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Abstract

Objective: To investigate electrode weight reduction through structural modifications, focusing on variations in the 
thickness of circular electrodes to meet mechanical requirements. Additionally, optimal welding parameters were 
identified via experimental methods. Methods: Three electrode thicknesses were designed: 0.2 mm (T1), 0.3 mm 
(T2), and 0.4 mm (T3). The finite element method was used to analyze the stress, strain, and thermal effects on 
the surrounding tissue. In vitro tissue experiments assessed the mechanical strength of the anastomosis by mea-
suring tear force and rupture pressure. Results: Among the three designs, the T3 electrode exhibited the lowest 
strain (1.2%) and stress (122.26 MPa). Thermal simulations showed maximum tissue damage of 53.3% and min-
imum damage of 48.6%. The maximum tear force (9.87±0.83 N) and rupture pressure (222.88±13.48 mmHg) 
were achieved with a compression force of 20 N, welding power of 160 W, and welding time of 8 seconds. Conclu-
sion: T3 electrode demonstrated superior mechanical performance in the finite element analysis and successfully 
completed in vitro welding while minimizing electrode weight. Optimal welding parameters were identified.
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Highlights
● Three types of circular electrodes with varying thicknesses were designed to achieve weight reduction, accompa-
   nied by support structures for intestinal tissue on both sides.
● The mechanical properties of the three electrode configurations were systematically compared to determine the

optimal thickness for welding.
● In vitro tissue experiments successfully welded the tissue, identifying the optimal welding parameters.

Introduction

Colorectal cancer has become the fourth lead-
ing cause of cancer-related mortality world-
wide, accounting for approximately 900,000 
deaths annually. In my country, it ranks as one 
of the most common malignancies of the di-
gestive tract, with incidence and mortality rates 
placing third and fifth, respectively, among all 
cancers [1, 2]. Currently, the standard treat-
ment involves surgical resection of the affected 
intestinal tissue, followed by anastomosis of 
the remaining stump [3]. Common methods 
for anastomosis include manual suturing and 
stapler anastomosis [4]. However, sutures and 
staples used in manual methods can remain in 
the body, potentially causing foreign body reac-

tions. Additionally, complications such as bleed-
ing and anastomotic fistula may arise from the 
procedure [5-7].

To improve the quality of intestinal tissue anas-
tomosis, radiofrequency-based tissue welding 
technology has been proposed. This method 
uses a high-frequency current ranging from 
300 to 500 kHz, which, under the combined in-
fluence of radiofrequency energy and mechani-
cal pressure, generates heat through bioimped-
ance. This thermal effect denatures proteins in 
the intestinal tissue, leading to the formation of 
adhesions and the rapid creation of a continu-
ous anastomosis [8, 9]. The technology offers 
several advantages, including a reduced risk 
of tissue infection, high suturing efficiency, no 
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foreign material residue, and ease of operation 
[10].

Over the years, tissue welding technology based 
on radio frequency has seen significant ad-
vancements. In the late 1990s, the Ukrainian 
Paton Institute first proposed the use of radiof-
requency currents for tissue welding [11]. Hol-
mer et al. later confirmed that dual-electrode 
radiofrequency welding is an innovative method 
for achieving intestinal tissue anastomosis [12]. 
Zhao et al. used copper as the electrode mate-
rial, designing two different electrode structures 
for intestinal tissue anastomosis [13]; however, 
the need for a second operation to remove the 
copper electrode impeded recovery. This led to 
the development of implantable electrodes as a 
preferred option for welding applications. Zong 
et al. were the first to use degradable magne-
sium alloys as welding electrodes for intestinal 
tissue anastomosis [14]. Mao et al. improved 
welding strength and reduced thermal damage 
by optimizing the structure of magnesium alloy 
electrodes, though they did not address con-
cerns regarding in vivo fixation and electrode 
weight [15].

As electrodes used in tissue welding remain in 
the human body for extended periods, exces-
sive electrode weight can negatively impact 
the subsequent recovery of intestinal tissue 
[16]. This study aims to investigate methods for 
reducing electrode weight. Three circular elec-
trode designs with varying thicknesses were 
developed, incorporating support structures for 
the intestinal tissue on both sides. These struc-
tures were intended to enhance tissue fixation 
during the welding process and provide support 
to the anastomotic area during the healing 
phase. The forces acting on the electrodes 

were analyzed through a combined 
force-electrothermal simulation, and 
temperature variations at the anasto-
mosis, along with the extent of ther-
mal damage to the tissue, were as-
sessed. Furthermore, optimal welding 
parameters were identified through in 
vitro tissue welding experiments, and 
the effects of different output powers 
on tissue pathological changes were 
evaluated. These findings lay the 
groundwork for future in vivo studies.

Materials and methods

Electrode structure design

The electrode structure consists of two main 
components: the central region, designated for 
welding intestinal tissue, and two end sections, 
which support the tissue and generate friction 
to prevent tissue retraction. The overall design 
of the electrode is shown in Figure 1A. To min-
imize electrode weight while evaluating their 
pressure resistance limits, three circular ring 
electrodes with varying thicknesses-0.2 mm, 
0.3 mm, and 0.4 mm-were designed (Figure 
1B). The thickness of the central region is con-
sistent with that of the end sections across all 
three electrodes. Each electrode has an outer 
diameter of 20 mm, a length of 20 mm, and in-
ner diameters of 19.6 mm, 19.4 mm, and 19.2 
mm, respectively. The supporting structures at 
both ends are symmetrical, with a single-side 
length of 10 mm.

Electrode material characteristics

The outer electrode in the experiment was 
made of copper, which is known for its excel-
lent electrical conductivity, thermal conductivi-
ty, and antibacterial properties [17]. The inner 
electrode was constructed from a WE43 mag-
nesium alloy, designed to remain in the body 
following the welding process. The WE43 alloy 
is commercially available and is recognized for 
its good biocompatibility and ability to degrade 
gradually during the recovery of intestinal tis-
sue [18]. The material properties of both elec-
trodes are summarized in Table 1 [19-21].

Mechanical simulation

Figure 1. Overall electrode structure and thickness variations. (A) 
Overall electrode design; (B) Side view of the welding area with three 
different thicknesses (0.2 mm, 0.3 mm, 0.4 mm).

Table 1. Electrode material properties
Name Density, 

ρ (Kg/m3)
Young’s 
modulus (MPa)

Poisson 
ratio

YS 
(MPa)

UTS 
(MPa)

Thermal 
conductivity, λ (W/m/K)

WE43 magnesium alloy 1,866 45,270 0.27 162 250 51.3

Copper alloy 8,960 1.25e7 0.345 33.5 152 400

Note: YS, Yield strength; UTS, Ultimate tensile strength. 
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Since the electrode primarily applies force to 
the central region during the welding process, 
the simulation model was simplified by exclud-
ing the support area. To accurately model the 
force distribution, the outermost surface of the 
central section of the electrode was divided 
into two regions: one-third and two-thirds of the 
circumference.

The mechanical analysis of the three electrodes 
was performed using ANSYS 2020 R2 soft-
ware. After defining the boundary conditions 
for the finite element model, it was noted that 
the external copper electrode contacts only the 
middle third of the inner electrode (indicated 
by the dark region). Based on the force values 
from the corresponding experimental study, a 
20 N force was applied to the middle third of 
the electrode, as shown in Figure 2 [22].

Electrothermal simulation

The welding process was simulated using COM-
SOL 5.6 software. Since the support area is not 
involved in the welding region, it was excluded 
from the simulation model. As biological tissues 
were involved, the Pennies bioheat transfer 
model was applied. The governing equation for 
this model was:

(1)

where ρ was the tissue density,    denoted the 
specific heat,      indicated the thermal conduc-
tivity, and    is the temperature. Additionally,     
referred to blood density,     was the specific 
heat of blood,     represented arterial tempera-
ture, ω was the blood perfusion rate, and Q 
denoted the power absorption. Tissue thermal 
damage was calculated using the Arrhenius 
equation:

(2)

where         represented the degree of tissue 
damage,     was the heating time, A denoted 

the frequency factor,      was the activation en-
ergy, R representd the molar gas constant, and 
T was the absolute temperature.

RF AC voltages of 120 W, 140 W, and 160 W 
were applied to the outer copper electrode, 
while zero voltage was applied to the inner 
magnesium electrode. The total simulation du-
ration was 10 seconds, and the ambient tem-
perature was set to 25 °C at t=0.

In vitro tissue welding experiment

Fresh porcine small intestines were obtained 
from a local slaughterhouse, rinsed briefly with 
0.9% saline, and sectioned into 60-70 mm 
pieces. These were stored in phosphate buffer 
to maintain freshness and moisture. The Liga-
Sure vascular sealing system (Valleylab, Covi-
dien, USA) was used to supply radiofrequency 
power for tissue fusion. The intestinal tissue 
was placed on the surface of the magnesium 
alloy electrode (Figure 3B) in a mucosal-sero-
sa orientation. The copper electrode applied 
pressure to the tissue, with pressure monitored 
using a gauge. A schematic of the welding 
experiment setup is shown in Figure 3A. Nine 
welding groups were designed with varying 
welding times and power levels, each replicated 
five times. Details of the experimental groups 
are outlined in Table 2.

Anastomosis strength test

The strength of the anastomosis was assessed 
using avulsion force and burst pressure tests. 
The avulsion force refers to the maximum ten-
sile force applied to the anastomosis until it 
ruptured during stretching, while burst pressure 
referred to the maximum pressure at which the 
anastomosis began to leak during perfusion. 
For the tensile force test, the ends of the anas-
tomotic tissue were secured in clamps of a uni-
versal material testing machine, and the tissue 
was stretched at a rate of 10 mm/s [15]. The 
tensile force at rupture was recorded (Figure 
3D). For the burst pressure test, 0.9% saline 
was injected into the welded intestinal tissue at 
a constant rate of 2 ml/min, with the pressure 
value noted when leakage occurred from the 
anastomotic area (Figure 3C) [23].

Histopathological examination

Intestinal tissue samples, both pre- and 
post-welding, were collected and preserved in a 
neutral formalin solution. Histopathological ex-
amination was performed using a fluorescence 
microscope following standard procedures, 
including dehydration, clarification, paraffin em-

Figure 2. Force loading schematic.
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bedding, sectioning, baking, hematoxylin-eosin 
staining, and neutral resin mounting.

Results

Electrode mechanics simulation results

A pressure of 20 N was applied to the circular 
electrode, and the strain distribution results are 
shown in Figure 4A-C. Under this pressure, the 
maximum deformations for the T1, T2, and T3 
electrodes were 1.8903 mm, 0.5526 mm, and 
0.2319 mm, respectively, with corresponding 
maximum strains of 9.2%, 2.8%, and 1.2%. The 
T3 electrode exhibited the smallest deforma-
tion, while the T1 electrode showed the largest. 
The maximum strains for all three electrodes 

occurred at the pressure application point, and 
the deformation decreased with increasing 
electrode thickness. All three electrodes were 
made of WE43 magnesium alloy, a material 
with an elongation range of 4% to 8% [24]. The 
strain in the T1 electrode (9.2%) exceeded the 
material’s elongation limit, suggesting that frac-
ture deformation would occur under the applied 
20 N pressure. In contrast, the strains in the 
T2 (2.8%) and T3 (1.2%) electrodes remained 
below the material’s elongation limit. Therefore, 
while the T1 electrode did not meet mechanical 
requirements due to excessive strain, the T2 
and T3 electrodes exhibited strains within the 
allowable range, indicating they would meet 
the mechanical demands of the welding experi-
ment.

The stress simulation results are presented 
in Figure 4D-F. Under a pressure of 20 N, the 
maximum stresses for the T1, T2, and T3 elec-
trodes were 321.91 MPa, 181.43 MPa, and 
122.26 MPa, respectively. The T3 electrode ex-
hibited the lowest stress, while the T1 electrode 
experienced the highest. Additionally, stress in 
the electrode decreased with increasing elec-
trode thickness. The yield strength of WE43 
magnesium alloy is approximately 180-260 
MPa [24]. The stresses in the T1 (321.91 MPa) 
and T2 (181.43 MPa) electrodes exceed the 
yield strength of the WE43 magnesium alloy, 

Table 2. Welding experiments of each group
Group Welding 

time (s)
Energy 
power (W)

1 6 120
2 8
3 10
4 6 140
5 8
6 10
7 6 160
8 8
9 10

Figure 3. Experimental tissue welding in vitro. (A) Intestinal tissue welding platform; (B) WE43 magnesium alloy 
electrode; (C) Schematic diagram of burst pressure test; (D) Schematic diagram of avulsion force test. DAQ, Data 
acquisition card; PC, Personal computer. 
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suggesting both electrodes would undergo plas-
tic deformation, resulting in irreversible shape 
changes. From a stress perspective, the T1 and 
T2 electrodes cannot withstand the applied 
force during the experiment, while the T3 elec-
trode satisfies the mechanical requirements.

Electrothermal simulation results

The temperature distribution of intestinal tissue 
at different power levels is illustrated in Figure 
5A-C. As the power increases, the maximum 
temperature within the model also rises. The 
figure showed that the high-temperature region 
was primarily concentrated under the copper 
electrode, with the extent of the high-tem-
perature area expanding as power increased. 
As seen in Figure 6B, the average maximum 
tissue temperatures at three different power 
levels were 65.1 °C, 68.0 °C, and 69.6 °C, 
respectively. All of these temperatures exceed 
60 °C, indicating that successful welding can 

be achieved. Thermal damage to the tissue, 
shown in Figure 6D, begins to appear three 
seconds after power is applied and increases 
rapidly. After four seconds, the thermal damage 
area starts to expand gradually. At the three 
power levels, the average maximum thermal 
damage to the tissue was 48.6%, 51.6%, and 
53.3%, respectively.

Additionally, two points, labeled a and b, were 
marked at the center and edge of the inner 
electrode (Figure 6A) to monitor temperature 
changes at different tissue sites. As shown 
in Figure 6C, the temperature at point b was 
significantly lower than at point a. The tem-
perature at point a rose rapidly at first, then 
increased more slowly, while the temperature 
at point b increased steadily and gradually.

Biomechanical properties of anastomosis

In this experiment, the T3 electrode was used 

Figure 4. Mechanical simulation results of electrodes with different thicknesses (0.2 mm, 0.3 mm, 0.4 mm). (A-
C) Simulation results of three types of electrode strain; (D-F) Simulation results of three types of electrode stress.

Figure 5. Electrothermal simulation results at different powers. (A) 120 W; (B) 140 W; (C) 160 W.
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as the experimental electrode. The results of 
the tear-off force are shown in Figure 7A. The 
tear-off force initially increased and then de-
creased as welding time extends, across all 
three output power levels. Notably, at an output 
power of 120 W and a welding time of 6 sec-
onds, the tear-off force reached its minimum 
value of 3.64±0.67 N, suggesting that the 
anastomosis may fail under lower output power 
and shorter welding durations. In contrast, at 
an output power of 160 W and a welding time 
of 8 seconds, the tear-off force reached its 
maximum value of 9.87±0.83 N. The results 

of the Student’s t-test indicated no significant 
difference in the tear-off force at output powers 
of 140 W and 160 W after 8 seconds of weld-
ing (P=0.38). Therefore, further burst pressure 
experiments would be conducted to determine 
the optimal output power for welding parame-
ters.

