Their 
findings showed that the device was able to close pulmonary 
branches with an average burst pressure of 875 mmHg, thus 
demonstrating its potential applicability in the high-pressure 
vasculature of the chest.

These physical characteristics, when taken together, suggest 
that the device supports a multipurpose operation workflow, 
especially during complicated laparoscopic surgeries. Milsom 
et al. confirmed this aspect of the device in their prospective 
study on laparoscopic colorectal surgery [44]. They found that 
the device was able to handle challenging vascular pedicles 
such as the inferior mesenteric artery and could also be used 
as the main dissector. Hence, the hybrid instrument concept is 
supported by this case where the use of different instruments 
can be avoided by combining dissection and hemostasis into 
one single operation.

Versatility of these devices translates most advantageously to 
head and neck surgical settings in terms of documented oper-
ative time. In this domain, the highest level of evidence exists. 
Kuipers et al., comparing the device with traditional electro-
cautery, measured a median reduction in operative time of 
almost 50 minutes besides a decrease in blood loss (210 mL 
vs. 431 mL) [45]. To add to that, Suzuki et al. in a retrospective 
study looked at the device versus two other methods: the tradi-
tional approach and the LigaSureTM system [46]. While noticing 
shorter surgery duration as well, this research pinpointed the 
fact that the ThunderbeatTM cohort encountered fewer compli-
cations (3.4%) than the LigaSureTM group (20%). Taken togeth-
er, these results imply that the main clinical benefit of the 
device is the reduction of operative time without compromising 
safety.

In essence, the ThunderbeatTM system is an effective alternative 
in the energy device market. Marrying ultrasonic speed with 
bipolar hemostasis, it delivers a device that is not only highly 
efficient but also very flexible, thus meeting a wide range of 
surgical situations such as, for example, procedures that require 
both thorough dissection and safe handling of bigger blood 
vessels, thereby assisting in attaining surgical efficiency in dif-
ferent disciplines.

3.4 Laser-based tissue fusion systems

Unlike RF and ultrasonic devices that rely on mechanically 
compressive jawed instruments, LTF or laser tissue soldering 
(LTS) primarily utilizes non-contact fiber-optic delivery sys-
tems combined with precise optical and thermal sensors. The 
fundamental engineering challenge in laser-based equipment is 
temperature regulation. The success of laser fusion depends 

entirely on maintaining the tissue surface temperature within a 
very narrow therapeutic window (typically 60 °C to 65 °C for 
optimal collagen denaturation). Overheating causes irrevers-
ible thermal necrosis and tissue vaporization, while underheat-
ing leads to insufficient protein cross-linking and weak tissue 
bonds.

To address this, modern clinical laser fusion equipment heavily 
relies on closed-loop temperature control systems. A typical 
temperature-controlled laser soldering system incorporates a 
laser generator (e.g., carbon dioxide, neodymium-doped yttri-
um aluminum garnet, or near-IR diode lasers), a flexible deliv-
ery optical fiber, and a real-time IR thermometry circuit or 
thermal imaging feedback circuit [59]. During the procedure, 
the IR sensor continuously monitors the thermal footprint at 
the tissue interface. A control algorithm processes this data in 
real-time to dynamically modulate the laser power output, 
ensuring that the tissue temperature stays within the target 
range without manual intervention.

Such systems have made a smooth transition to clinical appli-
cations. For example, during a pilot clinical trial of laparoscop-
ic cholecystectomy, the temperature-controlled laser soldering 
system was used to close human skin incisions. The system was 
regularly successful in producing sealed wounds. Besides, the 
net time for closure was significantly reduced compared with 
traditional suturing methods, thus confirming the clinical fea-
sibility of temperature-controlled laser devices [60].

Furthermore, the latest frontier in laser fusion equipment 
involves the integration of these temperature-controlled optical 
systems with surgical robotic platforms, known as robot-assist-
ed LTS systems [61]. By mounting the laser applicator and IR 
sensors onto robotic arms, robot-assisted LTS systems elimi-
nate the inconsistencies caused by human hand tremors and 
variable scanning speeds. This automated, high-precision con-
trol over both the spatial delivery of laser energy and the ther-
mal parameters yields highly reproducible tissue bonds, paving 
the way for advanced, semi-automated wound closure in mini-
mally invasive surgeries.

4 FUTURE PERSPECTIVES: ARTIFICIAL 
INTELLIGENCE (AI) AND ROBOTIC INTEGRATION

As EBTF technologies mature, the next frontier in surgical 
innovation will be the transition from passive energy delivery 
tools to active, intelligent surgical platforms. This shift is 
enabled by perfectly combining AI, machine learning, and 
advanced robotic systems.

4.1 AI-driven energy modulation and real-time tissue 
identification

At present, the majority of EBTF devices use simple imped-
ance feedback to stop energy delivery. Nevertheless, the use of 
machine learning algorithms can bring about highly dynamic 
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energy modulation. Through the constant analysis of multi-
modal sensor inputs, e.g., tissue impedance, thermal dissipa-
tion, and hydration levels, AI models are able to forecast the 
best sealing endpoint for heterogeneous tissues instantly, thus 
achieving maximum hemostasis while minimizing iatrogenic 
thermal injury.

Furthermore, a groundbreaking application of AI in EBTF is 
the real-time identification of tissues through the analysis of 
surgical smoke. When EBTF devices cut or coagulate tissue, 
they generate aerosols rich in cellular metabolites and lipids. 
Technologies such as REIMS—often referred to as the “iKnife” 
concept—can capture this smoke. By coupling REIMS with 
machine learning classifiers (such as principal component an- 
alysis and neural networks), the system can analyze the mass 
spectrometric profile in milliseconds [62]. This allows the 
EBTF instrument to act as a smart diagnostic probe, instantly 
distinguishing between healthy tissue, critical structures (like 
nerves and blood vessels), and malignant tumor margins during 
oncological surgeries.

4.2 Integration with robotic surgical systems

The physical execution of tissue fusion is also being revolution-
ized by robotic platforms, such as the da Vinci Surgical System. 
Integrating advanced EBTF instruments—like fully articulat-
ed robotic vessel sealers—into robotic arms overcomes the 
physical limitations of human surgeons. Robotic integration 
offers three-dimensional high-definition visualization, elimi-
nates physiological hand tremors, and provides a 360-degree 
range of motion. This allows for unparalleled precision when 
applying energy and mechanical compression in confined, 
complex anatomical spaces, such as the deep pelvis or the pan-
creatic head [63].

Looking ahead, the fusion of AI-based computer vision and 
robotic EBTF devices will allow for semi-autonomous surgical 
maneuvers. It is anticipated that future robotic systems will be 
able to locate vessels automatically, measure the precise pres-
sure needed, and deliver the specific energy dosage for each 
patient, thereby ensuring consistent surgical results and lower-
ing the mental burden on surgeons.

5 CONCLUSION

In short, tissue closure technology has seen a drastic change 
from traditional mechanical anastomosis to EBTF, which is 
nowadays regarded as a significant paradigm shift in surgical 
practice. The article has deeply discussed the mechanism of 
EBTF, which uses controlled thermal energy to cause collagen 
denaturation and molecular rearrangement, thus avoiding the 
major problems of sutures and staplers still commonly used 
today, such as foreign body reactions and technical difficulties 
in minimally invasive surgeries. It does not really matter if the 
tissue is heated through Joule heating by RF energy, through 

the mechanical friction of ultrasonic vibrations, or through the 
photothermal effect of laser energy; biologically, all these 
methods target the same outcome: a strong, self-healing tissue 
seal. Taken to clinical practice, these concepts have led to the 
development of revolutionary medical devices. A good exam-
ple of this is the LigaSureTM system which uses a real-time 
impedance feedback technology to continuously and accurate-
ly seal tissues. The HARMONICTM system relies on ultrasonic 
vibrations to precisely cut tissue while effectively limiting lat-
eral thermal damage. The ThunderbeatTM system is a hybrid of 
the two techniques that offers the speed of ultrasound com-
bined with the safety of bipolar sealing. The large amount of 
clinical data presented in this paper demonstrates that these 
techniques are not only effective in achieving hemostasis but 
also, through their associated medical devices, greatly facili-
tate the surgeon’s work, reduce the duration of the operation, 
and minimize blood loss. On top of that, they have such a wide 
range of application in basically every specialty that they can 
be used in procedures ranging from simple vessel ligation to 
digestive, endocrine, and urological surgeries.

Looking forward, the development of energy-based surgical 
devices will be focused on more than just the power generation 
aspect. These devices will be more intelligent, precise, and 
integrated with robotic technologies [64]. Energy devices will 
become seamlessly integrated with robotic systems as the use 
of robotic platforms for minimally invasive surgery increases. 
Although advanced energy-based devices are associated with 
higher costs at the initial stage, their capability of lessening the 
duration of the operation and the rate of complications is trans-
lated into a favorable long-term cost-benefit scenario for the 
healthcare system [65]. Furthermore, the use of AI and com-
puter vision is expected to completely change the concept of 
surgical safety. Intelligent surgical systems of the future will 
most probably use machine learning algorithms to identify the 
nature of tissues during surgery in real-time [66]. As a result, 
next-generation surgical devices might be capable of automati-
cally identifying nerves, blood vessels, or other tissues. In this 
way, they can dynamically adjust energy output to maximize 
hemostasis while minimizing iatrogenic thermal injury. Ulti- 
mately, these innovations are intended to be able to strike the 
perfect combination of anastomotic strength, minimal tissue 
injury, and optimal healing results.
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Abstract

Objective: Tiny metallic foreign bodies may remain in the human body after accidental 
ingestion, surgery, or ballistic injury, potentially causing inflammation, tissue damage, and 
other complications. Although X-ray and CT are widely used for detection and localization, 
intraoperative motion and workflow constraints may reduce localization accuracy and 
real-time retrieval efficiency. This study aims to develop a portable multi-frequency 
electromagnetic excitation circuit to assist the detection and localization of tiny metallic 
foreign bodies in the human body. Methods: A multi-frequency electromagnetic excitation 
circuit was designed for balanced-coil eddy-current sensing. The proposed transmitter 
combines Selective Harmonic Elimination Pulse-Width Modulation (SHE-PWM) with a 
full-bridge Class-D power amplifier to generate synchronous multi-frequency excitation 
currents at 50 kHz, 150 kHz, 350 kHz, and 850 kHz. The use of multiple excitation 
frequencies provides complementary depth sensitivity, in which low-frequency excitation 
improves penetration depth for deeply embedded targets, while high-frequency excitation 
enhances the response and spatial resolution of small or superficial objects. Circuit 
simulations and hardware measurements were conducted to evaluate the time-domain 
and frequency-domain characteristics of the proposed circuit. Results: Simulation and 
experimental results showed good agreement with theoretical predictions. The proposed 
circuit successfully generated synchronous multi-frequency excitation currents with 
controllable spectral components. The results confirmed that the combination of SHE-
PWM and a full-bridge Class-D power amplifier can provide spectrally controllable and 
energy-efficient excitation suitable for balanced-coil eddy-current sensing. Conclusions: 
The proposed multi-frequency electromagnetic excitation circuit provides a feasible 
supplementary solution for tiny metallic foreign-body detection and localization. Its low-
cost, portable, and energy-efficient characteristics make it potentially suitable for bedside 
and intraoperative electromagnetic assistance, especially in scenarios where conventional 
imaging methods are limited by workflow constraints or real-time localization requirements. 