Intestinal tissue welding experiments were 
conducted at two output power levels, and the 
burst pressure results are shown in Figure 7B. 
The welding time was fixed at 8 seconds. At an 
output power of 140 W, the burstpressure was 

Figure 6. Changes in tissue temperature and proportion of necrotic tissue under three output powers. (A) Do-
main point location of T3 electrode; (B) Average temperature change of the welding area; (C) Temperature chang-
es at domain points; (D) Proportion of necrotic tissue.

Figure 7. Biomechanical properties of anastomotic tissues under different welding parameters. (A) The avulsion 
force of the anastomotic tissue under different output powers (120 W, 140 W, 160 W) and different welding times 
(6 s, 8 s, 10 s); (B) The burst pressure of the anastomotic tissue at two output powers (140 W, 160 W) in 8-second 
welding time (***indicates a p value less than 0.001, indicating an extremely significant difference between the 
two sets of data).
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143.31±5.02 mmHg, while at 160 W, the burst 
pressure increased to 222.88±13.48 mmHg. 
Clinically, the highest intra-abdominal pressure 
typically ranges from 100 to 150 mmHg [25]. 
The results indicate that only at an output pow-
er of 160 W did the burst pressure exceed the 
maximum intra-abdominal pressure. Therefore, 
an output power of 160 W and a welding time 
of 8 seconds were selected as the optimal 
welding parameters.

Histopathological examination

Figure 8 presents histopathological images of 
normal intestinal tissue and the anastomosis 
site under two magnifications, with a com-
pression force of 20 N and a welding time of 8 
seconds. The distinct separation of the serosa, 
muscular layer, submucosa, and mucosa was 
clearly visible in normal intestinal tissue. In 
contrast, the anastomosis area following weld-
ing exhibited a reduced thickness of the two in-
testinal layers, with a tightly fused connection, 
suggesting enhanced tissue union under the 
applied welding conditions. At an output power 
of 140 W, the anastomosis area displayed an 
uneven structure, with regions ranging from 
loose to dense, increasing the likelihood of 
leakage under the peristaltic forces of the in-
testine. However, at an output power of 160 W, 
the anastomosis demonstrated a more uniform 
thickness with a stable and secure connection, 
indicating more reliable tissue fusion.

Discussion

Colorectal cancer is a common malignancy 
of the digestive tract. Clinically, after surgical 
resection, the remaining tissue is typically re-
connected using manual suturing or stapler 
anastomosis. However, both methods are asso-
ciated with complications such as bleeding and 
anastomotic fistula formation. To address these 
challenges, tissue welding technology utilizing 
radiofrequency energy has been proposed as 
an innovative approach for tissue anastomosis. 
This technique leverages the thermal effects on 
tissue to achieve rapid and secure anastomosis 
without the need for foreign materials, offering 
distinct advantages over traditional methods.

Biodegradable magnesium alloys present a 
novel approach to tissue welding electrode de-
sign. Unlike traditional materials, magnesium 
alloy electrodes do not require removal through 
secondary surgery after completing tissue 
anastomosis, minimizing tissue damage. Mao 
et al. developed welding electrode structures 
using magnesium alloys, demonstrating im-
proved welding strength while maintaining safe-
ty [15]. However, their study did not investigate 
the effects of electrode weight and mechanical 
support in depth. Therefore, this study focuses 
on electrode thickness and explores the poten-
tial for weight reduction while preserving me-
chanical strength.

First, mechanical simulations were conducted 
on the three types of circular electrodes. The 
results indicated that, under a force of 20 N, 
both the stress and strain experienced by the 
electrodes gradually decreased with increasing 
thickness. This suggests that a greater thick-
ness reduces the likelihood of plastic deforma-
tion and stress concentration. Conversely, if the 
electrode is too thin, it may fail to provide effec-
tive support, potentially leading to anastomosis 
failure. Therefore, it is essential to identify a 
thickness that balances mechanical require-
ments with the need to reduce electrode weight 
based on material characteristics.

In our study, the maximum deformation of the 
T3 electrode was measured at 0.23194 mm, 
with a corresponding maximum strain of 1.2% 
and maximum stress of 122.26 MPa. These 
values fell within the elongation and yield 
strength range of WE43 magnesium alloy, indi-
cating that this electrode meets the mechanical 
requirements for operational use. In contrast, 
the other two electrodes exceeded the materi-
al’s yield strength, posing a risk of plastic defor-
mation. Thus, an optimal thickness of 0.4 mm 
was selected for the electrodes.

Finite element analysis was conducted to ex-
amine the temperature distribution and ther-
mal damage of the anastomotic tissue at three 
different power levels: 120 W, 140 W, and 
160 W. The results showed that the minimum 

Figure 8. Histopathological examination of the anastomotic area. (A) Normal intestinal tissue; (B) Anastomosis 
area at 140 W power; (C) Anastomosis area at 160 W power.
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average maximum temperature of the tissue 
was 65.1 °C, while the maximum was 69.6 
°C. The minimum average maximum thermal 
damage was 48.6%, and the maximum was 
53.3%. These findings indicate that, under 
the same mechanical pressure and welding 
time, increasing power has a minimal effect 
on the average thermal damage to the tissue. 
The temperature differences observed at key 
points, labeled a and b, may be attributed to 
their positions relative to the welding area. 
Point a is located within the welding area, 
where the welding power directly influences the 
region, causing a rapid temperature increase. 
In contrast, point b is situated outside the 
welding area, where heat is transmitted through 
the electrode, leading to heat dissipation. As a 
result, the temperature increase at point b lags 
behind that at point a, and the temperature 
remains lower.

Mechanical pressure, output power, and weld-
ing time collectively influence the effectiveness 
of anastomosis. Research indicates that a 
pressure of 20 N is acceptable for tissue during 
welding. However, due to variations in electrode 
structure and materials, it is crucial to deter-
mine the optimal welding parameters, including 
output power and welding time, in this study. 
During normal intestinal function, peristalsis 
occurs. If the anastomotic tissue is not ade-
quately adhered, there is a risk of anastomotic 
leakage. Effective anastomosis can only be 
achieved if it can withstand intestinal peristal-
sis.

Common methods for evaluating welding ef-
fectiveness include the avulsion force test and 
burst pressure test. The welding outcome is 
assessed by comparing the maximum tensile 
force at which the anastomosis fails during 
stretching with the maximum pressure at which 
leakage occurs during perfusion. Generally, an 
avulsion force exceeding 6 N and a burst pres-
sure greater than 30 mmHg are considered 
necessary for successful anastomosis [26]. In 
our study, with an output power of 160 W and 
a welding time of 8 seconds, the avulsion force 
reached a maximum of 9.87±0.83 N, and the 
burst pressure was recorded at 222.88±13.48 
mmHg. Additionally, histopathological examina-
tion revealed a uniform thickness of the anas-
tomotic area with a stable connection, which 
adequately met the mechanical requirements 
for the intestine under normal physiological 
conditions.

In conclusion, we designed three different 
thicknesses of circular electrodes to reduce 
the electrode weight. Finite element analysis 

revealed that a thickness of 0.4 mm satisfies 
the mechanical requirements for the welding 
process. In vitro tissue welding experiments, in-
cluding tearing force, burst pressure tests, and 
tissue pathology assessments, were conducted 
to evaluate the performance of the electrodes. 
The results demonstrated that the optimal 
welding parameters were 8 seconds of welding 
time and 160 W of output power, yielding an av-
erage tearing force of 9.87±0.83 N and an av-
erage burst pressure of 222.88±13.48 mmHg.

We have investigated the optimal electrode 
thickness from a mechanical perspective. How-
ever, the in vivo corrosion behavior of magne-
sium alloy-based implanted electrodes requires 
further experimental investigation. Additional 
research is needed before these electrodes can 
be fully considered for clinical application.
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Abstract

Radiation therapy is a complex and high-precision technique that requires strict performance criteria for linear 
accelerators. One of the key factors influencing the quality of radiotherapy is the positioning accuracy of each leaf 
of the multileaf collimator. This mini-review discusses three commonly used dosimetry-based methods for evaluat-
ing multileaf collimator positioning accuracy: the dose film method, the Matrixx ionization chamber array method, 
and the electronic portal imaging device method. The review highlights the differences between these methods, 
showing that both the electronic portal imaging device and Matrixx methods offer higher measurement repeatabil-
ity compared to the dose film method. However, the electronic portal imaging device method is more complex to 
implement than the Matrixx method.

Keywords: Positioning accuracy, multi leaf collimators, radiation therapy

Highlights
● A comprehensive review of the structure, 3D and 2D views, operational principles, and major manufacturers of 
  multileaf collimators (MLCs) used in radiation therapy.
● Introduction and comparison of three methods for evaluating the positioning accuracy of MLCs: dose film mea
  surement system, Matrixx ionization chamber array, and electronic field imaging system.

Introduction

Radiation therapy has revolutionized cancer 
treatment by significantly increasing the radia-
tion dose delivered to tumors while minimizing 
exposure to organs at risk, thereby improving 
tumor control rates. Achieving optimal out-
comes in radiation therapy requires high-preci-
sion irradiation techniques and stringent per-
formance standards for linear accelerators. A 
critical factor affecting the success of radiation 
therapy is the positioning accuracy of each leaf 
in the multileaf collimator (MLC) [1, 2].

An MLC is a beam-limiting device composed of 
multiple independent “leaves” made from high 
atomic number materials, typically tungsten. 
These leaves can move individually to shape 
and modulate the intensity of the radiation 
beam. MLCs are used in external beam radio-
therapy to deliver conformal radiotherapy and 
intensity-modulated radiation therapy [3, 4]. 
Due to the high precision required in shaping 
the dose, as well as the dynamic changes in 
gantry speed and dose rate during intensi-
ty-modulated radiation therapy and volumetric 
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modulated arc therapy treatments, patient-spe-
cific pretreatment quality assurance is essen-
tial. Even minor deviations in MLC leaf positions 
can lead to significant inaccuracies in dose 
distribution, affecting the intended doses to the 
tumor and organs at risk [5-7]. For example, 
Rangel et al. reported that a 1 mm deviation in 
MLC leaf positioning could result in dose differ-
ences of up to 5.6% in the equivalent uniform 
dose for clinical target volumes in head and 
neck cancer treatment plans [7].

The MLC is primarily composed of multiple leaf 
pairs, as illustrated in Figure 1, with a 3D view 
in Figure 1A and a 2D view in Figure 1B. The 
position of the MLC leaves is adjusted based 
on the target area, allowing the radiation beam 
to be shaped according to the projection of 
the target on the irradiation plane. In practical 
applications, the leaves are driven by micromo-
tors, which convert rotational motion into linear 
leaf movement through a screw mechanism. 
To ensure accurate leaf positioning, the speed, 
acceleration, and number of rotations or steps 
of the driving motors are precisely controlled, 
often using an encoder to monitor and regulate 
each motor’s movement [8, 9].

Leading manufacturers of radiation thera-
py equipment include Varian, known for its 
advanced radiation therapy solutions [8, 9]; 
Elekta, which offers versatile linear accelera-

tors with artificial intelligence (AI)-enhanced 
imaging and adaptive capabilities [10]; and 
Siemens, which has developed systems to aid 
in radiation therapy planning. OUR United Cor-
poration, a specialized company based in Xi’an, 
China, focuses on the research, development, 
production, and service of innovative technolo-
gies and equipment for tumor radiotherapy [11-
15]. Table 1 compares the MLC performance 
metrics, including positioning accuracy, number 
of leaves, leaf thickness, and field size, across 
different manufacturers [11-15].

Currently, there are three primary dosime-
try-based methods for detecting MLC position-
ing accuracy: the dose film measurement sys-
tem, the MatriXX ionization chamber array, and 
the electronic portal imaging device (EPID) [16, 
17].

Primary dosimetry-based methods

Dose film measurement system

This method utilizes Kodak X-OMAT V film, 
which is enclosed in an opaque envelope and 
processed using an automatic film processor. 
The film is scanned with a VIDAR DosimetryPro 
Advantage film scanner, and data is analyzed 
using RIT113 film analysis software. Figure 2 
illustrates the solid water phantom used for 
radiotherapy validation. Constructed from poly-

Figure 1. Principle of the MLCs. (A) 3D view of the MLCs; (B) 2D view of the MLCs. MLCs, multileaf collimators; 
OAR, organs at risk. 

Table 1. Comparisons of the MLC performance across difference companies

Company Type Positioning Accu-
racy (mm)

Number of 
Leaves

Leaf Thickness 
(mm)

Field Size 
(mm×mm)

Varian Corp.
Millennium 120
HD 120
Halcyon

±1
±1
±1

120
120
114

5
2.5
10

400×400
220×400
280×280

Elekta Corp.
MLCi/MLCi2 ±0.5 80 10 400×400
Apex mMLC ±0.25 112 2.45 120×140

Siemens Corp. MLC-82 ±0.3 82 10 400×400
OUR United Corp. TaiChi-120 ±0.3 120 5 400×400

Note: MLC, multileaf collimator; HD, high definition. 
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styrene, the phantom measurs 300 mm × 300 
mm, and consists of 29 layers of 10 mm thick-
ness, along with one layer of 5 mm thickness, 
two layers of 2 mm thickness, and one layer 
of 1 mm thickness. To perform optical density 
calibration with this method, follow these steps 
[18]:

(1)	 Set the source-to-skin distance to 100 cm 
and place a 2 cm thick solid water phan-
tom on the film. Set the irradiation field to 
4 cm × 4 cm.

(2)	 Expose the film to 8 different dose fields at 
various positions. Record the average opti-
cal density for each field center.

(3)	 Use segmented polynomial fitting software 
to establish a dose-response curve from 
these recordings. Draw a crosshair at the 
geometric center of the film before expo-
sure and align it with the light field to deter-
mine the field center.

(4)	 Create leaf position templates for the four 
fields mentioned above in the RIT113 soft-
ware. Input the processed validation films 
into RIT113 using the DosimetryPro Advan-
tage film scanner.

(5)	 Utilize the established template file to ana-
lyze the accuracy of each picket position by 
measuring the center position of the 51% 
dose line between each pair of pickets.

MatriXX ionization chamber array

The MatriXX ionization chamber array from IBA, 
Germany, is used for this method, as shown in 
Figure 3. Each chamber is factory-calibrated to 
ensure consistent measurement results. IBA’s 
OmniPro I’mRT software is used for data collec-
tion and analysis of accelerator field dose data 
[18]. The procedure for this method involves 
the following steps [18]:

(1)	 Position the MatriXX array horizontally un-
der the accelerator and align its effective 
measurement surface with the isocenter 
plane using a laser lamp. Place a 2 cm 
thick solid water phantom on the isocenter 
plane.

(2)	 Open the accelerator beam to a 25 cm × 
25 cm field size and preheat the MatriXX 
array with continuous beam output, mon-
itoring for consistent response from each 
chamber

(3)	 Once preheated, collect four field shapes 
using the Movie mode. Use the Multiple 
Row Analysis function in OmniPro I’mRT 
software, a user-friendly application for 
comprehensive plan verification and quality 
assurance of intensity-modulated radiation 
therapy, IGRT, and rotational treatments. 
Analyze the positioning accuracy of each 
pair of pickets, applying the Fermat inter-
polation algorithm to accurately detect the 
edges of the radiation field.

Figure 2. Delta instruments radiotherapy verification solid water phantom SRT-033. (A) Solid water phantom in a 
test chamber; (B) Layers view with different thickness. This figure is cited from [18]. 

Table 2. Coordinates of reference leaves in place (mm)

Measurement method
50×200 100×200 150×200 200×200
X1 X2 X1 X2 X1 X2 X1 X2

Dose film 24.6 25.3 49.5 50.3 74.9 75.3 99.5 100.3
MatriXX 24.3 25.4 49.4 50.5 74.6 75.7 99.8 100.6
EPID 24.8 25.3 49.7 50.3 74.7 75.3 99.2 99.9
Maximum difference 0.5 0.1 0.3 0.2 0.3 0.4 0.6 0.7
Mean and standard deviation 0.39±0.20
Note: EPID, electronic portal imaging device.
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Electronic field imaging system

This method employed the electronic field im-
aging system, known as IView GT, developed 
by Elekta — a global Swedish company spe-
cializing in radiation therapy and radiosurgery 
equipment, as well as clinical management for 
treating cancer and brain disorders [19-21]. 

The IView GT system consists of an amorphous 
silicon detector array with an effective imaging 
area of 26 cm × 26 cm at the isocenter. The 
measurement range can be extended through 
electronic translation in the G-T (gantry-tilt) and 
A-B (anterior-posterior) directions of the accel-
erator. It supports energy levels from 4 to 20 
MV and a dose rate range of 50 to 600 MU/
min [19-21]. Data collection and analysis are 
conducted using IBA’s AutoCAL software (Ion 
Beam Applications) [19-21]. Figure 4 shows the 
IView GT amorphous silicon detector panel, and 
Figure 5 displays the AutoCAL software inter-
face. The following steps should be performed 
according to AutoCAL software requirements 
before measurement:

(1)	 Align the small machine head of the accel-
erator parallel to the detection panel.

(2)	 Calibrate the pixel size of the IView GT de-
tector panel.

(3)	 Set a radiation center as a reference point 
for measuring absolute dimensions.

(4)	 Align the machine center, represented by 
the crosshairs of the small machine head, 
with the radiation center.

After completing these steps, the AutoCAL 
software’s Size Test function could be used to 
collect data from four fields for analysis.

Discussion

Table 1 presents the measurement results for 
a pair of leaves of the same accelerator at dif-
ferent positions using the three measurement 
methods. The maximum difference in results 
among these methods is less than 1 mm. The 
measurement outcomes for all other leaves 
are consistent with Table 2, and the maximum 
difference for each group of leaves across dif-
ferent field sizes is also less than 1 mm. This 
indicates that all three methods can effectively 
perform quality assurance testing on the MLCs 
of the same accelerator, with largely consistent 
results. Generally, the dose film measurement 
system exhibits lower measurement repeatabil-
ity, while the MatriXX ionization chamber array 
and the electronic field imaging system demon-
strate higher repeatability.

The positioning accuracy of MLCs is a critical 
factor influencing the success of radiotherapy. 
High-performance standards for accelerators 
are essential for the precise and complex irradi-
ation procedures required in radiation therapy.

Figure 5. Graphical user interface of AutoCAL soft-
ware.

Figure 4. The Elekta Synergy Linear Accelerator.

Figure 3. IBA MatriXX 2D Array. 
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Conclusion

This paper provides a brief review of three com-
monly used dosimetry-based methods for de-
tecting MLC positioning accuracy: the dose film 
measurement system, the MatriXX ionization 
chamber array, and the EPID. Among these, the 
EPID and the MatriXX ionization chamber array 
offer higher measurement repeatability com-
pared to the dose film measurement system. 
However, the EPID is more complex to set up 
and requires more sophisticated software than 
the MatriXX ionization chamber array.

Author contributions: Yuxi Fang searched relat-
ed articles, created the figure of the principle of 
the MLCs, and wrote the mini review. Rongguo 
Yan provided writing ideas and guided the writ-
ing. Chunying Jiao and Yueling Li contributed 
in giving knowledge of measurement methods 
for the positioning accuracy of multi leaf colli-
mators in radiation therapy, and providing lit-
eratures. Baolin Liu helped in proofreading the 
paper.
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Abstract

Medical ultrasound imaging, as a non-invasive, safe, and reliable technology, plays an important role in clinical 
diagnosis and treatment. However, traditional ultrasound imaging techniques have limitations such as low res-
olution, poor penetration depth, and high noise levels. To address these issues, beamforming algorithms have 
become essential. This paper discusses the development and current research status of beamforming algorithms 
in the context of medical ultrasound systems, focusing on commonly used beamforming algorithms such as syn-
thetic aperture imaging, adaptive beamforming (especially minimum variance distortionless response), and gener-
alized sidelobe canceller technology. These algorithms optimize the emission and reception of ultrasound waves, 
overcoming the limitations of traditional techniques and improving image resolution, penetration depth, and noise 
suppression. They provide support for the advancement of medical ultrasound imaging technology and its clinical 
applications.

Keywords: Medical ultrasound imaging, beamforming algorithms, synthetic aperture, minimum variance, general-
ized sidelobe canceller

Highlights
● Algorithms such as adaptive beamforming and synthetic aperture technology have significantly improved the 
  quality of ultrasound images. 
● New algorithms, such as deep learning, can adapt to more complex signal environments at the expense of 
  real-time performance.
● Combining different algorithms can overcome the limitations of a single algorithm, thereby improving image res-
  olution, contrast, and noise resistance.

Introduction

Since its inception in the mid-20th century, 
medical ultrasound imaging technology has 
undergone continuous innovation and devel-
opment, becoming an indispensable tool in 
modern medical diagnosis and treatment. In-
troduced in the 1950s, ultrasound technology 
primarily featured A-mode and B-mode ultra-
sound. A-mode ultrasound (Amplitude Mode) 
was mainly used to measure the distance of 
tissue interfaces, generating one-dimensional 
amplitude images, while B-mode ultrasound 
(Brightness Mode) produced two-dimensional 
grayscale images through brightness modula-

tion, providing a more intuitive display of tissue 
structures. Although these early technologies 
had relatively low image quality and resolution, 
they marked the initial application and develop-
ment of medical ultrasound imaging technology 
[1].

With advancements in electronic and com-
puter technologies, real-time two-dimensional 
ultrasound (2D Ultrasound) gained popularity 
between the late 1960s to the 1970s. This 
technology, by utilizing mechanical or electronic 
scanning probes to generate and display re-
al-time two-dimensional images of the human 
body, greatly improved the efficiency and diag-
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nostic capabilities of ultrasound examinations 
[2]. It became widely applied in abdominal, 
cardiac, and obstetric examinations. Since 
then, medical ultrasound imaging technology 
has become a focal point of research. Technol-
ogies such as three-dimensional ultrasound, 
harmonic imaging, and endoscopic ultrasound 
have continued to evolve. These advancements 
have significantly improved the accuracy and 
efficiency of clinical diagnosis while expanding 
the application scope of ultrasound in disease 
diagnosis, treatment, and prognosis evaluation, 
solidifying its critical role in modern medicine.

To achieve high-quality ultrasound imaging, 
there is a growing demand for advanced ultra-
sound beamforming algorithms. The conven-
tional Delay-and-Sum (DAS) Beamforming algo-
rithm aligns the phases of signals from specific 
directions by applying delays and weights to 
signals received by each antenna, thereby en-
hancing signals from those directions. While 
this method is simple and computationally ef-
ficient, it has limited ability to suppress sidelo-
bes and cannot effectively filter out interference 
signals from other directions [3]. The Dynamic 
Receive Focus algorithm, which fixes the trans-
mission focus and overlays delayed ultrasound 
echo signals to obtain images, provides higher 
resolution and contrast near the transmission 
sound field focus, but results in overall lower 
quality ultrasound images [4]. The Synthetic Ap-
erture (SA) beamforming algorithm, proposed 
by the team led by Professor Jensen at the Fast 
Ultrasound Imaging Center of the Technical Uni-
versity of Denmark, improves ultrasound image 
quality by sequentially excites individual array 
elements for wave transmission and allowing 
all array elements to receive the signals. This 
bidirectional focus of both transmission and 
reception, achieved through time-of-flight cal-
culations, significantly enhances image clarity 
[5]. The Minimum Variance (MV) beamforming 
algorithm, proposed by Capon, constructs the 
weights of each channel in the phased array 
ultrasound endoscope from a signal processing 
perspective. It maintains an ideal signal while 
suppressing the total output signal energy, 
thereby improving image quality [6]. Nilsen’s di-

agonal loading algorithm and subarray smooth-
ing algorithm further enhance the robustness 
of the MV algorithm [7]. 

Domestic researchers have also conducted 
in-depth research on ultrasound imaging algo-
rithms. Li et al. applied graphics processing unit 
parallel computing to the SA algorithm, solving 
the issues of computational complexity and 
large data demands, which improved imaging 
speed [8]. Su Ting et al. proposed the multi-line 
acquisition delay multiply and sum algorithm, 
which reduces the correlation between echo 
signals by combining and multiplying them us-
ing the MV approach [9]. Wang et al. proposed 
a MV algorithm that combines signal-to-noise 
ratio post-filtering and feature space fusion, 
leading to enhanced resolution and contrast 
compared to the traditional MV algorithm, with 
improved adaptability to noise [10].

Through domestic and international research, it 
is evident that classic beamforming algorithms 
such as DAS, MV, SA, and Generalized Sidelobe 
Canceller (GSC) remain essential in medical 
ultrasound imaging. This paper reviews the 
research progress on beamforming algorithms 
in the field of medical ultrasound. The second 
section introduces the basic principles and 
technical characteristics of ultrasound beam-
forming, including the generation, propaga-
tion, and reflection mechanisms of ultrasound 
waves. The third section briefly describes the 
literature retrieval process and summarizes the 
main content and conclusions of the reviewed 
literature. The fourth section introduces more 
classical beamforming algorithms and related 
technologies in existing research. The final 
section summarizes the main trends and chal-
lenges in current research on ultrasound endo-
scopic image processing and proposes future 
research directions.

The basic principle of endoscopic ultrasound

The acoustic principles and propagation char-
acteristics of ultrasound are the foundation of 
ultrasound imaging. Ultrasound is a type of me-
chanical wave with a frequency higher than the 

Table 1. Characteristics of ultrasound waves of different frequencies and their application
Frequency (MHZ) Characteristics Applications

Low-frequency 
ultrasound

2-5 Capable of penetrating deeper tissues, 
suitable for observing deeper structures.

Liver, pancreas, heart, etc.

Mid-frequency 
ultrasound

5-12 Has higher resolution, suitable for observ-
ing structures at moderate depths.

Digestive tract, kidneys, 
bladder, etc.

High-frequency 
ultrasound

12-20 High-frequency ultrasound has higher 
resolution, suitable for observing superficial 
structures.

Breast, thyroid, ocular 
structures, etc.
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human hearing range, typically above 20 kHz. 
The higher the frequency, the shorter the wave-
length, enabling higher-resolution imaging. In 
medical ultrasound systems, the vibration fre-
quency of sound sources generally ranges from 
2 to 20 MHz. Table 1 summarizes the various 
medical applications of these ultrasonic waves 
at different frequencies.

Ultrasound waves are emitted through an ultra-
sound probe or transducer, which contains one 
or more piezoelectric crystals that convert elec-
trical energy into mechanical vibrations, pro-
ducing the ultrasound waves. As these waves 
propagate through the body, they interact with 
different tissues, each of which has unique 
acoustic properties. At the boundaries between 
different soft tissues, the waves reflect and 
refract. When ultrasound waves encounter 
these tissue boundaries, part of the energy is 
reflected back, forming echoes. The piezoelec-
tric crystals in the ultrasound probe convert 
the received echo signals into analog electrical 
signals, as illustrated in Figure 1.

These signals undergo a series of processing 
steps, including amplification, gain compensa-
tion, filtering, analog-to-digital conversion, and 
demodulation, before being sent to the display. 
During these steps, advanced image process-
ing algorithms and techniques, such as noise 
reduction algorithms, image enhancement 
techniques, motion correction algorithms, and 
deep learning methods, are applied to improve 
the quality and accuracy of ultrasound images. 
The beamforming algorithms play a crucial role 
in the reception of reflected signals. During this 
process, the beamforming algorithm adjusts 
the transmission and reception time delays, 
as well as the phase and amplitude of multiple 
transducer elements in the ultrasound probe. 
By doing so, it optimizes the direction, focus, 
and shape of the ultrasound beam, thereby en-
hancing the resolution, contrast, and depth of 

the images.

Literature research

We conducted a literature 
search using keywords such 
as “medical ultrasound im-
aging” and “beamforming 
algorithms” across platforms 
like Google Scholar, Web of 
Science, and PubMed. 

After thoroughly reviewing and 
categorizing a large number 
of papers, we selected over 
one hundred papers related 

to beamforming algorithms, including DAS, SA, 
MV, Regularization, and GSC. Among these, 
more than ninety papers were published within 
the last fifteen years. We summarized and clas-
sified nearly one hundred papers from 2009 
onwards, selecting over thirty representative 
studies for in-depth discussion. Table 2 sum-
marizes the main content and research conclu-
sions of these studies.

Synthetic aperture ultrasonography (SAUS)

SA technology was initially utilized for radar 
technology. SA Radar collects radar signals 
from a moving platform and utilizes signal pro-
cessing techniques to simulate a large antenna 
aperture. SA Radar systems achieve high-reso-
lution imaging by synthesizing a large aperture 
through motion. SA algorithms process the col-
lected radar signals to generate high-resolution 
images. SA Radar finds extensive applications 
in various fields such as military, geological 
exploration, and environmental monitoring [41, 
42]. 

Inspired by high-resolution imaging used in 
radar and optics, Professor Jørgen’s team at 
the Technical University of Denmark improved 
the SA algorithm and introduced it into medical 
ultrasound imaging. The specific steps of SA 
algorithm include data acquisition, motion com-
pensation, data focusing, image processing, im-
age enhancement, and post-processing. During 
the data acquisition stage, signal data are 
collected from different positions or directions. 
Subsequently, motion compensation is applied 
to correct for any platform or sensor movement 
during data collection. Next, the collected data 
is focused using signal processing techniques 
to concentrate signals from different posi-
tions or directions onto a single focal point. 
Finally, this focused data are used to generate 
high-resolution images, which can be further 
enhanced and post-processed to meet specific 

Figure 1. Reflection, refraction, and echo signal illustration.
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Table 2. Summary of literature
Authors Main content Research conclusions

Chen et al. [11] A SAF Method to Improve Signal-
to-Noise Ratio and Resolution in 
Endoscopic Ultrasound.

Compared to traditional methods, this approach can improve the sig-
nal-to-noise ratio and resolution of ultrasound images by 9.38 dB and 
51%, respectively.