Keywords: SHE-PWM, Class-D power amplifier, Eddy current testing, Balanced metal 
coil, Detecting tiny metal in body

Highlights

● A multi-frequency electromagnetic excitation scheme is proposed for the detection and localization of tiny metallic foreign bodies 
inside the human body.

● By integrating SHE-PWM with a full-bridge Class-D power amplifier, the transmitter achieves energy-efficient, spectrally control-
lable, and synchronous multi-frequency excitation.
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1 INTRODUCTION

In modern medical practice, inadvertent introduction and 
retention of metallic foreign bodies in the human body are not 
uncommon. Representative scenarios include accidental inges-
tion of metal fragments, traumatic retention of shrapnel or steel 
pellets, and intraoperative loss of small metallic items such 
as suture needles, hemostatic clips, guidewires, or miniature 
instrument components [1, 2]. Once retained, such foreign 
bodies may trigger localized inflammatory reactions, tissue 
injury, elevated infection risk, and even secondary harm during 
subsequent examinations or interventions. Accordingly, clini-
cal management typically requires a prompt closed-loop work-
flow encompassing screening, localization, and retrieval. At 
present, X-ray radiography and computed tomography (CT) 
remain the mainstream modalities for metal localization, as 
they can directly depict the morphology of the foreign body and 
its spatial relationship with surrounding tissues. However, dur-
ing perioperative or emergency management, physiological 
motions—including muscle contraction, respiration, and gas-
trointestinal peristalsis—can cause foreign-body migration; 
moreover, the use of X-ray or CT is often constrained by the 
size and limited maneuverability of these large-scale systems, 
which may delay screening and removal. Therefore, the devel-
opment of a low-cost, portable, and real-time auxiliary local-
ization technique capable of rapid confirmation and dynamic 
tracking beyond conventional imaging has clear engineering 
value and clinical significance.

Compared with conventional industrial metal detection, 
human-body metallic foreign-body detection is more challeng-
ing. Targets may be deeply embedded across different tissue 
layers with variable stand-off distance from the sensing coil. In 
addition, foreign bodies exhibit diverse morphologies (needle-
like, plate-like, or particulate), and dynamic orientations driven 
by respiration, muscle contraction, and peristalsis. Meanwhile, 
biological tissues are conductive and dielectric with substantial 
inter-subject variability, and the presence of metallic surgical 
instruments further complicates the electromagnetic back-
ground and increases interference. Under such conditions, a 
single excitation frequency is often insufficient to satisfy both 
sensitivity and stability requirements. Hence, multi-frequency 
eddy-current techniques are desirable to improve detection effi-
ciency: lower frequencies enhance effective penetration depth 
and facilitate detectability of deeply embedded objects, where-
as higher frequencies strengthen near-surface responses and 
improve resolution for small or superficial targets, thereby 

improving reliability under complex backgrounds and posture 
variations [3, 4].

Eddy-current-based detection provides a feasible route for 
rapid localization of metallic foreign bodies in the human body. 
An excitation coil generates an alternating magnetic field that 
induces eddy currents in the metallic target (or magnetization 
responses in ferromagnetic objects) [5-7]. The resulting mag-
netic-field perturbation is then sensed by a receiving coil, 
enabling the determination of target presence and relative 
position. Similar to industrial in-line rejection systems, this 
approach relies on high-sensitivity acquisition and robust 
decision-making to detect weak electromagnetic signals.

The overall architecture of an eddy-current detection system 
is illustrated in Figure 1, typically comprising a power trans-
mitter, a receiving and signal-conditioning front end, an ana-
log-to-digital converter (ADC), and a digital processing unit 
(e.g., a microcontroller or field-programmable gate array 
[FPGA]). Among these components, the power transmitter is 
indispensable for improving the signal-to-noise ratio (SNR) 
and overall sensitivity: by delivering high-current excitation, 
it generates a sufficiently strong alternating electromagnetic 
field, thereby increasing the magnitude of target-induced field 
perturbations and the induced voltage at the receiver [8, 9]. In 
multi-frequency eddy-current detection, critical information is 
encoded in the frequency-dependent responses associated with 
target material properties, size, and depth. Therefore, the trans-
mitter must provide not only high-power output but also syn-
chronous, stable, and controllable multi-frequency excitation, 
ensuring phase coherence, amplitude consistency, and spectral 
purity across frequencies to meet the requirements of demodu-
lation and feature extraction, and to avoid inter-frequency cou-
pling and amplitude/phase drift that would otherwise degrade 
localization or identification accuracy. To this end, this work 
designs a synchronous multi-frequency transmitter employing 
a selective harmonic elimination (SHE) strategy to synthesize 
the excitation current waveform, enhancing the desired fre-
quency components while suppressing non-target harmonics, 
thereby providing a stable transmission foundation for high-
sensitivity detection under multi-frequency excitation.

2 EDDY CURRENT PRINCIPLE

Figure 2 schematically illustrates the operating principle of 
eddy-current–based detection. The output of the power ampli-
fier drives the transmit coil. To enhance the coupling (sensing) 
coefficient between coils in the metal-detection probe, the 

● Optimized switching angles enhance designated frequency components and suppress non-target harmonics, improving both exci-
tation efficiency and frequency selectivity.

● Low-frequency excitation increases penetration depth for deeply embedded objects, while high-frequency excitation enhances the 
response and resolution of small or superficial targets.

● Circuit simulations and hardware measurements show good agreement with theoretical analysis, validating the feasibility and ef-
fectiveness of the proposed method.
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transmit and receive coils are arranged in a coaxial coplanar 
configuration, with the transmit coil placed externally and the 
receive coil internally. The alternating magnetic field generated 
by the detection coil induces a rotational electric field in the 
conductive target, thereby driving closed-loop eddy-current 
distributions. According to Lenz’s law, these eddy currents 
generate a secondary magnetic field that couples back to the 
primary excitation field, thereby altering the magnetic flux 
linkage and the equivalent impedance of the detection coil [10, 
11]. The resulting impedance variation comprises both a resis-
tive component, associated with Joule losses induced by eddy 
currents, and an inductive component, associated with magnet-
ic-flux redistribution (with explicit frequency dependence) [12, 
13]. This impedance response is jointly governed by the target’s 
electrical conductivity and magnetic permeability, as well as its 
geometry, spatial position, and the excitation frequency (via the 
skin-depth effect). By measuring and demodulating the ampli-
tude and phase of the coil voltage or current (or equivalently the 
in-phase and quadrature [I/Q] components), one can detect the 
presence of metallic targets and further enable parameter char-
acterization, localization, and identification.

3 SELECTION OF POWER AMPLIFIER TYPE

In the above-described electromagnetic detection system, the 
transmitting coil requires excitation currents of sufficiently 
high magnitude, making the choice of power amplifier con-
figuration critical to overall system performance. For single-
frequency eddy-current detection systems, a resonant driving 
scheme can be employed, in which the transmit coil and 
matching network form a resonant circuit capable of deliver-
ing power efficiently at a single frequency. However, for multi-
frequency excitations, simultaneous resonance across multiple 
frequency components is impractical due to the inherently nar-
rowband characteristics of resonant amplifiers.

In the context of multi-frequency excitations, power amplifier 
performance directly affects the quality of the modulated sig-
nal, the harmonic composition of synthesized waveforms, and 
the overall energy efficiency of the detection system. Previous 
studies have shown that Class-AB power amplifiers are pre-
ferred in analog and/or audio applications owing to their favor-
able linearity and low distortion levels [14]. Nevertheless, their 
application in high-power broadband or multi-frequency eddy 
current setups is limited. This limitation arises from subopti-
mal power conversion efficiency, significant thermal dissipa-
tion, restricted operational bandwidth, and insufficient current-
driving capability when directly powering excitation coils. 
Moreover, the high thermal output of Class-AB amplifiers 
reduces system efficiency and longevity and increases costs 
owing to the need for additional thermal management.

To address these drawbacks of conventional power amplifiers, 
switch-mode power amplifiers, particularly Class-D types, are 
gaining popularity. In a Class-D power amplifier, the output 
transistors operate as electronic switches, alternating between 
fully ON and fully OFF states at high frequency. This switch-
ing minimizes switching and conduction power losses, result-
ing in remarkably high amplifier efficiency [15, 16]. Figure 3 
illustrates the circuit diagram of a full-bridge (H-bridge) 
Class-D amplifier, a configuration widely used in modern 
high-efficiency designs. The combination of a Class-D power 
amplifier with multi-frequency selective harmonic elimination 
pulse-width modulation (SHE-PWM) enables direct genera-
tion of complex multi-frequency current signals from a direct 
current (DC) power source, without requiring linear amplifi-
cation of each frequency component. This approach over-

Figure 1. Overall architecture of an eddy-current detection system. FPGA, field-programmable gate array.

Figure 2. Operating principle of eddy-current-based detection.
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comes the efficiency bottleneck of conventional amplifiers 
while maintaining high spectral purity of the output current 
signals and their harmonics. It allows real-time generation of 
broadband excitation signals with both high efficiency and high 
spectral purity, making it suitable for advanced multi-frequen-
cy eddy-current detection systems. Table 1 summarizes the 
performance differences between Class-D and Class-AB power 
amplifiers. 

4 PRINCIPLE OF SELECTIVE HARMONIC 
ELIMINATION

4.1 Fourier series representation of inductor current

To achieve high SNR, low drift, and repeatability in eddy-cur-
rent–based localization of metallic foreign bodies in the human 
body, the transmitter must not only provide sufficient excitation 
strength but also deliver a controllable and stable excitation 
spectrum. This requirement is particularly critical under syn-
chronous multi-frequency excitation, where inter-frequency 

amplitude and phase consistency directly determines the sta-
bility of I/Q-demodulated features and the achievable localiza-
tion accuracy. Although Class-D power amplifiers offer high 
efficiency and are suitable for portable implementations, their 
switching outputs inherently contain rich harmonic compo-
nents. If such harmonics are not properly controlled, the tis-
sue–coil system may exhibit additional background responses, 
baseline drift, and inter-frequency crosstalk, thereby reducing 
detectability of tiny targets and increasing the risk of false posi-
tives. To address this issue, this study adopts a SHE strategy, 
optimizing switching angles to synthesize the desired excita-
tion at target frequencies while suppressing critical non-target 
harmonics. This approach enhances the robustness of multi-
frequency detection and improves the reliability of target 
localization.

In the SHE strategy, the switching angles are designed to con-
strain the output harmonic spectrum. As a result, the excitation 
current achieves the desired amplitude at the designated target 
frequencies while minimizing specific non-target harmonic 
components.