Trots et al. [12] STA Method Combined with Golay 
Coded Transmission.

While maintaining the resolution of ultrasound images, this method 
improves the signal-to-noise ratio and increases the imaging depth.

Chen et al. [13] A Low-Complexity Global Motion 
Compensation Algorithm Based on 
the STA Method.

Compared to uncompensated images, the proposed motion compen-
sation algorithm can improve the image CR and CNR by 13.73 dB and 
2.04 dB, respectively.

Tasinkevych et al. 
[14]

Optimization of the MSTA ultra-
sound imaging method.

The optimal transmit aperture size provides balance between lateral 
resolution and penetration depth in the obtained two-dimensional 
ultrasound images, while maintaining a high frame rate.

Zhou et al. [15] SASB Algorithm Based on Chirp 
Coded Excitation.

It achieves range-independent resolution while significantly reducing 
the size of front-end data, attaining imaging quality comparable to 
baseline 3D SASB.

Mirzaei et al. [16] VSSA Imaging ultrasound imaging 
technology.

It overcomes the depth of field limitations of traditional source syn-
thetic aperture imaging, offering significant advantages in high resolu-
tion, high A-line count, and penetration depth, and it can significantly 
improve the accuracy of lateral strain estimation.

Synnevag et al. 
[17]

An adaptive method with a Mini-
mum Variance beamformer. 

The Minimum Variance beamformer can compensate for resolution 
loss by using smaller transducers, wider transmission beams, or lower 
transmission frequencies.

Sreejeesh et al. 
[18]

Quadrature Rotation Decomposi-
tion-MVDR Beamforming Algorithm.

By solving the problem of high computational complexity of the MVDR 
algorithm, it has an advantage in terms of computation time and can 
be used for ultra-fast adaptive beamforming applications.

Holfort et al. [19] A MV Method for Near-field Broad-
band Data Beamforming.

The Frequency Subband MV significantly improves the lateral resolu-
tion and contrast of imaging while reducing the number of transmis-
sions, and it exhibits good tolerance to pointing vector errors.

Yan et al. [20] MV based on Submatrix Space Co-
herence with the Sign Coherence 
Factor.

This method reduces sidelobe noise without increasing computational 
complexity and significantly improves the resolution and contrast of 
imaging in coherent plane-wave compounding.

Wang et al. [21] CMSAW. CMSAW introduces aperture coherence-based adaptive diagonal 
loading to enhance speckle preservation performance. CMSAW-MV 
improves resolution and suppresses sidelobes, incoherent clutter, and 
noise.

Aliabadi et al. [22] OESMV. This new signal-to-noise subspace identification method allows for 
flexible adjustment based on specific imaging needs to achieve op-
timal imaging results, significantly improving aspects such as image 
resolution, contrast, and grayscale levels.

Li et al. [23] An eigen-based GSC. This method can reduce sidelobe levels and improve contrast. It offers 
better lateral resolution and contrast compared to non-adaptive beam-
formers.

Li et al. [24] A forward and backward general-
ized sidelobe canceller method for 
medical ultrasound imaging.

This method achieves good lateral resolution and contrast without the 
need for preprocessing algorithms. It can improve the imaging quality 
of medical ultrasound systems with lower computational overhead 
and higher reliability.

Yang et al. [25] Cross Sub-aperture Averaging GSC. Compared to DS, SA, and traditional GSC methods, GSC-CROSS im-
proves lateral resolution by 76.9%, 68.8%, and 17.1% respectively.

Yang et al. [26] A beamforming algorithm combin-
ing generalized sidelobe cancel-
ation with feature space Wiener 
filtering.

Compared to DS and SA beamforming methods, this approach signifi-
cantly improves the imaging quality of medical ultrasound systems in 
terms of lateral resolution and contrast.

Kumar et al. [27] Deep learning-based algorithm to 
estimate inactive channel data in 
periodic sparse arrays.

The algorithm uses data from multiple active channels to estimate 
inactive channel data. This effectively reduces the element spacing in 
beamforming, thereby suppressing grating lobes, improving the image 
quality of sparse arrays.

Hyun et al. [28] Neural network framework for 
beamforming ultrasound signals 
into speckle-reduced B-mode imag-
es.

This method demonstrates that networks trained in computer simula-
tions can be generalized to actual in vivo imaging to produce images 
with significantly reduced speckle while preserving resolution.

Mamistvalov et al. 
[29]

Deep learning-based B-mode im-
age reconstruction from temporally 
and spatially subsampled channel 
data.

The resolution is higher compared to previously proposed reconstruc-
tion methods from compressed data (such as NESTA), and compara-
ble noise levels to DAS beamforming from fully sampled data.

Perdios et al. [30] CNN-based image reconstruction 
combined with cross-correla-
tion-based speckle tracking algo-
rithm. 

This method could unleash the full potential of ultrafast ultrasound, 
finding applications in areas such as ultrasensitive cardiovascular 
motion and flow analysis or shear wave elastography.
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requirements. The SA beamforming algorithm, 
illustrated in Figure 2, significantly improves im-
aging resolution and quality, holding important 
implications for medical diagnostics and other 
fields [5].

SAUS offers several advantages over traditional 
beamforming methods. Since it achieves fully 
dynamic focusing during both transmission and 
reception, SAUS offers higher spatial resolution. 
Additionally, since fewer components are need-
ed to generate the waveform during each ultra-
sound pulse transmission, SAUS consumes less 
energy. These advantages have made SAUS a 
hot topic in beamforming algorithm research. 
Chen et al. proposed a SA Focusing (SAF) meth-
od to improve the signal-to-noise ratio (SNR) 
and resolution in ultrasound endoscopy. This 
technique leverages the rotational characteris-
tics of the transducer probe, transmitting and 
receiving echoes at different times and posi-
tions during the rotational scan. By utilizing the 

coding and linear frequency modulation char-
acteristics of the echoes, the algorithm devel-
ops axial and lateral matched filters to achieve 
compression in both directions [11]. Compared 
to traditional methods, SAF improves the SNR 
and resolution of ultrasound images by 9.38 
dB and 51%, respectively. Therefore, it holds 
potential for future clinical and research appli-
cations. The Synthetic Transmit Aperture (STA) 
method provides fully dynamic focusing in both 
transmission and reception modes, offering 
the highest imaging quality. In the STA method, 
each array element sequentially emits pulses, 
while all elements receive echo signals. Data is 
acquired from multiple directions during trans-
mission, and a complete image is reconstructed 
based on this data. The advantage of this meth-
od is that fully dynamic focusing can be applied 
during both transmission and reception, result-
ing in superior quality images. Trots and col-
leagues conducted theoretical and experimen-
tal studies on STA combined with Golay-coded 

Authors Main content Research conclusions

Shin et al. [31] MPAX based on Delay and Apodiza-
tion Crosstalk.

The MPAX technique has been proven to be a highly effective method for 
suppressing reverberation clutter. This technique robustly suppresses near-
field reverberation clutter, significantly enhancing the contrast of ultrasound 
images.

Nghia et al. 
[32]

A unified pixel-based beamform-
ing algorithm adapting to the 
non-spherical waveform of the 
transmitted beam.

The unified pixel-based beamformer shows significant improvements in im-
age quality compared to other delay-and-sum methods and demonstrates 
robust performance in limited in vivo studies.

Matrone et al. 
[33]

Short-Lag Focused F-DMAS formula 
to limit the signal lag time in the 
calculation of the coherence matrix 
used for beamformer formation.

The Short-Lag Focused F-DMAS formula controls the delay time of the sig-
nals involved in spatial coherence computation. This helps to maintain or 
enhance the performance of the F-DMAS algorithm while reducing compu-
tational complexity.

Dei et al. [34] A CF weighting technique combined 
with ADMIRE.

The CF-weighted ADMIRE further improves image quality in certain aspects. 
The CF weighting used as a post-processing technique enhances contrast 
while reducing CNR and speckle SNR.

Rajamaki et 
al. [35]

Hybrid beamforming method using 
sparse arrays.

Combining sparse arrays with hybrid beamforming can significantly reduce 
the number of elements and front-end requirements to achieve the resolu-
tion of fully digital uniform arrays.

Ni et al. [36] Simultaneous excitation of array 
elements with random sequences 
encoding, generating an unfocused 
ultrasound wavefront with random 
interference.

This method can enhance the detection of organ boundaries and aid in 
lesion localization in clinical applications such as abdominal and musculo-
skeletal imaging.

Goudarzi et al. 
[37]

A flexible beamforming framework 
using RED.

The RED algorithm provides the best image quality in terms of contrast 
metrics while preserving speckle statistics.

Asif et al. [38] Sequential DAS method for focused 
transmission using fast-marching 
method.

This method helps overcome fat-induced signal distortion, thereby accu-
rately imaging various pathologies in the liver and abdomen.

Guo et al. [39] A pixel-based Delay Multiply and 
Sum beamforming with a Wiener 
filter.

Compared to traditional dynamic focusing, it has shown a significant im-
provement in lateral resolution. Compared to the conventional pixel-based 
algorithm, this method greatly enhances spatial resolution and contrast 
while maintaining the good characteristics of the beamformer.

Vayyeti et al. 
[40]

F-DowMAS nonlinear beamforming 
method.

By adaptively computing the optimal weights for each imaging point, F-Dow-
MAS effectively enhances the resolution and contrast of the image while 
reducing noise and artifacts.

Note: SAF, Synthetic Aperture Focusing; STA, Synthetic Transmit Aperture; CR, contrast ratio; CNR, contrast-to-noise ratio; MSTA, Multi-Element 
Synthetic Transmit Aperture; SASB, Synthetic Aperture Sequential Beamforming; VSSA, Virtual Source Synthetic Aperture; MV, Minimum Variance; 
CMSAW, Covariance Matrix-based Adaptive Weighting; OESMV, Oblique Eigen-space Minimum Variance; GSC, Generalized Sidelobe Canceller; GSC-
CROSS: Cross-Subarray Averaging GSC; DS, Delay-and-Sum; SA, Synthetic Aperture; CNN, Convolutional Neural Network; MPAX, Multi-Phase 
Apodization Crosstalk; F-DMAS, Filtered Delay Multiply and Sum; CF, coherence factor; ADMIRE, aperture domain model image reconstruction; 
RED, Regularization by Denoising; F-DowMAS, Filtered Delay Optimal Weighted Multiply and Sum.
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transmission for medical ultrasound imaging 
[12]. The transmission of long waveforms with 
specific autocorrelation functions can increase 
the total energy of the transmission signal with-
out increasing peak pressure. This enhances 
the SNR of the image and increases the display 
depth while maintaining ultrasound image 
resolution. Since high-resolution images in STA 
are formed by superimposing low-resolution im-
ages, they are susceptible to motion between 
transmissions. Chen et al. proposed a low-com-
plexity global motion compensation algorithm, 
which uses common interest regions between 
different transmissions in STA imaging to form 
backward and forward beam vectors; By ana-
lyzing the relationship between specific beam 
vectors in STA imaging, this algorithm assesses 
the magnitude and direction of motion [13]. 
This motion compensation algorithm effectively 
reduces imaging blurring and distortion caused 
by motion, significantly improving the quality of 
the resulting high-resolution images. The low 
complexity of the algorithm makes it highly fea-
sible and practical for real-world applications.

Compared to the traditional SA technology, 
the Multi-element Synthetic Transmit Aperture 
(MSTA) method effectively improves the frame 
rates of imaging systems while achieving a 
good balance between penetration depth and 
lateral resolution, making it one of the most 
promising methods in ultrasound imaging. Ta-
sinkevych et al. optimized the MSTA method 
by identifying the ideal transmission aperture 
size that achieves the best balance between 
lateral resolution and penetration depth for 2D 

ultrasound images, all while maintaining a high 
frame rate [14].

Another advanced imaging method, SA Sequen-
tial Beamforming (SASB), merges the advantag-
es of SA imaging with sequential beamforming, 
enhancing both the resolution and contrast of 
ultrasound images. It achieves resolution inde-
pendent of distance while significantly reducing 
the size of the front-end data. Jian Zhou et al. 
proposed a 3D SASB volume rate enhancement 
method based on chirp-coded excitation, which 
improves the volume rate without compromis-
ing image quality. This method simultaneously 
uses four sub-apertures for both transmission 
and reception and employs a linear chirp as 
the excitation waveform to reduce interference. 
Cyst simulations using Field II indicate that this 
method achieves imaging quality comparable 
to baseline 3D SASB in both shallow and deep 
regions [15]. However, 3D ultrasound imaging 
generates a large amount of data at the front 
end, making it less unsuitable for high-volume 
portable medical applications. Virtual Source 
SA (VSSA) imaging technique offers an alter-
native approach. VSSA performs SA beam-
forming on focused transmit data, addressing 
the depth-of-field limitations of traditional SA 
imaging while maintaining the same lateral 
resolution. Mirzaei utilized VSSA for beamform-
ing to achieve high resolution, a high number 
of A-lines, and penetration depth advantages 
similar to both SA and line-by-line imaging 
methods [16]. When compared to a commonly 
used lateral strain estimation method, VSSA 
method showed significant improvements. This 

Figure 2. Development process of Synthetic Aperture beamforming algorithm.
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technique not only enhances image clarity and 
detail presentation but also improves imaging 
of deep tissues, making it perform excellently 
in practical applications.

The studies mentioned above focus on SA im-
aging and introduce various algorithms and 
coding methods to optimize ultrasound imag-
ing. The primary purpose is to improve image 
quality, signal-to-noise ratio, and adapt to differ-
ent application scenarios. However, despite the 
advantages, SA technology involves complex 
signal processing algorithms and large data 
volumes, significantly increasing computation-
al complexity compared to DAS method. The 
real-time performance of the system still faces 
challenges. Table 3 summarizes the SA related 
technologies mentioned above.

MV beamforming

Adaptive beamforming algorithms are advanced 
beamforming techniques used to improve the 
quality of medical ultrasound imaging. Unlike 
traditional fixed beamforming methods, adap-
tive beamforming algorithms dynamically adjust 
beamforming weights based on the statistical 
properties of the received signals to optimize 
image resolution and contrast [43]. These algo-
rithms determine the beamforming weight vec-
tors by solving an optimization problem. The MV 
beamforming algorithm is one of the most com-
monly used adaptive beamforming algorithms. 
Its primary goal is to minimize the variance of 
the output signal by appropriately combining 

sensor signals in the array, thereby enhancing 
the desired signal in a specific direction while 
suppressing interference signals from other 
directions. Consequently, it reduces sidelobes 
and improves signal quality. Figure 3 shows the 
architecture of the MV beamformer. Originally 
proposed by Capon in 1969, the MV beam-
forming is based on the Linear Minimum Mean 
Square Error theory. From a signal processing 
perspective, it constructs optimal weights for 
each channel in a phased array ultrasound en-
doscope to balance the desired signal against 
the interference signals. These weights are 
then applied to the sensor signals to form the 
output beam, thereby enhancing image quality 
[6]. MV beamforming performs well in low-noise 
environments and when the array accuracy is 
high. However, its performance may degrade 
when the directions of signal and noise are 
highly correlated. Therefore, in practical appli-
cations, MV beamforming typically requires con-
sideration of the environmental conditions and 
signal characteristics. To improve performance, 
it is often combined with other beamforming 
methods, especially in challenging conditions 
where signal-to-noise ratios are low or interfer-
ence is high.