Figure 3. Class-D power amplifier (H-bridge).

Table 1. Class-AB power amplifiers and Class-D power amplifiers
Characteristic Class-AB power amplifiers Class-D power amplifiers
Operating principle Linear amplification Switching amplification
Efficiency Typically 30–60% Typically 85–95%
Suitable frequency range Best suited to low-to-mid frequencies (<100 kHz). Well suited to mid-to-high frequencies (kHz to MHz)
Output-current capability Limited Very high
Thermal loss High Very low
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The periodic pulse-width modulation (PWM) voltage generat-
ed by the power electronic converter can be represented using 
a Fourier series, which forms the basis for harmonic angle 
optimization, as shown in Equation (1) [17]:

( ) cos sinV t a b
1n

N
2 2a
T
nt

T
nt

2N n n
0

= + +

=

r r` `` j jj/                  (1)

where a0 indicates the DC term, an the cosine coefficients, and 
bn the sine coefficients. The Fourier series representation of the 
PWM waveform is inherently complex due to multiple switch-
ing intervals and asymmetric pulse durations.

To cosine the analytical solution and facilitate harmonic man-
agement, the PWM waveforms can be assumed to possess 
quarter-wave symmetry. Under this assumption, the waveform 
exhibits half-period sign inversion symmetry, which mathe-
matically eliminates certain Fourier components, specifically 
the DC term, even harmonics, and sine coefficients of odd har-
monics. This assumption greatly simplifies the nonlinear equa-
tions used to determine the switching angles for the SHE-PWM 
strategy, enabling effective synthesis of the multi-frequency 
excitation waveform.

In the full-bridge Class-D power amplifier under the symmetri-
cal conditions, the voltage waveform applied to the load can 
be described in a compact Fourier series form. The resulting 
series, presented in Equation (2), provides the mathematical 
basis for determining the targeted harmonic components 
and their corresponding switching angles in the SHE-PWM 
approach:
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Under the quarter-wave symmetry assumption, the cosine 
Fourier coefficients related to the harmonic components of the 
output voltage can be further derived. These coefficients quan-
tify the amplitudes of the retained harmonics and relate the 
desired output spectrum to the switching angles of the inverter. 
The general form of the cosine series coefficients is expressed 
in Equation (3):
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Here, n takes only odd integers due to the use of quarter-wave 
symmetry, which restricts harmonics to odd orders. αi denotes 
the switching angles of the PWM waveform, i.e., the time at 
which the output voltage transitions between levels within a 
half-wave cycle. V0 represents the drain voltage of the 
MOSFET switch, which, in the context of the full-bridge 

Class-D amplifier represented in Figure 2, corresponds to the 
supply voltage VCC. 

In the above Class-D power amplifier system investigated in 
this study, the excitation coil can be approximated as an ideal 
inductive load. By this approach, the terminal voltage and cur-
rent satisfy the constitutive relation of an ideal inductor, which 
facilitates waveform synthesis. In this case, the instantaneous 
voltage across the coil is given by:

( )
( )

u t L dt
di t

=                                                                             (4)

where L denotes the inductance of the excitation coil. Therefore, 
the instantaneous current through the excitation coil can be 
modeled as the time integral of the applied pulsed voltage: 

( ) ( )i t u t dt1

L= #                                                                      (5)

This model captures the accumulative property of the inductor 
current, reflecting the increase in magnetic energy of the coil as 
a function of the applied voltage and duration of the excitation 
signal. The output voltage of the Class-D power amplifier takes 
only discrete values, usually +V0 and -V0, forming a series of 
rectangular pulses in the time domain. Accordingly, the current 
through the inductive load represents the integral of these volt-
age pulses. Figure 4 illustrates the voltage waveform and the 
corresponding current waveform.

Let ω=2π/T denote the basic angular frequency of the periodic 
excitation signal. By substituting Equations (2), (3), and (5) into 
the previous expressions, the instantaneous current in the exci-
tation coil can be represented as a Fourier series expansion, as 
in Equation (6). The coefficients bn, representing the amplitude 
of the harmonic components in the coil current, are described 
in Equation (7).
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4.2 Frequency selection of inductor current

In the previous section, the Fourier series representation of 
the inductor current was derived from the PWM voltage wave-
form of the inverter. Consequently, various current waveforms 
can be synthesized by appropriately selecting the cosine series 
coefficients bn. In this case, the proper selection of these coef-
ficients is critical for defining the quality and spectral content 
of the excitation currents.
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To obtain a physically realizable and spectrally controlled cur-
rent shape, the desired shape must first be defined in the time 
domain. Morphologically, each switching interval should 
exhibit a high level of linearity to allow an accurate approxi-
mation using piecewise linear segments. In addition, to sim-
plify the Fourier series coefficients and maintain a manageable 
mathematical form, the target waveform is designed with quar-
ter-wave symmetry, consisting of the fundamental and odd 
harmonics. This design preserves symmetry across each half 
cycle, eliminates redundant even-order harmonics, while re- 
taining only the harmonic components required for multi-fre-
quency excitation.

In eddy-current-based assistance for localization of metallic 
foreign bodies within the human body, multi-frequency excita-
tion is commonly employed to obtain complementary electro-
magnetic response features, so as to accommodate variations 
in both target materials (ferromagnetic and non-ferromagnetic) 
and burial depth or orientation. The theoretical basis is that the 
eddy-current distribution and associated secondary magnetic 
field are jointly determined by the electrical conductivity σ, 
magnetic permeability μ, and the excitation angular frequency 
ω, exhibiting pronounced frequency dependence. According to 
the skin effect, the characteristic skin depth is given by: 

2
=d ~nv                                                                             (8)

As the excitation frequency increases, the skin depth decreas-
es: high-frequency excitation concentrates eddy currents near 
the target surface, thereby enhancing sensitivity to superficial 
and small-sized foreign bodies; in contrast, low-frequency 
excitation provides a greater effective electromagnetic penetra-
tion depth, thereby improving detectability of deeply embed-
ded targets. Moreover, materials with higher 𝜇 and 𝜎 (e.g., fer-
romagnetic metals or high-conductivity metals) tend to exhibit 
stronger skin effects and more pronounced amplitude/phase 
variations at the same frequency, facilitating material discrimi-
nation and localization. 

Based on this principle and leveraging the spectrally control-
lable synthesis enabled by SHE, this study selects 50 kHz, 150 
kHz, 350 kHz, and 850 kHz as the multi-frequency excitation 
tones. The corresponding current waveform are designed to 
provide complementary amplitude–phase responses for subse-
quent signal processing. By using synchronous multi-frequen-
cy excitation, an amplitude–phase (I/Q) feature space can be 
constructed, allowing joint evaluation of responses across fre-
quencies. This approach improves robustness against tissue-
background effects, variations in electromagnetic coupling, 
and motion-induced amplitude/phase perturbations, thereby 
enhancing both the detectability and localization resolution for 
tiny metallic foreign bodies in the human body. The mathemat-
ical expression of the synthesized inductor current can is given 

Figure 4. Schematic of inductor voltage and current waveforms.
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by Equation (9), and the corresponding time-domain current 
waveforms are illustrated in Figure 5.

* *
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4.3 Optimization of the spectral coefficients of inductor 
current

The primary objective of the SHE-PWM is to modulate the 
low-order harmonics of the output waveform through opti-
mized switching angles αi. This approach allows elimination 
of unwanted harmonics from high-power converters while 
preserving the required spectral characteristics of the excitation 
signal. A major challenge in implementing SHE-PWM lies in 
solving a system of nonlinear transcendental equations that 
map the switching angles αi to the amplitudes of the harmonics. 
The complexity of this system depends on the waveform char-
acteristics and the number of discrete voltage levels involved.

Several methods have been proposed to address this challenge, 
including numerical solutions, resultant theory methods, and 
optimization-based techniques. Numerical methods usually 
face difficulties due to the nonlinear expressions inherent in 
standard SHE-PWM models, especially when high-order har-
monics or two-level inverter topologies are used. Resultant 
theory approaches encounter increasing computational com-
plexity as the polynomial order rises with the number of har-
monics to be eliminated.

With advances in computational power, optimization-based 
strategies have become the preferred approach. In this frame-
work, the SHE-PWM equations are reformulated as an opti-
mization problem subject to constraints. The objective function 
is defined as the residual magnitude of the undesired harmon-
ics, with the goal of minimizing this value. Constraints enforce 
the elimination of targeted harmonics and the symmetry of the 
waveform.

In this context, the switching angles αi can be determined via an 
optimization algorithm. The procedure begins by identifying 
the local extrema of the target current waveform. These extre-
ma serve as initial estimates for the switching angles, providing 
a valid starting point for subsequent iterations. In system 
employing a single H-bridge configuration, the slope of the 
inductor current remains constant in magnitude during each 
switching interval, allowing the previous target current wave-
form to be approximated by line segments with equal slope 
magnitude.

Figure 6 illustrates the optimization procedure for one-quarter 
of the waveform duration (θ=π/2≈1.57). The green curve repre-
sents the desired target current in the first quarter of the wave-
form, while the red polylines show piecewise-linear approxi-
mation used in the optimization. The remaining three quarters 
of the waveform are derived through symmetry. The initial 
switching angles derived from this approximation method are 
provided in Table 2.

However, when a suitable initial guess for the switching angles 
exists, gradient-based algorithms can converge substantially 

Figure 5. Target inductor current waveform for multi-frequency excitation.
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Minimizing the residual error between the calculated Fourier 
coefficient bp and the modulation index mp, while respecting 
the constraints on non-target harmonics, enables iterative 
refinement of the switching angles to accurately reproduce the 
desired harmonics and suppress undesired components.

Using the initial switching angles derived from the piecewise-
linear approximation of the target current waveform g(θ) and 
the coefficient definition from Equation (7), the harmonic com-
ponents can be analytically derived by Equation (12): 

( )
4

2 1 sin ( ) sinb p L
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=- - -
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At each switching angle αi, two successive voltage transitions 
occur: from +V0 to 0 and then from 0 to −V0, or vice versa 
depending on the switch polarity, which must be accounted for 
in the Fourier series computation.

When θ=π/2, only a single downward transition (+V0 to 0) 
occurs, corresponding to the end of quarter cycle. Substituting 

faster than stochastic or population-based algorithms [18]. In 
this study, a gradient-based algorithm was used to determine 
the amplitudes of the harmonic components, as formulated in 
Equation (10):
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Here, the modulation index is defined as:
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where Vp represents the amplitude of the pth harmonic of the 
output voltage, and V0 denotes the DC bus voltage of the 
Class-D amplifier. The weighting factor μp scales the contribu-
tion of each harmonic to the objective function. Φ indicates the 
set of desired harmonics to be accurately synthesized, while Ψ 

Figure 6. First-quarter current waveform fitting for SHE-PWM optimization.

Table 2. Initial switching angle
Switching angle α1 α2 α3 α4 α5 α6

θ (rad) 0.47 0.64 0.87 1.00 1.14 1.46
Time (us) 1.48 2.02 2.80 3.18 3.66 4.64

represents the set of undesired harmonics to  
be reduced. The parameter εp defines the per-
missible level of each non-target harmonic,  
acting as a soft constraint to prevent excessive 
distortion.
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Equation (12) into the residual minimization problem of 
Equation (10) yields Equation (13), which explicitly relates the 
residual harmonic amplitudes to the switching angles, enabling 
selective synthesis of harmonics in the Class-D power amplifier 
system.
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The initial parameters for the optimization algorithm are shown 
in the first column of Table 3. In this case, the weighting fac-
tors μp were set to unity (μp=1). Once the initial switching 
angles and weights are determined, the constrained optimiza-
tion problem is solved using the fmincon function in MATLAB. 
The objective function quantifies the deviation between pre-

dicted and target harmonic magnitudes, while the constraints 
enforce the permissible bounds for non-target harmonics. 

The fmincon function (constrained function minimization) is 
the primary procedure within the MATLAB Optimization 
Toolbox used to solve constrained continuous optimization 
problems where the objective and constraint functions are con-
tinuously differentiable. This function can handle continuous 
decision-variable problems subject to linear and/or nonlinear 
constraints. Figure 7 illustrates the optimization results for the 
switching angles as formulated in Equation (12).

The Maximum Constraint Violation metric decreases drasti-
cally from approximately 3×10-2 in the early iterations to nearly 
zero by the 10–15th iteration. This trend indicates that the bar-
rier term and line-search procedures within the interior-point 
method effectively guide the iterates from infeasible to feasible 
regions. Once feasibility is achieved, the iterates remain strict-

Table 3. Initial values and optimized values

ε5 ε9 ε11 ε13 ε15
Switching angle (rad) mp

α1 α2 α3 α4 α5 α6 50 k 150 k 350 k 850 k
Initial 0.10 0.18 0.22 0.26 0.30 0.47 0.64 0.87 1.00 1.14 1.46 0.53 0.43 0.46 0.74
Optimize 0.10 0.18 0.22 0.26 0.30 0.46 0.63 0.86 0.97 1.12 1.47 0.49 0.49 0.49 0.67

Figure 7. Optimization of switching angles and harmonic residuals using the fmincon function.
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ly feasible throughout the rest of the optimization procedure, 
demonstrating that all constraints are satisfied.

Simultaneously, the Best Function Value decreases steadily 
from approximately 3.5×10-1 to the order of 10-4 over 30-40 
iterations, eventually stabilizing at a minimal of 4.7861×10-10. 
The convergence behavior can be understood by examining the 
plots of feasible and infeasible solutions. In the initial itera-
tions, several infeasible points (red stars in Figure 7) approach 
the feasible region but remain constrained by the limits. 
However, the best feasible objective (blue stars) steadily 
improves until it converges to the best infeasible objective at 
the global minima point. This observation clarifies a common 
misconception that the best feasible point must be optimized 
before the infeasible solution. Ultimately, the evolution of the 
Best Function Value reflects the transition from satisfying the 
feasibility constraints to the final optimization of the switch-
ing angles within the feasible region, thereby minimizing the 
residuals of the harmonic components.

The Step Size parameter displays several backtracking and 
enlargement pulses during the first TEN iterations. After this 
phase, the step size stabilizes at approximately 10-4, indicat-
ing the onset of the local refinement phase of the optimization. 
This pattern of behavior is consistent with the Interior-Point 
Algorithm’s barrier parameter update and centralization mech-
anism, wherein the solver fine-tunes the solution in the region 
of the optimal point once feasibility has been established.

The First-Order Optimality value reduces from an initial 
order of O(1) to approximately 5.4×10-7, remaining below the 
default optimality tolerance of approximately 10-6 used in the 
fmincon solver. Along with the step size reduction and stabi-
lization of the objective function, these results indicate that 
the algorithm has approached a stationary point satisfying the 
Karush-Kuhn-Tucker (KKT) conditions, where the first-order 
necessary conditions for constrained optimality are approxi-
mately satisfied.

The number of function evaluations was 1,001, requiring fewer 
than 100 iterations. In the case of a ten-dimensional optimiza-
tion problem with six switching angles and four modulation 
indices involving nonlinear equality and inequality constraints, 
this moderate computational effort reflects good differentiabil-
ity of the objective and constraint functions along with mini-
mal backtracking during the line search.

The current point bar chart shows that the six optimized 
switching angles converge to the range of 0.5–1.5 radians, 
remaining strictly within their prescribed bounds (0 to π/2). 
This implies that the solution is largely driven by harmonic 
constraints rather than boundary saturation. Similarly, the four 
modulation indices converge to the range of 0.5–0.8, well with-
in he physically acceptable limits. Together with the observa-
tion that the Maximum Constraint Violation remains at zero, 
this confirms feasibility and realizability of the solution.

In general, the optimization algorithm exhibits the convention-
al behavior of an interior-point method: (1) rapid approach 
toward feasibility, (2) orderly and monotonic decrease of the 
objective function, (3) gradual reduction of the step size 
accompanied by improved first-order optimality, and (4) 
attainment of a strictly feasible solution satisfying the KKT 
conditions approximated to the desired precision. The final 
objective function value of 4.7861×10-10 suggests that the re- 
sidual harmonics are minimized to numerical precision, con-
firming accurate representation of both target and non-target 
harmonics within the prescribed thresholds.

From an engineering perspective, the optimized switching 
angles and modulation indices jointly achieve the desired 
spectral characteristics without boundary saturation, ensuring 
robust tolerance to timing errors and dead-time quantization. 
Figure 8 compares the voltage-current waveforms before and 
after optimization. The reduction in harmonic distortion vali-
dates the effectiveness of the proposed method in generating 
high-purity multi-frequency excitation currents suitable for 
high-sensitivity localization of tiny metallic foreign bodies in 
the human body.

5 HARDWARE CIRCUIT DESIGN AND SIMULATION

5.1 Device selection

As illustrated in Figure 8, the output voltage waveform exhib-
its a maximum switching frequency of approximately 3–4 MHz. 
Accordingly, the gate driver and MOSFET devices must operate 
reliably at such high switching speeds. In this study, the isolated 
gate driver IC 2EDF7275K was employed to drive the power 
stage. This gate driver provides galvanic isolation between the 
power and control circuits, mitigating the propagation of high-
current transients from the power stage to sensitive control 
inputs, such as those of the FPGA, which could otherwise lead 
to permanent damage. The 2EDF7275K IC supports switching 
frequencies of up to 10 MHz, easily accommodating the PWM 
switching pulses described previously. Moreover, it allows flex-
ible gate-level adjustments, facilitating circuit tuning and 
debugging.

For the power switching components, BSC057N08NS3 
MOSFETs were chosen. These devices have a drain-source 
voltage of 80 V, a typical on-resistance RDS(on) of 5.7 mΩ, 
along with fast transition times (tr≈14 ns, tf≈9 ns), minimizing 
transition losses and reducing waveform distortion during 
high-frequency Class-D operation. According to the Safe 
Operating Area (SOA) diagram shown in Figure 9, the 
MOSFETs can be safely operated under the chosen conditions 
of 12 V input and a 2 A drain current. These specifications 
provide sufficient margin to ensure reliable performance dur-
ing continuous high-frequency switching, enabling stable exci-
tation currents in the coil necessary for high-sensitivity eddy-
current detection of tiny metallic foreign bodies.
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Figure 8. Initial and optimized voltage-current waveforms of the excitation coil. (A) Initial voltage-current waveforms prior to SHE-PWM 
optimization; (B) Voltage-current waveforms after optimization, showing improved harmonic purity and adherence to the target multi-frequency 
excitation profile.
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5.2 Hardware circuit simulation

Figure 10 shows the voltage and current waveforms and their 
corresponding spectra, obtained through PSpice simulations. 
PSpice is a widely used general-purpose circuit simulator in the 
field of electronic design automation (EDA), mainly used to 
evaluate and develop analog and mixed-signal (analog-digital) 
electronic circuits. It allows designers to predict circuit perfor-
mance before physical implementation.

Simulation outcomes indicate slight oscillations in the output 
voltage waveform during switching transitions. These slight 
oscillations, however, do not affect circuit functionality. In the 
time-domain current waveform of the excitation coil, the induc-
tor current closely follows the target waveform, confirming the 
correct operation of the Class-D power amplifier and the effec-
tiveness of the SHE-PWM control strategy.

Frequency-domain analysis further confirms these observa-
tions. Distinct spectral peaks appear at 50 kHz, 150 kHz, 350 
kHz, and 850 kHz, accurately matching the four predefined 
excitation frequencies. Simultaneously, the amplitudes of non-
target harmonics remain below the specified thresholds, indi-

of the second 2EDF7275K isolated gate-driver IC) are config-
ured to guarantee complementary switching between the two 
half-bridges and to maintain the desired differential phase rela-
tionship of the output voltage.

In the gate-drive circuitry, B340A Schottky Rectangular 
Diodes (D4 & D5) are paralleled with resistors R9 & R13. This 
configuration facilitates rapid turn-off transitions of the 
MOSFETs, as the current is directed through the low-imped-
ance path of the B340A Rectangular Diodes, reducing gate-
charge removal time [19-21]. During turn-on, the gate charge 
current flows from the driver’s output (OUTA and/or OUTB) to 
the MOSFET gate. In this phase, the B340A diodes are reverse-
biased and non-conductive, and the resistive network controls 
the gate charging rate, resulting in a “slow turn-on, fast turn-
off” behavior. This asymmetrical switching mitigates parasitic 
inductance-induced voltage overshoot and ringing while main-
taining efficient switching transitions and minimizing elec-
tromagnetic interference in the H-bridge circuit.

Figure 13 illustrates the experimentally recorded H-bridge 
output voltage. In this diagram, the yellow curve corresponds 
to the voltage at the COL+ terminal of the excitation coil, 

Figure 9. Safe operating area.

cating that the optimized switching angles and 
modulation indices successfully achieve pre-
cise harmonic synthesis. These results confirm 
that the excitation current exhibits a well-
defined multi-frequency pattern with high 
spectral purity, which is essential for robust and 
accurate eddy-current detection of tiny metallic 
foreign bodies in the human body.

5.3 Hardware circuit design

The power supply module of the hardware 
platform is designed to provide multiple regu-
lated voltage rails to satisfy the requirements of 
various circuit sub-components. As illustrated 
in Figure 11, the initial 12 V DC input is first 
stepped down to 8 V to provide the gate-drive 
voltage for the MOSFETs in the H-bridge power 
stage. To ensure galvanic isolation between the 
control and power planes, the 8 V line follows 
is further stepped down using an isolated 
DC-DC converter to provide 5 V for the gate-
driver ICs. Subsequently, a linear voltage regu-
lator generates the 3.3–5 V control-side voltag-
es needed by the driver circuitry.