In medical imaging, the simplest DAS beam-
former is considered the lowest-performing due 
to its low resolution and relatively weak inter-
ference suppression capabilities. Compared 
to DAS beamformers, the MV beamforming 
algorithm offers better resolution at the cost of 
significantly increased computational complex-

Table 3. Comparison of SA related algorithms in ultrasound imaging
Method Advantages Disadvantages Effect comparison
SAF Significantly improves 

signal-to-noise ratio and 
resolution.

Limited imaging depth and 
high data processing com-
plexity.

Significant improvement in im-
age quality but with increased 
complexity.

Golay Encoding in STA Suppresses sidelobe 
amplitude and significantly 
improves signal-to-noise 
ratio.

Increases the computational 
burden of the system.

Significant improvement in 
image quality at the cost of 
increased complexity.

Motion Compensation 
Beamforming in STA

Improves both CR and SNR. Affects the trade-off be-
tween imaging depth and 
resolution.

Slight improvement in image 
quality without additional 
complexity.

MSTA for Optimal Trans-
mission Aperture

Significantly increases 
scattering amplitude with 
minimal lateral resolution 
loss.

Increases computational 
complexity of the system.

Significant improvement in 
image quality at the cost of 
higher complexity.

SASB With Chirp Encod-
ing Excitation

Significantly increases vol-
ume rates without compro-
mising image quality.

Requires high computing 
power and complex signal 
processing techniques.

Exceptional improvement in 
image quality, increased com-
plexity and cost.

VSSA Imaging Improves penetration depth 
while maintaining lateral 
resolution.

Increases computational 
complexity and implementa-
tion costs.

Moderate improvement in 
image quality with increased 
complexity.

Note: SA, Synthetic Aperture; SAF: Synthetic Aperture Focusing; STA, Synthetic Transmit Aperture; CR, contrast ratio; SNR, sig-
nal-to-noise ratio; MSTA, Multi-Element Synthetic Transmit; SASB, Synthetic Aperture Sequential Beamforming; VSSA, Virtual 
Source Synthetic Aperture.
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ity. Synnevag et al. demonstrated that using 
an adaptive method with a MV beamformer, 
characterized by low sidelobe levels and narrow 
beamwidth, not only improves resolution but 
also enhances imaging quality. By replacing the 
DAS beamformer with a MV beamformer at the 
receiving end, it is possible to reduce aperture 
size, increase frame rate, and improve penetra-
tion depth without sacrificing image quality [17]. 
The MV beamformer can also compensate for 
resolution loss when using smaller transduc-
ers, wider transmit beams, or lower transmit 
frequencies, making it a powerful tool for med-
ical ultrasound imaging with broad application 
prospects and potential clinical value. 

Sreejeesh proposed an enhanced MV Dis-
tortionless Response (MVDR) beamforming 
architecture, where the adaptive weight vec-
tor is calculated based on an improved Col-
umn-by-Column Given Rotation (CGR) method. 
Unlike traditional MVDR beamformers, the 
Quadrature Rotation Decomposition-MVDR 
beamformer is suitable for hardware implemen-
tation [18]. To improve real-time performance, 
a CGR-based parallel pipelined Quadrature 
Rotation Decomposition structure was adopted 
during the adaptive weight calculation phase, 
providing a highly efficient MVDR beamforming 
algorithm suitable for ultra-fast adaptive beam-
forming applications. Holfort et al. proposed 
an MV method for near-field beamforming of 
broadband data. This method is implemented 
in the frequency domain, providing a set of 
adaptive complex demodulation weights for 
each frequency sub-band. By combining the 
advantages of broadband signal processing 
and the MV beamforming algorithm, the aim is 
to significantly improve the resolution and con-

trast of ultrasound images. When processing 
frequency sub-bands, the broadband signal is 
divided into multiple sub-bands, with the MV 
beamforming algorithm applied to each sub-
band, and the results then combined. This 
method utilizes the spectral information of 
broadband signals to enhance image quality 
[19]. Their validation using SA and plane wave 
transmission data—simulating 13-point targets 
and a circular cyst—demonstrated substantial 
improvements in lateral resolution, contrast, 
and tolerance to beam vector errors, while also 
reducing the number of transmissions required. 
Yan et al. combined MV based on submatrix 
spatial coherence with the Sign Coherence Fac-
tor. This method divides the receiving array into 
multiple submatrices and calculates the spatial 
coherence among them, effectively reducing 
coherent noise and improving image quality 
[20]. Additionally, this method can reduce sid-
elobe noise without increasing computational 
complexity. It significantly enhances the imag-
ing resolution and contrast in coherent plane 
wave compounding imaging.

Despite the significantly improved image reso-
lution, the performance of most MV beamform-
ing algorithms in noise suppression is limited. 
Wang proposed a new pixel-adaptive weighting 
method based on Covariance Matrix-based 
Adaptive Beamforming to enhance the imaging 
performance of MV beamformers, namely Co-
variance Matrix-based Adaptive Weighting (CM-
SAW). The proposed CMSAW method estimates 
the corrected covariance matrix by adaptively 
applying spatial smoothing, rotational averag-
ing, and diagonal reconstruction to compute 
the mean-to-standard deviation ratio [21]. CM-
SAW introduces adaptive diagonalization based 

Figure 3. Minimum Variance beamformer architecture.



34

Progress in Medical Devices 2025; 3 (1): 26-42. PMD24080337

Progress in Medical Devices

on aperture coherence to enhance speckle 
preservation performance. CMSAW-MV can im-
prove resolution and suppress sidelobes, inco-
herent clutter, and noise. With a computational 
complexity of O(N^2), CMSAW is suitable for 
real-time applications when utilizing a graphics 
processing unit. Eigen-space-based beam-
formers can remove most noises through the 
orthogonal projection of the signal subspace, 
offering better imaging contrast than traditional 
MV beamformers. Aliabadi proposed an inno-
vative eigen-space beamformer called Oblique 
Eigen-Space MV (OESMV). This beamformer 
takes into account the correlation between sig-
nal and noise, by examining the SNR and using 
eigen-decomposition to distinguish between 
signal and noise subspaces [22]. The OESMV 
technique computes beamformer weights by 
projecting the MV weight vector along the noise 
subspace and onto the signal subspace using 
an oblique projection matrix. This approach 
allows for flexible adjustments according to 
specific imaging needs, yielding improved reso-
lution, contrast, and grayscale quality.

Both the CMSAW and OESMV beamformers are 
extensions of MV beamforming, with the shared 

goal of improving contrast and resolution by 
minimizing output power. These methods main-
tain the adaptive qualities of MV beamforming 
but aim to reduce the computational complexity 
typically associated with MV techniques. How-
ever, the implementation of these algorithms 
requires specialized hardware and optimized 
algorithm design, which increases development 
costs and difficulty. Furthermore, these meth-
ods tend to perform poorly in noisy environ-
ments or scenarios with large datasets. Table 4 
summarizes the MV-related technologies men-
tioned above.

GSC

GSC is an advanced adaptive beamforming 
technique that effectively enhances the desired 
signal in the target direction while suppressing 
interference signals. It is widely used in fields 
such as radar, sonar, wireless communications, 
and medical ultrasound imaging, providing 
significant performance advantages [44-46]. 
GSC transforms the constrained problem of tra-
ditional adaptive beamforming algorithms into 
an unconstrained one by separating the linearly 
constrained space, thus overcoming the signal 
cancellation issue found in MV methods [47]. 
The structure of a GSC is illustrated in Figure 
4. For adaptive beamforming, due to the high 
correlation of medical ultrasound echo signals, 
some processing algorithms must be intro-
duced to eliminate this correlation. A commonly 
used method is the subarray averaging tech-
nique proposed by Evans et al. [48]. However, 
as the number of subarrays increases, the per-
formance of GSC may converge toward that of 
a non-adaptive beamformer (like SA), reducing 

Table 4. Comparison of algorithms related to MV technology in ultrasound imaging
Method Advantages Disadvantages Effect comparison
MV beamformer Increases penetration 

depth, improves image 
quality.

The calculation process is 
complex and time-consum-
ing, and sensitive to noise.

Improved image quality with 
wide application but increased 
CC.

Quadrature Rotation 
Decomposition-MVDR

High computational effi-
ciency, suitable for ultra-
fast adaptive beamforming 
applications.

Requires complex hard-
ware design and optimiza-
tion, with limited applica-
bility.

Improved image quality, re-
duced CC, but high cost and 
limited applicability.

Broadband MV beam-
forming

Improves imaging quality 
and resolution.

High complexity, sensitive 
to broadband noise.

Significant improvement in im-
age quality, but with increased 
CC.

Submatrix Spatial Coher-
ence MV beamforming

Improves image contrast 
and clarity, reduces noise.

Highly dependent on the 
parameter selection and 
optimization.

Improved image quality with 
low noise, increased complexi-
ty.

Covariance Matrix-based 
Adaptive Weighting for 
MV beamforming

Strong adaptability and 
significant image quality 
improvements.

Complex adaptive weight-
ing increases the computa-
tional complexity.

Improved image quality, but 
with high CC and poor real-time 
performance.

MV beamformer based 
on principal component 
analysis

Significantly improves im-
age contrast and reduces 
data processing workload.

Algorithm complexity in-
creases, making it sensi-
tive to noise.

Improved image quality and 
reduced CC, but at high design 
costs.

Note: MV, Minimum Variance; MVDR, Minimum Variance Distortionless Response; CC, computational complexity.

Figure 4. Structure of generalized sidelobe canceler.
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its adaptive advantage. While GSC can improve 
lateral resolution, this does not always lead to a 
corresponding increase in contrast. Therefore, 
how to obtain a reliable covariance matrix es-
timate that enhances lateral resolution while 
also improving image contrast has become a 
research hotspot [25].

The use of GSC significantly enhances the lat-
eral resolution of medical ultrasound systems, 
but its ability to improve contrast is often unsat-
isfactory. Li et al. proposed a new eigen-based 
GSC for medical ultrasound imaging, which im-
proves both lateral resolution and contrast [23]. 
In this method, the GSC weight vector is pro-
jected onto a vector subspace constructed from 
the eigen structure of the covariance matrix to 
obtain a new eigen-based GSC weight vector. 
By replacing the GSC weight vector with this 
new one, the sidelobe level is reduced, leading 
to improved contrast and lateral resolution. 
This method provides better lateral resolution 
and contrast compared to non-adaptive beam-
formers. Accurate estimation of the covariance 
matrix is crucial in adaptive ultrasound imaging 
as it fundamentally affects the performance of 
adaptive beamformers. 

Li’s team also developed a new forward and 
backward Generalized Sidelobe Canceller meth-
od for medical ultrasound imaging [24]. This 
method accurately estimates the covariance 
matrix using forward and backward subarray 
averaging. As a result, forward and backward 
Generalized Sidelobe Canceller achieves excel-
lent lateral resolution and contrast, offering im-
proved imaging quality for medical ultrasound 
systems. Additionally, this method is noted for 
its lower computational complexity and higher 
reliability, making it a practical solution for re-

al-time ultrasound imaging applications.

Yang et al. proposed a new Cross-Subarray Av-
eraging GSC (GSC-CROSS) method for medical 
ultrasound imaging, which uses a cross-cova-
riance matrix instead of the traditional cova-
riance matrix estimation [25]. In experiments 
using simulated echo data from scatterers and 
cyst-like targets, GSC-CROSS showed notable 
improvements in lateral resolution. Specifically, 
compared to DS, SA, and traditional GSC meth-
ods, GSC-CROSS improved lateral resolution 
by 76.9%, 68.8%, and 17.1%, respectively. The 
following year, Yang proposed a beamforming 
algorithm that combines GSC and eigen-space 
Wiener post-filtering. Based on the eigen-space 
decomposition of the covariance matrix of the 
received data, the components of the Wie-
ner post-filter are calculated from the signal 
matrix and noise matrix. The adaptive weight 
vector of the GSC is further constrained by the 
eigen-space Wiener post-filter, making the out-
put energy of the receiving array more closely 
match the desired signal compared to tradition-
al GSC output [26]. In comparative evaluations, 
this method reduced the Full Width at Half Max-
imum by 85.5%, 80.5%, and 38.9% over DS, 
SA, and GSC beamforming, respectively, and 
improved the Contrast Ratio (CR) by 123.6%, 
47.7%, and 84.4%, respectively.

Both GSC-CROSS and the combined GSC-eigen-
space Wiener post-filter method significantly 
enhance the lateral resolution and contrast of 
medical ultrasound imaging systems.  However, 
these improvements are often accompanied 
by an increase in computational complexity, 
which may affect real-time performance and 
implementation simplicity. Table 5 summarizes 
the GSC related technologies and their respec-

Table 5. Comparison of algorithms related to GSC technology in ultrasound imaging
Method Advantages Disadvantages Effect comparison
Eigenspace-Based 
Generalized Sidelobe 
Canceler Beamforming

Reduces computational 
complexity, enhances 
interference suppression 
capability.

Eigenvalue calculation 
is relatively complex and 
sensitive to noise.

Reduced computational com-
plexity but with limited improve-
ment in imaging quality.

Forward-backward 
Generalized Sidelobe 
Canceler Beamforming

Significantly improves 
spatial resolution and 
interference suppression. 

The complexity of calcu-
lations increases, and 
the implementation of 
algorithms becomes more 
complex.

Improved image quality at the 
cost of higher computational 
complexity

Cross Sub-aperture 
Averaging Generalized 
Sidelobe Canceler 
Beamforming

Enhances imaging quality 
with greater robustness

Increased computation-
al complexity, affecting 
real-time performance.

Improved image quality but with 
increased computational com-
plexity.

Generalized Sidelobe 
Canceler Beamforming 
Combined with Eigens-
pace-Wiener Postfilter

Improves contrast and 
resolution of imaging, and 
effectively suppressed 
noise and scattering.

High computational work-
load, requiring additional 
hardware resources and 
optimization.

Significant improvement in im-
age quality, but with increased 
computational complexity and 
cost.

Note: GSC, Generalized Sidelobe Canceller.
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tive performance enhancements, providing a 
comparative overview of the advancements dis-
cussed.

Algorithms related to machine learning and 
deep learning

Machine Learning (ML) and Deep Learning (DL) 
represent the latest advancements in the field 
of artificial intelligence. ML enables computers 
to learn from data and continuously improve 
their performance. ML methods include super-
vised learning, unsupervised learning, and re-
inforcement learning, with common algorithms 
such as linear regression, logistic regression, 
and decision trees [49]. DL, on the other hand, 
is a more advanced form of machine learning 
that uses multi-layer neural networks to simu-
late the human brain’s structure, automatically 
learning complex feature representations from 
data to achieve higher levels of abstraction 
and learning capabilities. DL has achieved 
significant success in fields such as image 
recognition, speech recognition, and natural 
language processing [50]. These two technol-
ogies have widespread applications in various 
domains. In the medical field, ML and DL as-
sist doctors in diagnosing diseases, predicting 
disease progression, and play crucial roles in 
drug development and clinical trials [51]. These 
technologies have contributed significantly to 
advancements in ultrasound beamforming, 
optimizing the beamforming process, improving 
image quality, and reducing noise and artifacts 
through complex data analysis and pattern rec-
ognition capabilities [52-58].