Figure 12 illustrates the schematic diagram of 
the H-bridge module. For clarity, only half of 
the bridge is illustrated, as the other half is 
symmetrical. The COL+ node connects to the 
first terminal of the excitation coil, while the 
second terminal is connected to COL−. The 
input network pins IN+ and IN− (pins 3 and 2 
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Figure 10. Voltage, current, and current spectrum of the excitation coil from hardware circuit simulation. (A) Time-domain voltage wave-
form of the H-bridge output; (B) Time-domain current waveform through the excitation coil; (C) Frequency-domain spectrum of the coil current 
showing multi-frequency excitation peaks at 50 kHz, 150 kHz, 350 kHz, and 850 kHz.

whereas the pink curve corresponds to the COL− terminal. A 
clear voltage sag appears across the coil during specific inter-
vals, attributed to the charge-discharge behavior of the boot-
strap capacitor (C24) used in the gate-drive circuit of the high-

side MOSFETs. When the low-side MOSFET conducts for a 
short duration, the bootstrap capacitor is not fully charged. 
Consequently, during the subsequent long conduction interval 
of the high-side MOSFET, the capacitor discharges over an 
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Figure 11. Power supply module of the hardware platform. (A) Step-down conversion from 12 V to 8 V; (B) Isolated DC-DC conversion from 
8 V to 5 V; (C) Linear regulation from 5 V to 3.3 V.
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extended period, resulting in reduced gate-drive voltage and 
the observed voltage sag across the coil.

6 CONCLUSION

This study addresses the clinical challenge of assisted screen-
ing and localization of tiny metallic foreign bodies in the 
human body (e.g., suture needles, hemostatic clips, and shrap-
nel). Leveraging the SHE approach, we developed a transmitter 

driving scheme capable of generating synchronous multi-fre-
quency excitation currents, providing an energy-efficient and 
spectrally controllable excitation-circuit foundation for eddy-
current-based detection systems. 

By optimizing the switching angles, the transmitter achieves 
precise current components at the designated target frequen-
cies while effectively suppressing critical non-target harmon-
ics. This, in turn, mitigates unwanted background responses, 

Figure 12. Schematic diagram of the H-bridge (half).

Figure 13. Experimentally recorded H-bridge output voltage.
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baseline drift, and inter-frequency crosstalk in the tissue–coil 
coupling system, thereby improving the stability and repeat-
ability of multi-frequency excitation. Furthermore, circuit-level 
simulations and hardware implementation validate the engi-
neering feasibility of the proposed scheme. These results pro-
vide a robust hardware foundation for future development of 
clinical-oriented multi-frequency eddy-current detection tech-
niques, enabling feature-based discrimination and accurate 
localization of tiny metallic foreign bodies.
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Abstract

The treatment of prostate cancer (PCa) is shifting towards the use of highly accurate 
image-guided procedures in order to achieve better oncologic results. A common strat-
egy consists of using both pre-operative multiparametric magnetic resonance imaging 
and intra-operative transrectal ultrasound during a prostate biopsy or focal ablation 
procedure, thus offering enhanced localisation information through high spatial reso-
lution and dynamic response, respectively. However, reliable non-rigid registration is 
still technically challenging owing to differences in cross-modal imaging physics as 
well as large deformations between the two modalities caused by rectal probe com-
pression; this paper reviews how deep learning has evolved, focusing on convolu-
tional neural networks, generative models, including generative adversarial networks 
and diffusion models, and transformer-based architectures. We discuss the extent to 
which they utilise biomechanical priors to inform the solution of registration prob-
lems, against standardized challenges such as µ-RegPro. State-of-the-art approaches 
achieve sub-millimetre target registration errors with real-time inference times for 
intra-operative deployment. Addressing outstanding challenges related to interpreta-
tion and generalization, this review provides an outlook of the road map to develop 
“physics-aware” smart interventional systems. All these developments represent im-
portant steps toward a fully automated, precise, and minimally invasive PCa manage-
ment pipeline.

Keywords: Deep learning, Image registration, Non-rigid, Transrectal ultrasound, Mag-
netic resonance imaging

Highlights

● This review systematically reviews the evolution of deep learning-based non-rigid prostate magnetic resonance imaging–transrec-
tal ultrasound registration.

● This review analyzes dominant paradigms: hybrid convolutional neural networks, generative adversarial networks/diffusion mod-
els, and transformers.

● This review explores integrating anatomical priors and physical constraints to address label scarcity.
● This review critically evaluates the generalization gap between state-of-the-art benchmarks and clinical workflows.
● This review proposes future directions in physics-aware artificial intelligence and intelligent robotic interventions.
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1 INTRODUCTION

Prostate cancer (PCa) remains one of the most prevalent 
malignancies among men worldwide, ranking as a leading 
cause of both cancer incidence and mortality [1]. Based on 
Global Cancer Observatory statistics for the year 2022, more 
than one and a half million new cases of cancer were diagnosed 
worldwide, leading to about 400,000 deaths [2]. Early diagno-
sis and accurate treatment are crucial to improve the five-year 
survival rate and quality of life in PCa patients. Currently, clin-
ical diagnosis relies heavily on systematic biopsy guided by 
transrectal ultrasound (TRUS). However, conventional TRUS-
guided biopsy is hindered by two intrinsic limitations [3, 4]. 
First, as illustrated in Figure 1A, TRUS is inherently plagued 
by inferior image quality characteristics such as a low signal-
to-noise ratio, speckle noise, and poor soft-tissue contrast, 
which obscure tumour borders and hamper the differentiation 
of malignant lesions from benign hyperplasia. Second, the pro-
cess is highly dependent on the operator, and the accurate 
placement of a needle depends on the clinician’s experience 
and hand steadiness. All these factors lead to a high false-neg-
ative rate, with a risk of missing clinically significant prostate 
cancer (csPCa), resulting in a delay in care. In contrast, multi-
parametric magnetic resonance imaging (MRI) offers superior 
soft-tissue resolution and multi-sequence imaging capabilities 
(Figure 1B), which enable accurate detection, localization, and 
risk stratification of csPCa. However, MRI is expensive and 
time-consuming, and it cannot guide the procedure in real 
time. Consequently, preoperative MRI-TRUS image fusion-
targeted biopsy has been proposed. This technology aligns 
high-precision preoperative three-dimensional (3D) MRI with 

real-time intraoperative two-dimensional (2D)/3D TRUS, “pro-
jecting” MRI-identified suspicious lesions onto the TRUS 
space to provide clinicians with precise navigation, thereby 
significantly enhancing the diagnostic yield and detection rate 
of biopsy [5, 6].

In such a clinical workflow, image registration is the key tech-
nology to realize accurate navigation. Image registration refers 
to the task of searching for a spatial transformation that can 
map images of either the same subject or different subjects into 
each other. MRI-TRUS registration is a classic cross-modal 
problem fraught with severe technical hurdles. First, the dispa-
rate imaging physics of MRI and TRUS result in vast differ-
ences in intensity distributions, texture features, and tissue 
contrast. This makes conventional intensity-based similarity 
measures—such as normalized mutual information, mean 
squared error, and modality-independent neighborhood de- 
scriptor—struggle to establish effective spatial correspondenc-
es [7-10]. Second, the prostate is a compliant, deformable organ; 
intraoperative probe pressure, changes in patient positioning, 
and respiratory motion cause significant non-rigid deformation 
[11]. This physical shift renders preoperative anatomy inconsis-
tent with intraoperative observations. Registration algorithms 
must therefore apply complex spatial transformations to the 
MRI to fit the TRUS geometry (Figure 1C). This spatial map-
ping is highly non-linear and non-uniform, as visualized by 
the dense deformation grid in Figure 1D. Moreover, the low 
signal-to-noise ratio of TRUS, acoustic artifacts, as well as 
the difference in spatial resolution and field of view among 
modalities add extra hurdles for obtaining an exact voxel-wise 
correspondence. Conventional non-rigid registration approach-

Figure 1. Visualization of core challenges in cross-modal registration. (A) Intraoperative TRUS: Target ultrasound image characterized by 
low contrast, speckle noise, and a limited FOV, highlighting the significant modality gap; (B) Preoperative MRI: High-resolution T2-weighted 
image showing clear anatomical details; (C) Warped MRI: MRI image after non-rigid spatial transformation, aligned to match the prostate 
anatomy under probe compression; (D) Deformation Grid: Visualization of the dense displacement field; grid distortion reflects the non-linear 
spatial mapping. MRI, magnetic resonance imaging; TRUS, transrectal ultrasound; FOV, field of view; T2, transverse relaxation time 2.
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es are typically classified into spline-based methods (e.g., 
B-spline Free-Form Deformation and Thin-Plate Splines) and 
physics-based models [12, 13]. However, both paradigms have 
significant disadvantages. Spline-based approaches are often 
unable to model very local and non-uniform deformation as 
they assume a global smoothness constraint. Physics-based 
models are biomechanically plausible, but often require te- 
dious iterative optimisation of complicated energy functions, 
making them prone to local minima and unsuitable for the 
real-time requirements of clinical interventions [14, 15].

To address such issues, deep learning (DL), in particular con-
volutional neural network (CNN)-based architectures, has 
enabled a new era of learning-based medical image (MI) reg-
istration, which does not need to optimize for each specific 
pair: DL methods consider registration as an end-to-end (E2E) 
regression problem. By training deep neural networks with a 
large dataset, this network learns a complicated non-linear 
mapping from an input image pair to the output deformation 
field [16]. After learning, the network is able to predict dis-
placement fields in less than a millisecond and therefore 
enables online registration for clinicians with better reliability. 
In recent years, researchers have also widely used DL in pros-
tate MRI-TRUS registration with customised designs accord-
ing to the particularities of this task. Among these, we can 
mention the use of CNNs and weakly-supervised approaches 
to extract features at different levels, adopting generative 
models, including generative adversarial networks (GANs) and 
diffusion models, to address the cross-modal discrepancy issue 
and large deformation generation, and incorporating trans-

formers for modeling long-range context relations. These 
developments are moving prostate-directed biopsy away from 
“experience-dependent” cognitive fusion and closer to fully 
automatic, precise, and intelligent “software fusion”.

The aim of this review is to provide a systematic summary and 
critical discussion on the status quo of DL-based non-rigid 
prostate MRI-TRUS registration. First, we describe the key 
technical paradigms and representative work in the domain. 
Second, we summarize the datasets and evaluation metrics for 
performance assessment and quantitative comparison. Third, 
we examine how to integrate DL technologies into a clinical 
surgical workflow and introduce the open problems for their 
clinical deployment. Last but not least, we present our per-
spectives regarding the directions of future work and clinical 
translation so as to serve as a useful guide to researchers and 
clinicians alike. We summarize the overall DL-based prostate 
MRI-TRUS registration clinical workflow and technical pipe-
line presented throughout this manuscript in Figure 2.

2 DL PARADIGMS FOR PROSTATE MRI-TRUS REG-
ISTRATION

Over the past few years, DL has revolutionized prostate MRI-
TRUS image registration and generated multiple types of 
approaches that tackle the problem from different angles. To 
better understand how each technology has evolved over time, 
in this subsection we divide the existing work into three cat-
egories according to what they are innovating: first, we present 
CNN-based approaches, which are the most established para-

Figure 2. Overview of the DL-based prostate MRI-TRUS registration clinical workflow and technical framework. The process comprises 
five stages: ① Preoperative acquisition of mp-MRI to localize tumors; ② Intraoperative TRUS imaging, during which non-rigid deformation 
occurs due to probe pressure; ③ Identification of core registration challenges; ④ DL registration module (using CNN, GAN, or Transformer 
backbones) to predict dense deformation fields; ⑤ Final clinical application, providing precision navigation for targeted biopsy or focal therapy. 
DL, deep learning; mp-MRI, multiparametric magnetic resonance imaging; MRI, magnetic resonance imaging; TRUS, transrectal ultrasound; 
CNN, convolutional neural network; GAN, generative adversarial network; T2WI, T2-weighted imaging; DWI, diffusion-weighted imaging; 
DCE, dynamic contrast-enhanced imaging.
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digm, including advances in real-time architecture optimiza-
tion and improved feature representation by incorporating 
geometry and physics priors (e.g., segmentation contours, bio-
mechanical models). The second category is the generative 
model-based methods, including GANs that use adversarial 
learning to close the modality gap, and the more recent diffu-
sion models, which are known for having strong distribution 
modeling capabilities. Lastly, we include attention mechanism 
and transformer-based models, where we explain how such an 
approach solves the local receptive field problem that comes 
with the convolution operation by adding a self-attention mod-
ule or as a hybrid model. This architecture can therefore cap-
ture global, long-range dependencies as well as prominent ana-
tomical features to perform this classification task. An illustra-
tion of the classification architecture used is shown in Figure 3.

2.1 CNN-based methods

As one of the first technically mature DL-driven image regis-
tration methods, CNN-based methods are designed based on 
a simple assumption that strong local feature representation 
capability and nonlinear transformation capacity can be uti-

lized by modeling the image registration problem as an E2E 
regressor. Pioneering works, such as the framework that 
applied CNNs as similarity metrics for driving 3D ultrasound 
registration, achieved an error below 5 mm in 81% of the sam-
ples, proving that deep features have greater potential than 
conventional intensity-based measures or even manual align-
ment [17].

Later, popular approaches (e.g., VoxelMorph) established the 
trend of utilizing encoder-decoder networks for direct predic-
tion of displacement fields [16]. Based on these works, research-
ers first worked on optimizing registration workflows and basic 
architectures for addressing the challenges of real-time perfor-
mance and large deformations intrinsic to prostate interven-
tions. For example, Dupuy et al. proposed an online 2D/3D 
registration approach based on CNNs, incorporating the regis-
tration result of the previous frame as a trajectory prior and 
substantially improving temporal consistency [11]. To address 
large deformation, Guo et al. proposed the multi-stage regis-
tration architecture with a “coarse-to-fine” approach and a 
synthesized error-scaled data generation method to address 
the missing coverage of large-deformation labels in training, 

Figure 3. Schematic overview of deep learning architectures for prostate MRI-TRUS registration. (A) CNN Architecture: Represented 
by the U-Net backbone, utilizing encoder-decoder paths and skip connections for end-to-end regression; (B) Generative Models: Illustrating 
two distinct paradigms: GANs (top), which use adversarial training between a generator and discriminator to bridge modality gaps; and diffu-
sion models (bottom), which employ an iterative denoising process (from noisy to clear) to generate high-fidelity deformation fields or images; 
(C) Transformer Architecture: Demonstrating the tokenization of input images into patches and the use of self-attention mechanisms to capture 
global anatomical dependencies. MRI, magnetic resonance imaging; TRUS, transrectal ultrasound; CNN, convolutional neural network; GAN, 
generative adversarial network.
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reducing the surface registration error to 3.57 mm [18]. In a 
subsequent study, Guo et al. proposed a deep learning-based 
ultrasound frame-to-volume registration pipeline for register-
ing 2D ultrasound frames to 3D volumes [19]. With the integra-
tion of a frame-to-frame registration network and a slice-cor-
rection network, and a similarity filtering mechanism, the pipe-
line was able to achieve an approximate target navigation error 
of 1.93 mm at a clinical-grade frame rate of 5–14 frames per 
second, demonstrating both high accuracy and fast inference 
speed suitable for intraoperative use in an MRI-ultrasound 
fusion-guided biopsy system.

Besides improving the network structure and inference pro-
cess, another important line of work is exploring more detail- 
ed anatomical features and prior knowledge in order to facili-
tate better inter-modality correspondence learning with extra 
semantic content provided by inputs or additional geometrical 
regularization imposed explicitly. One common approach is to 
enrich input semantics via segmentation probability maps. 
Zeng et al. proposed a hybrid supervision method that first uses 
two independent fully convolutional networks to produce pros-
tate probability maps on MRI and TRUS, respectively, which 
are further fed to the registration network as auxiliary chan-
nels. By combining Dice loss and surface distance loss, they 
obtained a mean target registration error (TRE) value of 2.53 
mm using this technique in 36 patients [20]. As research deep-
ened, to elevate feature expression from a frequency-domain 
perspective, Jiang et al. proposed a method based on joint 
learning and a multi-level wavelet feature pyramid. Through a 
cyclic mutual-assistance mechanism between the segmentation 
and registration networks, they achieved superior accuracy 
across 642 public cases [21]. Additionally, to endow networks 
with physical interpretability, incorporating physical model 
constraints has become an important direction. Fu et al. pro-
posed a biomechanically constrained registration method based 
on 3D point-cloud matching as a proxy task. They used defor-
mation fields obtained from finite element analysis (FEA) as 
supervision, enabling them to encode these biomechanical con-
straints in the network and achieve high-precision MR-TRUS 
registration [22].

2.2 Generative model-based methods (adversarial networks 
and diffusion models)

A GAN is composed of two competitive networks called a gen-
erator and a discriminator. Given an image registration task, 
the generator usually predicts the deformation field or gener-
ates the warped image, whereas the discriminator discrimi-
nates the warped image from the ground-truth target image, 
compelling the Generator to generate more realistic and plau-
sible results. Yan et al. first proposed such an idea for multi-
modal MI registration using the framework of adversarial 
image registration network. Using a Wasserstein GAN app- 
roach, the generator directly estimates rigid transformation 
parameters, while the discriminator is used to evaluate the 

alignment quality, achieving fast (<100 ms) and accurate 
(TRE 3.48 mm) registration for 763 cases, effectively validat-
ing the viability of adversarial learning [23].

To cope with such anatomical complexity, later works focused 
on maintaining prominent regional information as well as add-
ing some physics-based restrictions. For example, Lian et al. 
presented an region of interest-guided deformable image-to-
image translator, which converts one modality into another 
while enforcing consistent structural prior knowledge in order 
to generate plausible TRUS-like images, simplifying later reg-
istration challenges and preserving geometric truthfulness 
[24]. Likewise, Feng et al. proposed a salient region matching 
approach; while not a pure GAN structure, they integrate cross-
modal spatial attention into a generative framework. They use 
a salient region matching loss to regularize the shape and inten-
sity consistency between the region of interest of the prostate, 
and they obtained a Dice coefficient of 85.9%, thus improving 
the robustness of a purely automatic registration [25]. In addi-
tion, to address the problem of potential unphysical deforma-
tions in pure data-driven generation, we use a variational auto-
encoder as a component of our biomechanics-informed genera-
tive registration framework architecture, which encodes bio-
mechanical priors (computed via FEM) onto a latent manifold. 
In registration, the network searches within such a manifold 
for an optimal deformation field fulfilling both image infor-
mation and biomechanical constraints, effectively suppressing 
unreasonable local distortion [26].

Although successful for cross-modal registration with GANs, 
due to its unstable training process as well as the mode col-
lapse issue, it is not powerful enough to model the complicated 
distribution of large deformations. Recently, diffusion proba-
bilistic models have been introduced. Based on their good dis-
tribution coverage and stable training performance, they have 
been brought into the registration domain to break through 
such a bottleneck. Yao et al. conspicuously introduced diffu-
sion models to the weakly supervised setting. They designed a 
label-aware diffusion model, which can correct the initial bias 
by aligning label centroids, followed by producing a high-
quality deformation field through a feature-guided module 
with label supervision. It is highly robust for large deforma-
tions, substantially lowering the TRE to 0.940 mm, with an 
exceptionally small Jacobian determinant fold-over rate (0.134), 
and is much more precise than classical unsupervised or super-
vised registration techniques such as VoxelMorph [27].

2.3 Transformer-based registration methods

Although CNN-based registration approaches are highly effi-
cient with good local texture extraction ability, they are based 
on a strong inductive bias—i.e., the set of structural assump-
tions that the model makes for generalization to new data. For 
CNNs, this bias mainly consists of locality and translation 
invariance, which means the model assumes the relevant fea-
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ture is spatially clustered and its relative position remains 
unchanged. While this facilitates feature learning, it neverthe-
less results in the problem of the local receptive field, which 
brings great difficulties in modeling large-scale non-rigid 
deformation.

This limitation is especially important for prostate MRI-TRUS 
registration. In a clinical setting, inserting and manipulating 
the transrectal probe applies considerable pressure to the gland, 
inducing large-scale global deformations and non-uniform dis-
placements of the whole organ, which have long-range spatial 
correlations, where the pressure on the rear end directly deter-
mines the shape and location of the front tip. Since the prostate 
is a soft tissue, all these global variations are distributed across 
the whole field of view. It is difficult for CNNs to learn such 
inherent correlations among far-away anatomical structures 
because of their nature as local window-based operations. In 
order to address this limitation, equipping them with an atten-
tion mechanism, i.e., transformers for global context extrac-
tion, is now a mainstream direction of development.

Originally having great success in natural language process-
ing, transformers use their key component, self-attention, 
which is able to compute association weights between any two 
positions in an input sequence adaptively. Since vision trans-
formers for unsupervised volumetric medical image registra-
tion was introduced into MI registration in 2021, the field 
quickly moved on, exploring shifts from pure global attention 
to hierarchical feature representations, such as hierarchical 
vision transformer [28, 29]. Nevertheless, the pure transformer 
network usually sacrifices matching precision for minute struc-
tures because there is no local texture information. Therefore, 
the “hybrid architectures” that combine the local feature 
extraction ability of CNN and the global screening ability of 
attention mechanisms are becoming mainstream choices.