Sparse arrays reduce the number of active 
elements by increasing the spacing between 
elements, which grating lobe artifacts that de-
grade ultrasound image quality and reduce the 
contrast-to-noise ratio (CNR) in ultrasound im-
aging. Kumar et al. proposed a customized DL-
based algorithm to estimate inactive channel 
data in periodic sparse arrays. This algorithm 
uses data from multiple active channels to esti-
mate the inactive channels, effectively reducing 
element spacing in beamforming, thereby sup-
pressing grating lobes [27]. The performance 
of this algorithm was validated with line targets 
in a water tank, multipurpose tissue-mimick-
ing phantoms, and in vivo carotid artery data. 
Compared to pseudo-fully sampled arrays, grat-
ing lobe suppression improved by up to 15.25 
dB, and CNR increased. The improvement in 
CNR in low-echo regions was more significant 
than in high-echo regions. The algorithm also 
maintained low root mean square error of 
phase unwrapping between fully sampled and 
pseudo-fully sampled arrays, makes it suitable 

for Doppler and elastography applications. 
Additionally, the speckle pattern was also pre-
served, making the estimated data suitable 
for quantitative ultrasound applications. This 
algorithm shows promise for improving sparse 
array performance and be applied in small ul-
trasound devices and two-dimensional arrays. 
Speckle noise, a common issue in traditional 
beamforming methods, often reduces the qual-
ity of ultrasound B-mode images. Hyun et al. 
proposed a framework using neural networks 
to reduce speckle noise during the beamform-
ing process. A deep fully convolutional neural 
network (CNN) was trained to accept channel 
signals and output speckle-reduced echo esti-
mates [28]. This method introduced a log-nor-
malization loss function suitable for ultrasound 
imaging. Their studies showed that it is feasible 
to reconstruct ultrasound B-mode images using 
machine learning neural networks. Further-
more, the network, trained only on computer 
simulations, can be extended to real in vivo 
imaging, generating images with significantly 
reduced speckle noise while maintaining reso-
lution.

Traditional medical ultrasound beamforming 
relies on high sampling rates that far exceed 
the actual Nyquist rate of the received signals, 
leading to large data storage and processing 
demands. This creates hardware and software 
challenges in the development of ultrasound 
devices and algorithms, ultimately affecting 
their performance. Recognizing the potential 
of deep learning in medical imaging, Mamist-
valov et al. proposed a DL-based method for 
B-mode image reconstruction from temporally 
and spatially subsampled channel data [29]. 
Their approach begins by sub-sampling the-
data below the Nyquist rate, aligning it in the 
frequency domain, and then converting it back 
to the time domain. The data were further sub-
sampled spatially to acquire only a subset of 
the received signals. An encoder-decoder CNN 
was then trained using this partial data, with 
the MV beamformed signal generated from the 
original fully sampled data as the target. Their 
method produced high-quality B-mode images 
with superior resolution compared to previous-
ly proposed compressed data reconstruction 
techniques (e.g., NESTA) and DAS beamforming 
of fully sampled data. In terms of contrast-to-
noise ratio, their results were comparable to MV 
beamforming with fully sampled data, achieving 
better and more efficient imaging than most 
current clinical practices. Ultrafast ultrasound 
imaging, capable of acquiring full-view images 
at thousands of frames per second, enables 
the analysis of rapidly changing physical phe-
nomena in the human body. However, this im-
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aging modality faces a trade-off between frame 
rate and image quality-higher frame rates can 
introduce motion artifacts while improving im-
age quality typically requires more acquisitions, 
slowing the process. Perdios et al. addressed 
this challenge with a CNN-based method that 
reconstructs high-quality frames from single 
ultrafast acquisitions while using only two 
consecutive frames for two-dimensional dis-
placement estimation. By integrating this CNN-
based image reconstruction with a cross-cor-
relation-based speckle tracking algorithm, they 
were able to estimate displacement even in 
areas affected by sidelobe and grating lobe ar-
tifacts, which traditional DAS methods struggle 
with [30]. Therefore, the proposed method may 
unlock the full potential of ultrafast ultrasound, 
finding applications in ultra-sensitive cardiovas-
cular motion and flow analysis or shear wave 
elastography.

These studies illustrate the power of deep 
learning to enhance various aspects of ultra-
sound imaging, from beamforming and artifact 
suppression to speckle noise reduction and im-
age reconstruction. Their advantages lie in the 
significant improvements in image quality and 
adaptability. However, challenges remain, such 
as high computational resource requirements, 
strong data dependence, and high implementa-
tion complexity. Table 6 summarizes DL-related 
techniques mentioned above.

Other beamforming algorithms

Reverberation noise is a significant issue in 
ultrasound imaging, as it results from multiple 
reflections of sound waves between structur-
al boundaries, resulting in image clutter and 
reduced contrast. To mitigate the impact of 

reverberation noise, Shin et al. proposed a 
novel beamforming technique called Multi-
phasic Adaptive Cross-Cancellation (MPAX), 
an improved version of the Delay and Apod-
ization Crosstalk technique. While Delay and 
Apodization Crosstalk uses complementary 
square wave amplitude cancellations, MPAX 
improves upon this by employing multiple pairs 
of complementary sine phase cancellations, 
which more precisely control the amplitude 
and position of grating lobes. This results in 
an improved weighting matrix that effectively 
suppresses reverberation noise [31]. MPAX has 
demonstrated significant success in reducing 
near-field reverberation noise and improving ul-
trasound image contrast, making it a promising 
tool for generating high-contrast images and 
enabling more accurate clinical diagnoses. In 
another approach, Nghia et al. proposed a new 
unified pixel-level beamforming algorithm that 
better adapts to the non-spherical waveforms 
of transmitted beams, allowing the selection of 
the optimal signal for data synthesis from each 
transducer waveform at that location [32]. This 
method significantly improves image resolution 
and contrast by optimizing signal processing for 
each pixel, though it increases computational 
costs, requiring more resources and longer 
processing times. Nevertheless, the algorithm 
performed excellently in limited in vivo studies, 
demonstrating its reliability in handling real 
biological tissues. The results indicate that al-
though further optimization and research are 
needed to reduce computational costs, this 
new beamforming algorithm has significant 
potential in clinical applications and could be 
widely used in medical diagnostics.

In Multi-Line Transmission, high frame rate 
ultrasound imaging is achieved by simultane-

Table 6. Comparison of algorithms related to DL technology in ultrasound imaging
Method Advantages Disadvantages Effect comparison
Gap-Filling Method for 
Suppressing Grating 
Lobes in Ultrasound 
Imaging Using DL

Effectively suppresses grid 
lobes, improves image 
quality and resolution.

Lack of generalization, 
requires a large amount of 
data sets and computing 
resources.

Significant improvement in 
image quality, but with high 
complexity and poor real-time 
performance.

Beamforming and 
Speckle Reduction Using 
Neural Networks

Enhances image contrast, 
automatically captures 
complex signal features 
during training.

High demand for com-
puting resources, risk of 
overfitting with insufficient 
data.

Substantial improvement in 
image quality, but resource-in-
tensive and limited real-time 
performance.

Deep-Learning Based 
Adaptive Ultrasound Im-
aging from Sub-Nyquist 
Channel Data

Reduces data acquisition 
and processing com-
plexity while maintaining 
high-quality imaging 
results.

High implementation dif-
ficulty, requires extensive 
computing resources.

Improved image quality, but with 
high complexity and suboptimal 
real-time performance.

CNN-Based Ultrasound 
Image Reconstruction 
for Ultrafast Displace-
ment Tracking

Improves speed and accu-
racy in dynamic imaging 
with ultrafast displace-
ment tracking.

High cost of data acquisi-
tion and annotation, and 
limited generalization 
ability.

Enhanced image quality and 
fast imaging speed, but with 
poor generalization ability and 
the high cost.

Note: DL, Deep Learning; CNN, Convolutional Neural Network.
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ously transmitting multiple focused beams in 
different directions, thereby increasing imaging 
speed and efficiency. However, this method can 
lead to crosstalk between different beams, re-
sulting in unwanted artifacts that affect image 
quality. The Filtered Delay Multiply and Sum 
(F-DMAS) beamforming algorithm has been 
proven to reduce such artifacts. This beamform-
er effectively reduces artifacts in the image and 
improves spatial resolution by using a nonlinear 
spatial coherence algorithm, resulting in clearer 
imaging. Matrone et al. proposed a “short-delay 
F-DMAS” formula to enhance the performance 
of the F-DMAS beamformer while managing 
computational complexity [33]. Specifically, by 
setting a maximum delay value to control the 
signal delay time involved in spatial coherence 
calculations, the “short-delay F-DMAS” formula 
maintains or improves the performance of the 
F-DMAS algorithm. Byram et al. introduced a 
model-based beamforming algorithm, known as 
Aperture Domain Model Image Reconstruction 
(ADMIRE) [59-62]. This algorithm uses a model 
of the reflected wavefronts of scatterers within 
the region of interest in the aperture domain 
signal, enabling the algorithm to identify scat-
terer locations and suppress clutter, particularly 
off-axis scattering and reverberation artifacts. 
By decomposing this signal into components 
of clutter and the desired signal, ADMIRE ef-
fectively suppresses clutter, including off-axis 
scattering and reverberation artifacts, resulting 
in clearer images. The algorithm preserves 
de-cluttered channel data, which can be further 
processed by other techniques to enhance im-
age quality. Dei et al. developed a Coherence 
Factor (CF) weighting technique, finding that 
ADMIRE combined with CF weighting further 
improved image quality in certain aspects [34]. 
CF weighting, as a post-processing technique, 
enhances contrast while reducing CNR and 
speckle SNR. The results indicate that ADMIRE 
is robust against model mismatch caused by 
variations in sound speed, especially when the 
actual sound speed is slower than the assumed 
sound speed.

Hybrid beamforming significantly reduces the 
cost and power consumption of fully digital 
sensor arrays by decreasing the number of ac-
tive front-end components. Sparse arrays can 
further reduce hardware costs. Rajamäki et al. 
proposed an algorithm for approximating fully 
digital beamforming solutions, extending to the 
more challenging hybrid and analog beamform-
ing scenarios, using quantized phase shifters 
[35]. They determined the upper bounds for 
achieving fully digital solutions and derived 
closed-form expressions for beamforming 
weights in these cases. The research results in-

dicate that combining sparse arrays and hybrid 
beamforming can significantly reduce the num-
ber of required elements and front-ends while 
achieving the resolution of a fully digital uniform 
array. Ni et al. introduced a new method where 
array elements are simultaneously excited by 
signals encoded with random sequences, gen-
erating non-focused ultrasound wavefronts with 
random interference [36]. As these wavefronts 
propagate through the medium, their energy is 
reflected back from the tissue, giving individual 
scatterers unique pulse responses. This meth-
od can significantly improve ultrasound imaging 
performance, especially in organ boundary 
detection and lesion localization. By using ran-
domly encoded signals, the reflected waves 
from individual scatterers in the tissue have 
unique pulse responses, enabling more precise 
identification and localization of scatterers. 
This helps to more clearly distinguish different 
tissues, thereby enhancing the accuracy of or-
gan boundary detection, particularly in cases 
involving complex tissue structures. Goudarzi 
et al. proposed a flexible framework for beam-
forming using the Alternating Direction Method 
of Multipliers, where each term is optimized 
separately. Their formulation includes the use 
of denoising algorithms within the beamform-
ing process, specifically the Plug-and-Play and 
Regularization by Denoising (RED) [37]. The 
RED algorithm provides superior image quality 
in terms of contrast metrics while preserving 
speckle statistics.

Conventional ultrasound imaging typically em-
ploys DAS beamforming with dynamic receive 
focusing for image reconstruction, valued for 
its simplicity and robustness. However, DAS 
beamforming geometrically estimates delays 
assuming a constant speed of sound in the 
medium, typically 1540 m/s, without account-
ing for tissue heterogeneity. This approximation 
leads to cumulative delay estimation errors 
with increasing depth, reducing the resolution, 
contrast, and overall accuracy of ultrasound 
images. Asif et al. proposed a DAS method 
based on the fast-marching method for focused 
transmission, which utilizes an approximate 
speed of sound map to estimate refraction-cor-
rected propagation delays for each pixel in the 
medium [38]. This method has been qualita-
tively and quantitatively validated at an imaging 
depth of approximately 11 cm, showing signif-
icant improvements in imaging errors caused 
by tissue heterogeneity, especially when speed 
of sound variations are induced by fat layers, 
making it valuable for complex abdominal and 
liver imaging applications. Guo et al. intro-
duced a pixel-based Delay Multiply and Sum 
beamforming method combined with a Wiener 
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filter to enhance ultrasound image quality [39]. 
Compared to traditional dynamic focusing, the 
unified pixel-based beamforming technique sig-
nificantly improves lateral resolution. Besides, 
this method retains favorable characteristics 
of beamformers while significantly enhancing 
spatial resolution and contrast compared to 
the unified pixel-based algorithm. Its simplicity 
and excellent performance demonstrate its 
potential for clinical applications. Vayyeti et 
al. proposed a novel nonlinear beamforming 
method called Filtered Delay Optimal Weighted 
Multiply and Sum (F-DowMAS), which adapts 
optimal weights for each imaging point in tradi-
tional focused beam systems [40]. This meth-
od shows significant advantages in improving 
image quality, including better resolution and 
contrast, and reduced noise and artifacts. Com-
pared to DAS and F-DMAS, F-DowMAS improves 
axial resolution by 57.04% and 46.95%, later-
al resolution by 58.21% and 53.40%, CR by 
67.35% and 39.25%, and CNR by 44.04% and 
30.57%, respectively. This method provides a 
new direction in ultrasound imaging technology, 
showcasing the immense potential of nonlinear 
beamforming algorithms in enhancing diagnos-
tic capabilities.

Discussions and challenges

SA technology and its improved beamforming 
algorithms offer significant advantages in en-
hancing resolution and improving the signal-to-
noise ratio. However, these technologies require 
substantial processing power and memory re-
sources. Additionally, SA techniques are highly 
sensitive to motion, making them prone to mo-
tion artifacts, which challenges their real-time 
application. MV algorithms, known for reducing 
coherent noise and significantly improving res-
olution and contrast, face similar challenges. 
GSC algorithms can reduce interference by 
canceling the phase and amplitude of unde-
sired signals, showing robustness in multipath 
propagation and noisy environments. However, 
similar to SA and MV, they require significant 
computational resources and may introduce 
additional complexity in some cases. Machine 
learning and deep learning have revolutionized 
ultrasound beamforming by providing tools that 
can adapt to nonlinear relationships and com-
plex signal environments. These methods excel 
at enhancing image resolution and contrast. 
However, the training and tuning processes 
of these models can be time-consuming and 
computationally intensive, making real-time 
applications nearly impossible. Composite 
beamforming algorithms offer the advantage of 
combining multiple beamforming techniques, 
thereby achieving higher image quality and 

performance. By integrating various algorithms, 
the limitations of individual techniques can 
be addressed, leading to improved resolution, 
contrast, and noise resistance. Additionally, 
composite algorithms can be flexibly adjusted 
for adaptation to different imaging needs and 
patient characteristics, allowing for more per-
sonalized imaging outcomes.