For instance, Mahmoudi et al. proposed 3D-Wavelet-Deep-
Separable-Attention-PMorph, which is a hybrid of Swin 
Transformer and CNN with an encoder-decoder architecture 
[30]. They introduced their main contribution as the Wavelet-
Deep-Separable-Attention, which relies on wavelet transform 
to achieve multi-scale space-frequency fusion that overcomes 
the shortcomings of conventional transformer in represent- 
ing frequency-domain information. Assuming standardized 
μ-RegPro dataset and pre-aligned conditions, this approach 

reached a TRE of less than one millimetre [30]. Parallel to this 
is another technical route focusing on clinical robustness and 
salient feature mining. Yu et al. proposed a weakly-supervised 
framework integrating an Attention-enhanced U-shaped CNN 
and a Residual-Enhanced Registration Network [31]. This 
method utilizes a sparse set of expert-annotated anatomical 
landmarks to compute loss functions, alleviating the annota-
tion burden. In this work, we not only evaluated our algorithms 
with the publicly available μ-RegPro dataset, but also provided 
a patient cohort including Prostate Imaging Reporting and 
Data System scores as an additional test set [32]. Despite the 
fact that, due to its complexity, the mean TRE increased up to 
8.63 mm compared to the public dataset, the study showed that 
weakly supervised DL can be used to assist biopsy navigation 
in realistic clinical workflow scenarios [31]. The above two 
recent works show that either learning the multi-scale frequen-
cy perception by transformer blocks or promoting salient fea-
ture representation with attention mechanisms, enhancing the 
model’s perception of global topology and important anatomi-
cal structures, is the critical path to solving the challenging 
non-rigid prostate registration problem.

3 DATASETS AND EVALUATION METRICS

Consistent datasets and unified evaluation criteria are essential 
to objectively evaluate and compare different DL-based regis-
tration approaches. In this part, we list typical public resources 
and basic evaluation criteria used by the prostate MRI-TRUS 
registration community.

3.1 Public datasets

The size, variety and annotation quality of a dataset directly 
determine how well a DL model will perform and to what 
extent it can be generalized. Today, most studies on prostate 
MRI-TRUS registration are based on a few publicly available 
datasets and internal private datasets, as patient privacy strictly 
restricts the collection and distribution of high-quality, large-
scale labelled datasets. A comparison between the two most 
representative public datasets and their peculiarities is provid-
ed in Table 1.

Datasets used in recent works are based on the following two 
approaches to algorithm verification. μ-RegPro is a very well-
controlled testbed [32]. In this dataset, MRI and TRUS volumes 

Table 1. Characteristics of representative public datasets for prostate MRI-TRUS registration
Dataset Scale Raw resolution Preprocessing and characteristics
μ-RegPro [32] 76 cases MRI: 120×128×128 voxels

TRUS: 81×118×88 voxels
Resampled to 0.8 mm³ isotropic resolution 

TCIA [33] Prostate subset T2WI: 0.5 mm/plane, 3.6 mm slice
DWI: 2.0 mm/plane, 3.6 mm slice
DCE: 1.5 mm/plane, 4.0 mm slice

Raw DICOM; 
Heterogeneous resolutions; 
Significant slice thickness

Note: MRI, magnetic resonance imaging; TRUS, transrectal ultrasound; TCIA, The Cancer Imaging Archive; T2WI, T2-weighted imaging; DWI, 
diffusion-weighted imaging; DCE, dynamic contrast-enhanced imaging; DICOM, Digital Imaging and Communications in Medicine.

https://doi.org/10.61189/167468gjipte


https://doi.org/10.61189/692164snwggk	 171

Progress in Medical Devices 2026; 4 (2): 165-177. 	 Chen et al.

are resampled to the same 0.8 mm3 isotropic resolution. 
Although this strict standardization removes the impact of res-
olution disparity and improves the repeatability of registration 
outcomes, it can lose some of the finer anatomy that is present 
in raw data.

On the other hand, The Cancer Imaging Archive maintains the 
raw clinical state of the imaging data [33]. It comprises diag-
nostic-grade Digital Imaging and Communications in Medicine 
sequences with heterogeneous resolutions, with good in-plane 
resolution (e.g., 0.5 mm, T2-weighted imaging) but large slice 
thicknesses (up to 4.0 mm). The Cancer Imaging Archive 
requires stronger preprocessing and adaptation capabilities for 
the registration models but provides better ecological validity 
in that it reflects the natural heterogeneity and artifacts of clini-
cal acquisitions.

3.2 Evaluation metrics

To evaluate registration performance in a quantitative manner, 
several widely used evaluation criteria are employed to mea-
sure registration quality based on different aspects, such as vol-
ume intersection ratio, surface point-to-surface distance, and 
inlier correspondences between intrinsic features.

TRE: TRE, which has been regarded as a “gold standard” to 
assess registration accuracy, quantifies the Euclidean distance 
between one fixed set of predefined, known corresponding 
points (landmarks) in the source and target images, which usu-
ally correspond to important anatomical landmarks, such as the 
urethra, prostate calcifications, or cysts. The TRE is defined as:
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where pim  and pis  denote the coordinates of the i-th correspond-
ing landmark in the target and source images, respectively, T 
represents the learned transformation, and N is the total num-
ber of points. A lower TRE indicates higher precision. In clini-
cal practice, a TRE of less than 2.0–3.0 mm is generally consid-
ered acceptable for targeted interventions.

Dice similarity coefficient (DSC): DSC measures the volume 
overlap between two binary masks (e.g., organ segmentations). 
It has values ranging from 0 to 1, where 1 represents an exact 
match. This is used to measure the similarity between the 
warped source mask and the target mask in a registration 
problem:
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where A and B represent the source and target masks. DSC is 
a highly effective metric for assessing the overall global align-
ment of an organ.

Hausdorff distance (HD): HD measures the maximum mis-
match between two surfaces:
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To reduce the impact of noise and outlier points, the 95th per-
centile HD is usually reported in the literature instead. It picks 
the maximal distance after removing the top 5 percent of the 
largest distances and serves as a strong indicator of local mis-
alignment at the boundary.

Mean surface distance (MSD): MSD measures the mean dis-
tance between every pair of corresponding points on each sur-
face. Compared with HD, MSD is not as sensitive to local outli-
ers and thus better reflects the overall surface matching 
quality.

Table 2 outlines the performance of state-of-the-art (SOTA) 
methods, categorized by their respective evaluation datasets. 
While direct numerical benchmarking is hindered by varying 
normalization protocols and dataset scales, these metrics offer 
a comprehensive trajectory of the field’s technical maturation 
and its ongoing shift toward clinical integration.

While the different origins of data, as well as the lack of stan-
dardization for data preprocessing, prevent us from making an 
absolute quantitative comparison among them, horizontally, 
the quantitative metrics summarized in Table 2 highlight a 
clear technical evolution, as well as the present-day bottlenecks 
in translating these advances into clinical practice. We also 
note, however, that performance can only ever be as good as the 
dataset on which it has been tested, with “best-case scenario” 
performance typically being obtained when testing on already 
aligned or curated datasets. Performance remains very limited 
on raw clinical data.

The first is that developments in model architecture have 
directly led to a decade’s worth of orders-of-magnitude im- 
provements in registration accuracy. Initial CNN and GAN-
based approaches (e.g., Zhu et al.; Yan et al.), which were 
restricted to the local receptive field and simple adversarial 
strategies, have TREs in a range of approximately 3.0–5.0 mm 
most of the time [17, 23]. By comparison, works in 2025 using 
transformers or diffusion models manage to lower the TRE 
below one millimeter (<1.0 mm) [30]. Note that those SOTA 
results mainly report on very standard benchmarks, where 
spatial pre-alignment reduces the initial pose variance. This 
indicates that, although modeling of complex deformations is 
important, the quality of the input data is one of the most 
important factors that determines the degree of reported 
success.

https://doi.org/10.61189/167468gjipte


Progress in Medical Devices 2026; 4 (2): 165-177. 	 Chen et al.

https://doi.org/10.61189/692164snwggk	 172

improve the accuracy and safety of prostate biopsy and other 
interventions: these tools are changing the paradigm of treat-
ment. Here we highlight some fundamental applications to 
clinical practice, and discuss various factors that make their 
clinical adoption difficult.

4.1 Clinical application scenarios

At present, MRI-TRUS fusion-targeted biopsy is the most 
mature and popular application scenario for fusion technology. 
Conventional systematic biopsy is usually restricted by the 
poor specificity of ultrasound, which results in “blind sam-
pling” and a high omission rate of csPCa [34-36]. Fusion-
guided systems instead map high-risk regions identified on 
MRI in real time, e.g., Prostate Imaging Reporting and Data 
System 4/5 lesions, onto intra-operative TRUS images to guide 
a precise trajectory of the needle, thereby improving the diag-
nostic yield of csPCa with a minimal number of cores and 
related complications [37]. For example, the PROST-Net model 
implemented on the PROST robotic platform to perform trans-
perineal biopsy with real-time prostate segmentation and track-
ing, thus minimizing errors due to subjective human factors 
[38]. Wang et al. developed an E2E pipeline including a pre-
processing module, the DeepReg registration network, and a 
live planning module, which generates both trajectory sugges-
tions and “collision warnings” between the organs at risk clos-
est to each other, showing that it is possible to have complete-
ly intelligent surgical assistance [39].

Precise registration technology is a key support for achieving 
focal therapy, such as high-intensity focused ultrasound or 

Second, physics-based constraints are important for achieving 
plausible deformation, although purely data-driven approaches 
typically achieve lower TRE: the absence of anatomical con-
straints leads to non-physical topology changes, as shown in 
works by Fu et al. and Hao et al. [22, 26]. While the TREs 
(approximately 1.57–3.72 mm) are still slightly higher than 
those from recent pure DL methods, the use of biomechanical 
constraints or FEM priors can prevent topological errors, e.g., 
Jacobian determinant folding. It stresses that forcing a physi-
cally realistic deformation field is at the core of ensuring safety 
for clinical deployment, even with low errors.

Lastly, there is still a large performance gap between con-
trolled experiments and the true clinical setting. As shown in 
the work of Yu et al., the same algorithm performed signifi-
cantly worse on more heterogeneous clinical data than it did on 
very well-controlled public datasets, with an increase in TRE 
from 7.86 mm to 8.63 mm [31]. This indicates that the good 
performance obtained by SOTA methods when operating on 
preprocessed data could be an overestimate of their perfor-
mance in realistic settings, and future efforts should not focus 
solely on improving performance on a reference dataset but 
should also attempt to take into account domain shift, multi-
modal interference, e.g., artifacts, and multicenter pathological 
variation to improve the clinical robustness of such models.

4 CLINICAL APPLICATIONS AND CHALLENGES

DL-based MRI-TRUS registration is not only a matter of 
developing algorithms, but it is also useful when incorporat- 
ed into clinical diagnosis and treatment processes. It could 

Table 2. Summary of performance metrics for representative DL-based prostate registration methods
Study Method TRE (mm) DSC HD95 (mm) MSD (mm) Dataset sources
Yan et al. 2018 [23] Adversarial (AIR-net) 3.480 - - - Private
Zhu et al. 2019 [17] CNN-based similarity <5.000 (in 

81% cases)
- - - Private

Zeng et al. 2020 [20] Label-driven weakly supervised 2.530±1.390 0.910±0.020 4.410 0.880 Private
Fu et al. 2021 [22] Biomechanically constrained 1.570±0.770 0.940±0.020 2.960±1.000 0.900±0.230 Private
Guo et al. 2023 [19] FVReg (CNN) 1.930 - - - Private
Lian et al. 2025 [24] Deformation-aware GAN 2.240±1.020 0.876 - - Private
Feng et al. 2025 [25] Salient region match 4.650±1.760 0.859±0.035 - - µ-RegPro
Mahmoudi et al. 2025 [30] 3D-WDA-PMorph 0.850 0.941 - - TCIA
Jiang et al. 2025 [21] Joint learning (MWFP) - 0.811±0.018 - - TCIA
Yu et al. 2025 [31] Weakly supervised (RERN) 7.860 (Pub); 

8.630 (Clin)
0.748 (Pub); 
0.730 (Clin)

10.180 (Pub); 
11.180 (Clin)

- µ-RegPro

Yao et al. 2025 [27] Label-aware diffusion 0.940 0.880 - - µ-RegPro
Hao et al. 2026 [26] BGProReg (Phy-GAN) 3.720±1.050 0.924±0.027 3.000±0.700 - μ-RegPro and TCIA
Note: TRE, target registration error; DSC, Dice similarity coefficient; HD95, 95th percentile Hausdorff distance; MSD, mean surface distance; 
DL, deep learning; AIR-net, adversarial image registration network; CNN, convolutional neural network; FVReg, frame-to-volume registration; 
GAN, generative adversarial network; MWFP, multi-level wavelet feature pyramid; RERN, residual-enhanced registration network; BGProReg, 
biomechanics-informed generative registration framework; Phy-GAN, physics-informed generative adversarial network; 3D-WDA-PMorph, 
three-dimensional wavelet-deep-separable-attention PMorph; TCIA, The Cancer Imaging Archive; Pub, public dataset; Clin, clinical dataset.
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cryoablation [40, 41]. For both treatments, the accurate deliv-
ery of energy to the preoperative MRI-targeted plan and real-
time MRI-TRUS registration facilitate accurate execution of 
the treatment plan as well as an adaptive response to tissue 
deformation due to thermal ablation or ice ball growth [40, 
42]. Additionally, for minimally invasive procedures such as 
brachytherapy, registering the pre-operative MRI and intra-
operative ultrasound improves targeting accuracy while spar-
ing organs at risk to decrease morbidity [43]. In order to tackle 
registration challenges due to the presence of metallic needle 
artifacts on ultrasound, researchers have suggested weakly 
supervised approaches for propagating the MRI-based pros-
tate contours onto the treatment-planning ultrasound image, 
enabling efficient dose allocation and analysis [44].

4.2 Technical and clinical translation challenges

Despite these promising results in isolated experiments, there 
are still some challenges that need to be addressed before 
applying a DL model as an evidence-based medical tool in 
real-life conditions [45].

4.2.1 Generalization and data bottlenecks

However, deep models, especially complicated CNNs or trans-
formers, are prone to highly fitting the particular distribution in 
the training set, which results in a severe performance drop 
when facing the heterogeneity of data from different centers, as 
the data are often unstandardized across device manufacturers 
or imaging protocols [46]. Additionally, due to strict patient 
privacy rules, e.g., General Data Protection Regulation and 
Health Insurance Portability and Accountability Act, and the 
prohibitive cost of expert annotation, most research is based on 
small-scale and single-center datasets. Large-scale standard-
ized multicenter data are one of the major limitations for dem-
onstrating generalizability and reaching the maximum achiev-
able performance.

4.2.2 Technical robustness and interpretability in complex 
scenarios

Although registration error is reported at a millimeter scale, 
the robustness of algorithms to inevitable “clinical noise”, e.g., 
bowel air-gas artifacts, non-uniform probe pressure, or extreme 
tissue distortion, remains to be rigorously stress-tested [47]. 
Furthermore, due to the “black-box” nature of DL, the deci-
sion-making process is opaque: if a clinician cannot interpret 
the registration logic, e.g., which landmarks have been matched, 
they will not necessarily believe in the outcome of the system. 
Therefore, designing explainable artificial intelligence (AI) to 
explain how the model reaches its conclusions can be neces-
sary before building confidence between engineers and clini-
cians [48].

4.2.3 Workflow integration and regulatory hurdles

A successful algorithm will need to seamlessly integrate into 
existing hospital information systems, i.e., picture archiving 
and communication systems/radiology information systems, 
and match the user interface/user experience preferences of 
surgical teams. As medical devices, such systems have to be 
approved by regulatory authorities such as the Food and Drug 
Administration or National Medical Products Administration, 
and there must be an built-in fault detection and error handling 
within the system itself. When the model’s confidence is low or 
an anomaly has been detected, it should warn and hand over 
control back to the doctor, adhering to the “human-in-the-loop” 
paradigm as a baseline for surgical safety.

5 FUTURE DIRECTIONS AND PERSPECTIVES

To solve the problems mentioned above, high-precision pros-
tate MRI-TRUS registration technology is developing toward 
robustness and deep clinical integration. With leading-edge 
technical trends as well as pressing clinical needs, we envision 
that future studies will focus on the following five main aspects:

The first is the development of a new generation of hybrid 
architectures as well as the exploration of more generative 
frameworks in future registration models. The key point of 
future registration models should be how to combine global 
information with local information from different scales. On 
one hand, transformer-based networks can effectively capture 
long-range dependencies, which have obvious advantages 
when dealing with the estimation of large-scale non-rigid 
deformation. On the other hand, it is believed that hybrid 
“transformer+CNN”-based networks would be responsible 
for keeping the global topological structure consistent while 
enforcing local pixel-wise correspondence. Furthermore, re- 
cently emerging generative networks, especially diffusion 
models, have shown remarkable performance in distribution 
modeling. Applying them to the task of cross-modal image 
synthesis or utilizing them as priors for deformation field gen-
eration can outperform conventional similarity measures, con-
tributing new mathematical tools to the field of unsupervised 
registration.

Second, future studies should focus on learning from limited 
resources. In order to avoid requiring massive amounts of 
expert supervision, few-shot learning and domain adaptation 
would be another major focus in future studies. A meta-learn-
ing or metric-learning framework could help improve the rapid 
adaptation capability when facing data from novel clinical cen-
ters or imaging devices. Furthermore, exploring efficient trans-
fer learning schemes, where the anatomical representation 
learned in well-populated domains, e.g., mono-modal MRI 
registration, is distilled to data-scarce MRI-TRUS tasks, is 
one such possible route toward alleviating the annotation bot-
tleneck problem.
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Third, future studies should focus on deep mining of multi-
modal radiomics. The existing methods mainly use single-
channel intensity or a binary mask. The paradigm is changing 
toward multi-parameter and multidimensional information 
fusion. Fusing multi-sequence MRI information, e.g., T2- 
weighted imaging, diffusion-weighted imaging, and dynamic 
contrast-enhanced imaging, and possibly including the meta-
bolic functional signature of prostate-specific membrane anti-
gen positron emission tomography/computed tomography, may 
be useful. Researchers may build high-dimensional radiomics 
feature spaces. These types of multi-modal constraints will 
help disambiguate the registration problem where there is 
ambiguity due to, for example, low contrast between tissues 
and/or similar grey values across modalities, thus improving 
the stability of soft tissue matching.

Fourth, future studies should focus on the incorporation of 
physical laws and biomechanical constraints. Purely data-
driven models tend to suffer from non-physical deformations, 
e.g., tissue folding. The integration of physics priors is critical 
for guaranteeing a unique and safe solution. Future work will 
focus more on explicitly incorporating diffeomorphic map-
ping, volume preservation, and biomechanical consistency 
constraints in terms of losses or networks. This guarantees that 
the learned deformation fields are also physically invertible, 
respecting the hyperelastic behavior of prostate tissues. FEA-
based strategies using FEA results to guide latent space learn-
ing would be important baselines in building “physics-aware” 
neural networks.

Finally, future studies should focus on “perception-planning-
execution” closed-loop intelligent system building. The final 
value of registration algorithms should be their translation into 
clinical practice. The mainstream direction is deeply integrat-
ing AI registration with surgical robotic control and real-time 
intraoperative imaging systems. The development of smart 
navigators that are able to track deformations in real time and 
dynamically correct trajectories, enabling a fully automatic 
closed loop between imaging diagnosis/pre-operative plan-
ning and robotically accurate intervention, is the ultimate way 
toward bringing PCa management to the age of automation, 
personalization, and non-invasive precision. Importantly, in 
order for such a shift to occur, further work is needed to 
reduce the “black-box” aspect of DL and focus on explainable 
AI techniques. Providing interpretable models with associat-
ed measures of confidence or maps showing important ana-
tomical features would allow clinicians to understand how the 
model made its prediction, thus enabling the clinical interpret-
ability and trust required for high-risk intervention adoption.

6 CONCLUSION 

Non-rigid MRI-TRUS registration is the key technology to 
achieve precision-targeted biopsy or focal therapy of PCa. 
Although it plays a very important role, accurate alignment has 

long been a challenge in the field of MI computing due to dif-
ferent cross-modal imaging physics, complex soft-tissue defor-
mations, and the ubiquitous absence of voxel-level annotations. 
DL has brought about a revolution in tackling such a non-linear 
mapping issue. In this survey, we have described clearly how 
the field has evolved: starting with fully supervised CNN E2E 
regressors, progressing to mixed CNN architectures using both 
weak supervision and physics-based constraints; from the use 
of GANs for bridging modality gaps to high-precision genera-
tive registration with diffusion models; and, finally, toward 
joint modeling of local fine structure and global topology 
through hybrid architectures and attention mechanisms. To 
date, it has been shown by the following works that DL tech-
niques are making significant progress in improving registra-
tion accuracy, acceleration, and convergence.

Currently, SOTA DL models have achieved sub-millimeter-
level accuracy (TRE<1.0 mm) on standard public datasets, with 
short (<0.5 s) inference times, making them suitable for intra-
operative real-time navigation. All these advances provide 
solid anatomical guidance for accurate biopsy, ablative thera-
py, and brachytherapy. However, we have to admit that all the 
above results are built upon idealized experiments; there exists 
a large “generalization gap” from lab benchmarks to real-world 
clinical scenarios. The stability and safety of such models 
against multicenter heterogeneous data, pathologically com-
plex cases, and intraoperative artifacts require additional vali-
dation in large-scale, prospective clinical studies.

In future work, we expect to shift our attention away from 
small improvements in accuracy and toward improving utility 
for clinical practice by focusing on out-of-sample perfor-
mance across institutions, developing low-resource training 
techniques, and strongly incorporating physics and biome-
chanical prior knowledge into neural network architecture 
design for plausible and safe deformation predictions. The final 
goal is to build highly automated, explainable, and effortlessly 
deployed E2E intelligent interventional systems through the 
synergistic coupling between advanced algorithms and surgi-
cal robots. These tools are expected to bring the field of PCa 
care into an age of automation, precision, and intelligent mini-
mally invasive interventions.
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