In recent years, the importance of ultrasound 
imaging in medicine has increased significantly. 
Medical ultrasound is a non-invasive and safe 
imaging technique that does not involve radia-
tion or contrast agents, posing no risk of radia-
tion damage to patients and being suitable for 
individuals of all ages. Ultrasound imaging is 
widely used in clinical diagnosis across almost 
all medical fields, including cardiology, hepa-
tology, nephrology, endocrinology, gynecology, 
obstetrics, and orthopedics, for detecting and 
diagnosing various diseases and abnormalities. 
Additionally, ultrasound imaging offers advan-
tages such as real-time capability, low cost, and 
portability, making it valuable in emergency 
medicine, surgical guidance, bedside diagnosis, 
and routine clinical practice. Ultrasound beam-
forming plays a crucial role in optimizing image 
resolution, contrast, and overall quality. This not 
only allows physicians to observe tissue struc-
tures and lesions more clearly but also aids in 
guiding interventional treatments, improving 
surgical outcomes. Therefore, the continuous 
advancement of ultrasound beamforming tech-
nology is vital for enhancing clinical diagnosis 
and medical standards. Future developments 
will depend on efficient algorithms, advanced 
noise suppression techniques, accurate speed-
of-sound corrections, optimization of cost and 
energy consumption, and integration with 
multimodal imaging. These innovations will 
drive the widespread application of ultrasound 
beamforming technology in medical imaging, 
enhancing the accuracy and efficiency of clini-
cal diagnosis.

Conclusion

In summary, ultrasound beamforming technol-
ogy is one of the core components of medical 
ultrasound imaging, and its advancements 
directly impact image quality and diagnostic 
accuracy. Although existing beamforming tech-
niques (such as SA, MV, and GSC) and deep 
learning-based methods have achieved signifi-
cant progress in improving resolution, contrast, 
and noise resistance, their high computational 
resource requirements and complexity remain 
major obstacles to real-time applications. Com-
posite algorithms, by integrating multiple tech-
niques, offer effective solutions to these chal-
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lenges. At the same time, medical ultrasound, 
due to its non-invasive, safe, and real-time 
nature, has become an indispensable tool for 
clinical diagnosis and treatment. In the future, 
through algorithm optimization, enhanced sys-
tem efficiency, and integration with multimodal 
imaging, ultrasound beamforming technology 
will play an even greater role in medicine, pro-
viding patients with more precise, efficient, and 
personalized diagnostic and treatment experi-
ences.
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Introduction

Stroke, commonly known as a cerebrovascular 
accident, is an acute cerebrovascular disease 
characterized by high incidence, high mor-
tality, and high disability rates [1]. Research 
indicates that stroke is the second leading 
cause of death globally and the primary cause 
of adult disability. Among stroke survivors, ap-
proximately 80% experience varying degrees 
of limb dysfunction, with hemiplegia being the 

most common [2, 3]. This leads to a loss of 
independence in daily activities and severely 
impacts the quality of life [4]. According to data 
from Seventh National Census in 2020, China 
has 264 million people aged 60 and above, 
accounting for 18.73% of the population, high-
lighting the significant aging trend in China [5]. 
Aging brings about various health issues, in-
cluding a decline in limb function, which caus-
es inconvenience for many elderly individuals. 
Besides stroke, neurological diseases such as 
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Abstract

With the development of medical-engineering integration technology and the growing clinical rehabilitation de-
mands, intelligent rehabilitation robots have emerged as a prominent area of research in stroke rehabilitation. The 
application of exoskeleton rehabilitation robots holds significant potential to alleviate the pressure on rehabilita-
tion resources in China. These robots offer high-intensity, high-repetition rehabilitation training for stroke patients, 
helping to restore limb motor function, improve daily living independence, and contribute to neuroplasticity. As 
such, they are becoming an essential treatment modality for patients with motor function disorders. In this review, 
we first categorize ankle-foot rehabilitation robots based on the interaction methods between the robot and the 
user, detailing their structural characteristics and application scenarios. Additionally, we classify existing control 
strategies, including admittance control, impedance control, electromyography control, trajectory tracking control, 
and Proportional-Integral-Derivative control, based on the rehabilitation needs at various stages of recovery. Each 
control method is summarized, and their current research status is analyzed. Besides, current research status of 
key technologies in rehabilitation robots, both domestically and internationally are also summarized in this paper. 
Finally, the key challenges in the development of ankle-foot rehabilitation robots and future research directions 
are discussed, providing a reference for the research and design of these robots.

Keywords:  Stroke rehabilitation, motor function disorder, control strategies, ankle-foot rehabilitation robot

Highlights
● Three types of ankle-foot rehabilitation robots, categorized by structure, are designed to address different stages 
   of rehabilitation training.
● The development of control methods for rehabilitation robots, including integration of multiple control methods, 
   remains a key area of exploration.
● The combination of artificial intelligence algorithms and rehabilitation robots represents a significant and prom-
   ising research direction.
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multiple sclerosis and spinal cord injuries also 
result in limb dysfunction, necessitating target-
ed rehabilitation measures to improve motor 
function [6].

Clinical studies show that 90% of stroke patients 
can regain the ability to walk and live inde-
pendently with effective rehabilitation treat-
ment, while only 6% can achieve this without 
rehabilitation [7]. Restoring limb motor function 
is the primary goal of stroke rehabilitation [8]. 
Stroke patients often experience a range of 
motor impairments, such as reduced muscle 
strength and abnormal muscle contraction tim-
ing [9, 10]. However, the brain’s plasticity allows 
for personalized rehabilitation treatment and 
training for patients with motor dysfunction. 
Early intervention with rehabilitation treatment 
for stroke patients with hemiplegia yields better 
outcomes. Exercise therapy, a key component of 
rehabilitation, can promote neural recovery, im-
prove limb motor function, and enhance daily 
living abilities [11].

For stroke patients, traditional rehabilitation 
primarily involves one-on-one passive training 
administered by physicians. The effectiveness of 
this approach is largely dependent on the phy-
sician’s skill level, and maintaining consistent 
training intensity can be challenging. This train-
ing model is time-consuming, labor-intensive, 
and involves a prolonged rehabilitation process. 
Moreover, it lacks quantitative and objective as-
sessment, making it difficult to optimize training 
parameters for the best treatment outcomes. 
Furthermore, rehabilitation therapists mainly 
rely on their experience to assess the patient’s 
limb condition and formulate rehabilitation 
plans, lacking precise detection methods to 
evaluate the patient’s limb motor state, which 
hinders timely adjustments to the rehabilitation 
treatment plan [12]. A significant contributor to 

ankle dysfunction is the central nervous system 
damage, which requires targeted stimulation 
to promote the recovery of motor and sensory 
functions [13]. During physical therapy, patients 
gradually regain ankle joint range of motion, 
build  muscle strength, and restore motor func-
tion [14].

In recent years, the development of medical-en-
gineering integration technologies, such as the 
combination of robotics and medical theory, 
has provided new avenues for rehabilitation 
treatment. Research shows that rehabilitation 
robot technology plays a crucial role in training 
patients with limb dysfunction [15]. Intelligent 
rehabilitation robots help reduce the labor in-
tensity of therapists, offer precise control over 
the complexity of motor task learning, promote 
the recovery of limb motor function, and en-
hance patients’ daily living capabilities [16]. 
With the continuous advancement of intelligent 
rehabilitation robots, their standardization, in-
telligence, and humanization will improve, lead-
ing to faster recovery and better outcomes for 
patients [17].

This review begins by classifying and compar-
ing ankle-foot rehabilitation robots based on 
their interaction methods with the human body, 
explaining the application of various control 
methods in these robots. It also discusses their 
characteristics and research status. The review 
then enumerates the key technologies of reha-
bilitation robots and summarizes the challeng-
es faced by ankle-foot rehabilitation robots, and 
discusses potential future development direc-
tions.

Classification of ankle-foot rehabilitation ro-
bots

Ankle-foot rehabilitation robots can be classi-
fied based on several criteria. By drive method, 
they can be motor-driven, pneumatic-driven, or 
hydraulic-driven. By training method, they can 
be categorized into passive movement, active 
assistive movement, and resistive movement. 
In terms of actuator connection, they can be 
either serial or parallel. According to usage 
mode, they are classified into seated ankle-foot 
rehabilitation robots and recumbent ankle-foot 
rehabilitation robots. The most common struc-
tural classifications include platform-type, 
orthotic-type, and exoskeleton-type ankle-foot 
rehabilitation robots.

Platform-type rehabilitation robot

In the early stages of rehabilitation, muscle atro-
phy often weakens ankle joint movement. Plat-

Figure 1. Wearable parallel robot. This figure is cited 
from [18].
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form-type ankle-foot rehabilitation robots are 
designed to gradually increase strength training 
by adjusting the robot’s resistance and load, 
thereby promoting the recovery and strength-
ening of damaged muscles and tissues. These 
robots are characterized by their adaptability 
and high precision, ensuring reliability and safe-
ty during the rehabilitation process.

Zuo et al. designed a new type of wearable 
robot with a parallel platform configuration 
(Figure 1) [18]. This robot features a simple me-
chanical setup with sufficient motion isotropy, 
transmission performance, and torque capa-
bility. Compared to ankle-foot rehabilitation 
robots with redundant actuators, this design 
uses a 2-UPS/RRR (universal-prismatic-spherical/
revolute-revolute-revolute) parallel mechanism 
to simplify operation and control system devel-
opment, effectively reducing manufacturing 
costs and the burden on therapists. Additional-
ly, various safety measures were implemented, 
including a low-moving platform to minimize 
seat height and removable mechanical limits to 
restrict the robot’s working space, protecting 
patients from secondary injuries. The robot is 
equipped with a multi-mode force/position 
data acquisition system, which collects kinemat-
ic and dynamic information to facilitate both 
active and passive rehabilitation training.

Nurahmi et al. developed a constraint-based 
3-RPS (revolute-prismatic-spherical) parallel 
robot (Figure 2), which features a robot system 
with two operational modes based on the de-
sign of the base, moving platform, and working 
mode [19]. The robot’s ability to perform trans-
lation and rotation movements was tested by 
parameterizing its pose workspace. The max-
imum inner circle diameter was used to track 
the maximum tilt angle in any azimuthal direc-
tion without triggering singularities. The robot 
employs a reconfiguration strategy to ensure 
that the moving platform operates effectively at 
any height.

Abu-Dakka et al. developed a platform-type 
parallel robot (Figure 3), which uses passive re-
habilitation training targeting ankle inversion/
eversion movements [20]. Based on dynamic 
motion primitives and iterative learning control 
methods, they designed motion trajectories 
and used recorded forces and motion paths to 
repetitively guide the patient through move-
ments within predefined repetition counts. 
During the exercise, perceived forces are mon-
itored, and necessary offsets are applied to the 
original trajectory to adjust and reduce mea-
surement range. After completing the preset 
number of repetitions, the trajectory range is 
gradually restored until the patient can per-
form the initially designed exercise.

Lu et al. from Wuhan University of Technology 
designed a platform-type flexible ankle-foot 
rehabilitation robot (Figure 4) with multiple de-
grees of freedom, driven by pneumatic muscles 
[21]. The robot features a drive section and a 

Figure 2. Parallel platform ankle foot rehabilitation 
robot. This figure is cited from [19].

Figure 3. 3-PRS (prismatic-revolute-spherical) paral-
lel robot. This figure is cited from [20].

Figure 4. Pneumatic muscle-driven flexible ankle 
foot rehabilitation robot. This figure is cited from [21].
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motion platform, ensuring alignment of the ro-
bot’s and patient’s ankle joint rotation centers. 
It mainly consists of a primary motion module, 
a power transmission module, and a support 
module, facilitating joint rotational movements 
for the patient. The power transmission mod-
ule, driven by pneumatic muscles, connects 
to the motion platform via flexible cables and 
uses pulleys to change the direction of the driv-
ing forces, meeting the rehabilitation needs of 
the ankle joint. A telescopic rod in the robot’s 

mechanism adjusts the height of the thigh sup-
port plate to accommodate patients with differ-
ent leg lengths.

Orthotic-type rehabilitation robot

Orthotic-type rehabilitation robots are designed 
to closely fit the patient’s ankle and foot, provid-
ing stable support and control. Their structure 
is designed to fit the anatomical model of the 
human body, ensuring both comfort and safety. 
By combining modern robotics technology with 
orthotic design, these robots assist patients in 
restoring ankle function and mobility, thereby 
enhancing rehabilitation outcomes.

Kwon et al. developed a lightweight and easy-
to-wear ankle orthosis (Figure 5) [22]. It fea-
tures a flexible 3D-printed frame and ankle sup-
port, which provides vertical support to prevent 
structural buckling. The device uses a bidirec-
tional tendon drive to assist with plantarflexion 
and dorsiflexion movements. The robot also 
integrates a soft, wearable gait-sensing module 
that tracks the motion trajectory and pressure 
of both feet in real time, enabling feedback 
control. The system detects gait phases and 
accurately predicts timing, effectively promot-
ing gait recovery and functional improvement in 
patients.

Hwang et al. designed an active ankle-foot or-
thosis (Figure 6) [23]. This device primarily con-
sists of sensors, a controller, and actuators. The 
sensors use Force Sensing Resistor technology 
as switches to detect foot contact, with the out-
put signals used to detect gait events and con-
trol the motor of orthosis system. A DC motor 
provides horizontal movement, and joint motion 
is adjusted by modifying the motor’s speed and 
direction. The controller operates the actuator 
based on a defined control algorithm, enabling 
precise control over the dorsiflexion and plan-
tarflexion movements of the ankle joint.

Sarma et al. designed and developed an electric 
ankle-foot orthosis (Figure 7) to improve ankle 
joint mobility in patients with foot drop and 
lower limb disabilities [24]. This orthosis, made 
of carbon fiber, includes a stepper motor that 
provides sufficient plantarflexion and dorsiflex-
ion torque around the ankle joint. An Arduino 
controller manages the movement at the ankle 
joint. The motion capture system detects the 
body’s movements during walking, and the 
motor-driven output voltage enables the motor 
to rotate, assisting in foot lifting and supporting 
patients in walking normally.

Kim et al. developed a pneumatic ankle-foot 

Figure 5. Wearable robot ankle foot orthotics. This 
figure is cited from [22].

Figure 6. Single degree of freedom ankle foot or-
thotics. This figure is cited from [23].

Figure 7. Electric ankle foot orthotics. This figure is 
cited from [24].



47

Progress in Medical Devices 2025; 3 (1): 43-56. PMD24080340 

Progress in Medical Devices

orthosis (Figure 8), which generates a sufficient 
amount of pressurized air using an enhanced 
compressor to power a unilateral ankle-foot 
orthosis, assisting dorsiflexion in patients with 

foot drop [25]. A ground reaction force sensor 
detects different phases during the gait cycle, 
providing continuous analog output voltage. 
Throughout the gait cycle, the compressor acti-
vates according to the nominal rating, allowing 
the ankle to move freely during standing and 
enabling normal ankle joint movement.

Exoskeleton-type rehabilitation robot

Exoskeleton-type rehabilitation robots are de-
signed to closely fit the surface of a patient’s 
limbs, with a structure designed to match the 
human body model. These robots can safely 
and comfortably couple with limb movements, 
allowing for smooth and controlled motion. 
Depending on the settings, exoskeleton robots 
can provide passive, active-assistive, or active 
training, catering to the various rehabilitation 
needs of patients.

Tamburella et al. developed a powered ankle 
exoskeleton (Figure 9), an autonomous wear-
able robot designed to assist with ankle walking 
functions [26]. The device uses a neuromuscu-
lar controller to adjust the assistance provided 
by the robot based on the subject’s specific ca-
pabilities. The system features linear actuators 
for precise force control and employs encoders, 
along with knowledge of the kinematic struc-
ture, to estimate the transmitted torque, which 
is then used for feedback in the torque control 
loop. For subjects with spinal cord injuries, the 
controller can generate human-like joint torque 
without the need to adjust their biomechanical 
or reflex parameters [27, 28].

Orekhov et al. developed a lightweight ankle 
exoskeleton (Figure 10) designed to improve 
the mobility of patients with neuromuscular 
impairments [29]. The exoskeleton uses carbon 
fiber materials to reduce weight and enhance 
long-term functionality. Force is transmitted 
through actuators and Bowden cables, provid-
ing personalized torque based on the patient’s 
needs. Equipped with torque sensors, the exo-
skeleton provides feedback to the control sys-
tem, ensuring precise tracking. During assisted 
walking, the exoskeleton reduces the activity 
of the soleus muscle and increases the self-se-
lected walking speed, improving the efficiency 
of exoskeleton-assisted walking.

Gasparri et al. designed an ankle exoskeleton 
for walking assistance (Figure 11) [30]. The 
exoskeleton uses proportional joint torque 
control to instantly adapt to the biomechanical 
needs of the ankle joint. By providing assis-
tance in proportion to the needs of the biolog-
ical joint, the device estimates the user’s joint 

Figure 8. Pneumatic ankle foot orthotics. This figure 
is cited from [25].

Figure 9. Powered ankle exoskeleton robot. This fig-
ure is cited from [26].

Figure 10. Ankle exoskeleton robot. This figure is 
cited from [29].
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torque in real-time. The exoskeleton torque 
synchronizes with the muscle demands at the 
joint, intuitively and safely capturing the user’s 
intent. The robot uses a motor-driven system 

to assist with plantarflexion and dorsiflexion 
movements, with the ankle joint connected to a 
waist module via cables that transmit informa-
tion.

Meng et al. designed a reconfigurable ankle 
rehabilitation robot (Figure 12) with an adjust-
able workspace capable of performing various 
types of ankle rehabilitation exercises [31]. The 
robot can be reconfigured by selecting differ-
ent numbers of actuators, allowing for three 
single-degree-of-freedom movements, two-
degree-of-freedom movements, and one three-
degree-of-freedom movement. The adjustable 
design facilitates the interchangeability of the 
left and right feet. By changing the position of 
the sliders, the functional parts of the robot 
can be adjusted back and forth along the rails 
to accommodate users of different heights. The 
robot features a rotational center matching de-
sign, ensuring that the robot’s rotational center 
closely aligns with the rotational center of ankle 
joint, preventing injuries during training. This 
robot meets the requirements for ankle reha-
bilitation training and offers practical usability 
[32].

Yeung et al. developed a portable ankle exo-
skeleton robot (Figure 13) with significant im-
provements in gait independence and walking 
speed [33]. The ankle joint is combined with a 
rotary motor and a torque amplifier, enabling 
both plantarflexion and dorsiflexion move-
ments. In the power-assisted ankle robot mode, 
the device provides power to help patients with 
ground walking and stair training. It prevents 
foot drop through constant torque and cali-
brates in the dorsiflexion and plantarflexion di-
rections as needed. In the swing control mode, 
the robot locks and unlocks the ankle joint 
during different gait phases, providing support 
to assist patients in their rehabilitation training.

Platform-type ankle-foot rehabilitation robots 
offer a wide range of motion and high safety 
by using a fixed base and a movable platform. 
These robots are suitable for patients at differ-
ent stages of rehabilitation, as the platform can 
move in multiple directions to simulate natural 
ankle movements. Typically controlled by mo-
tors and sensors, platform-type robots allow 
for precise adjustment of the platform’s move-
ments. Orthotic-type robots, on the other hand, 
wrap around the patient’s foot and ankle to pro-
vide external support and movement guidance. 
Compared to platform-type robots, orthotic 
devices have a limited range of motion but are 
lighter and can be adjusted according to the 
patient’s specific needs, offering personalized 
rehabilitation training. Exoskeleton-type robots 

Figure 11. Cable powered ankle exoskeleton robot. 
This figure is cited from [30].

Figure 12. Reconfigurable ankle rehabilitation ro-
bot. This figure is cited from [31].

Figure 13. Electric series ankle exoskeleton robot. 
This figure is cited from [33].
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are designed to accommodate various complex 
movement patterns to meet different rehabil-
itation requirements. They cover the patient’s 
legs and feet, providing active motion support 
and using sensors and computer algorithms for 
precise motion control, offering additional force 
support to enhance rehabilitation training. Each 
type of rehabilitation robot has its own advan-
tages and disadvantages, as shown in Table 1. 
Selecting the appropriate robot based on the 
patient’s specific condition is key to achieving 
the best rehabilitation outcomes.

Ankle-foot rehabilitation robot control methods

Ankle-foot rehabilitation training is facilitated 
through the motion control system of an an-
kle-foot rehabilitation robot, with the specific 
control strategy chosen based on the rehabili-
tation goals. Based on different rehabilitation 
treatment needs, control strategies can be 
categorized into two types: active control and 
passive control. In active control, the robot pro-
vides appropriate assistance force and direc-
tion based on the patient’s intentions and actu-
al motor abilities, helping the patient complete 
the movement tasks. In passive control, the ro-
bot assists the patient by guiding them through 
a series of predefined rehabilitation exercises 
according to preset motion parameters. Pas-
sive control requires addressing issues such as 
uncertainties and disturbances that arise from 
the complex multi-joint structures of the robot 
and variations in load during movement.

Admittance control

In rehabilitation training, admittance control 
can adjust the robot’s movement based on the 
forces exerted by the patient. Its primary goal 
is to control the robot’s displacement based on 

external forces, ensuring its movement aligns 
with the desired dynamic characteristics. This 
approach provides flexible support during re-
habilitation exercises, accommodating the pa-
tient’s individual needs.

Siviy et al. developed a controller consisting 
of two nested control loops [34]. The inner 
loop performs closed-loop control of the motor 
speed in the drive system, tracking the desired 
cable speed trajectory generated by the outer 
loop. The outer loop includes two feedforward 
compensators for changes in Bowden cable 
position caused by joint movement and the 
forces generated by exoskeleton deformation. 
Force errors are compensated by a feedback 
admittance controller. The effect of dorsiflex-
ion on stroke patients’ ankles was assessed, 
optimizing offline assistance and separating 
positive and negative enhancement forces. Mu 
developed an improved rotary orthosis for arm-
swing walking. In passive mode, the robot sys-
tem implements a closed-loop position control 
algorithm [35]. In active mode, the ankle joint 
mechanism uses an adjustable admittance 
control algorithm, allowing patients to adjust 
the range of ankle joint motion. The system 
uses a series of linear actuators installed in 
front of the ankle joint to facilitate natural arm 
swinging. Force sensors at the actuator’s end 
provide real-time force information to adjust 
the admittance control algorithm. The ortho-
sis facilitates early-stage patients in regaining 
walking ability after injury.

Ren et al. developed a wearable rehabilitation 
robot for early rehabilitation training in stroke 
patients [36]. This robot combines video game-
based training with admittance control, pro-
viding real-time feedback and adjustments by 
detecting resistance torque at the ankle joint. 

Table 1. Comparison of different types of ankle rehabilitation robots
Type of Rehabilita-
tion Robot Advantages Problems Possible Solutions

Platform-Type

Providing a wide range of mo-
tion and high safety; easy to 
master and use; designed with 
comfort, enhancing patient 
experience

Accuracy limitations; difficult 
to control; limited application 
range; high demand for power 
and technical support

Introducing more precise 
sensors; increasing degrees 
of freedom; optimizing control 
algorithms

Orthotic-Type

Lightweight and portable; easy 
to customize; convenient for 
daily use; providing external 
support, reducing patient 
burden

Limiting patient mobility; 
unable to perform complex 
training; insufficient support 
for specific movements; inade-
quate support and power

Optimizing robot structure; in-
troducing more efficient drive 
systems; increasing range of 
motion; developing additional 
support functions

Exoskeleton-Type

Highly adaptable; performing 
complex movements; offering 
high flexibility and power sup-
port; enhancing strength and 
facilitating rehabilitation

Complex design; heavy equip-
ment; long wear times may 
cause fatigue; requiring sub-
stantial power support

Simplifying design; using light-
weight materials; improving 
wear comfort; reducing fa-
tigue; enhancing adaptability
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The training, which includes 12 feedback-as-
sisted isometric torque generation exercises 
along with both passive and active movements, 
promotes neuroplasticity and motor control. 
Chen et al. from Suzhou University designed 
an ankle exoskeleton robot with force feedback 
admittance control, which enhances human-ro-
bot interaction (HRI) compliance during walking 
assistance [37]. This system uses a cable-driv-
en mechanism that adjusts the tension of the 
Bowden cable to control the assistive torque at 
the ankle. Admittance control provides better 
human-robot compliance while meeting control 
requirements.

Impedance control

In rehabilitation robots, impedance control 
ensures that the end-effector’s impedance 
characteristics match the expected dynamic 
relationship, providing the desired compliance. 
This method primarily adjusts the system’s re-
sponse to external forces by modifying the con-
trol signals to achieve the desired impedance 
characteristics.

Liu et al. from Henan University of Science and 
Technology designed a pneumatic muscle re-
dundant parallel-drive ankle rehabilitation robot 
[38]. They employed a compliance control strat-
egy for active rehabilitation training, providing 
precise assistance and resistance during reha-
bilitation process. Based on impedance control 
theory, the system achieves error-free force 
tracking through trajectory planning. The com-
bination of the control strategy and error-free 
force tracking guarantees both safety and com-
pliance during assistance and resistance train-
ing.

Liu et al. developed an ankle rehabilitation 
platform to assist patients with ankle joint 
movements [39]. It consists of two symmetrical 
three-degree-of-freedom robotic platforms, with 
the robot’s rotational center aligned with the 
patient’s ankle joint center. This design allows 
patients to train the affected ankle joint by 
replicating the movements of the healthy ankle 
joint. The platform offers three training modes: 
constant-speed exercise, constant-torque im-
pedance exercise, and conscious exercise. In 
constant-speed mode, the platform matches 
the input value. In constant-torque impedance 
mode, adjusting the torque threshold enables 
strength training for the ankle joint. In con-
scious mode, one side of the platform moves 
within the motion range. These modes support 
early neural rehabilitation for hemiparetic pa-
tients.

Perez-Ibarra developed an adaptive impedance 
control robot that is wearable and reversely 
driven [40]. It supports dorsiflexion, plantarflex-
ion, inversion, and eversion within the normal 
range of motion. The robot’s impedance control 
stiffness parameters are adjusted according 
to the patient’s engagement level, guiding the 
patient through exercises with a game-based 
approach. The adaptive strategy allows for 
greater kinematic variability in the patient’s 
movements. By monitoring the patient’s perfor-
mance during the game, the level of robotic as-
sistance can be dynamically adjusted through-
out the exercise.

Electromyographic (EMG) signal control

EMG signals provide rich information about 
human movement and accurately reflect neu-
romuscular activity. Using EMG signals as a 
control source for robots offers a promising 
control approach, as it enables the detection of 
movement intentions and the analysis of move-
ment trajectories to and trigger control actions 
accordingly [41].

Researchers from the Shenyang Institute of Au-
tomation, Chinese Academy of Sciences, led by 
Zhang, developed an ankle rehabilitation robot 
based on adaptive control using EMG signals 
[42]. This robot assists patients in performing 
dorsiflexion and plantarflexion movements. The 
design simplifies the control process using a 
limit-based EMG model, while data-driven con-
trol methods address the uncertain dynamic 
characteristics of the robot system. By leverag-
ing the antagonistic relationship between the 
tibialis anterior and the gastrocnemius muscles 
during ankle movements, the robot correlates 
the type of ankle movement with the contrac-
tion of individual muscle groups. The adaptive 
control algorithm ensures safety in HRI.

Ao et al. developed an EMG-driven Hill-type 
neuromuscular skeletal model [43]. This robot, 
featuring a single-degree-of-freedom powered 
exoskeleton, assists in ankle dorsiflexion. It can 
estimate ankle torque in real-time and accu-
rately reflect changes in joint angles and mus-
cle dynamics. Compared to linear proportional 
models, the Hill model improves predictions of 
joint torque at different joint angles. Patients 
using the Hill neuromuscular skeletal model ex-
pend less physical effort and exhibit smoother 
movements, as it reduces muscle co-contrac-
tion during the task, leading to more efficient 
rehabilitation.

Zhuang et al. designed an ankle rehabilitation 
robot based on EMG signal-guided admittance 
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control [44]. This system consists of an EMG 
signal-driven musculoskeletal model, an ad-
mittance filter, and a position controller. Both 
the EMG signal-based admittance control 
scheme and open-loop control scheme improve 
the range of ankle motion in stroke patients. 
Proportional-derivative controllers enhance 
the stability of human-robot cooperation. The 
admittance control method provides stable and 
smooth tracking trajectories for assistive reha-
bilitation, making it suitable for implementation 
in portable assistive devices for robot-assisted 
walking.

Trajectory tracking control

Trajectory tracking control ensures that a 
robot’s end-effector accurately follows a pre-
defined trajectory, achieving high-precision 
movement control. The primary objective is to 
make sure the robot moves along a specified 
path while maintaining the expected speed 
and acceleration. During actual movement, re-
al-time monitoring of the robot’s position allows 
for the computation of error between the actual 
and desired trajectories.

Zhao et al. proposed a proportional-derivative 
control method based on deep deterministic 
policy gradient, which enhances the trajecto-
ry tracking accuracy of exoskeleton robots to 
ensure effective patient rehabilitation [45]. A 
degree of freedom was implemented at the 
robot’s ankle joint to achieve dorsiflexion and 
plantarflexion movements. The gravity-compen-
sated proportional-derivative control serves as 
the primary controller, effectively tracking the 
joint angles of the rehabilitation exoskeleton ro-
bot and enabling high-precision tracking control 
of joint angle trajectories.

Bae et al. designed a rehabilitation robot that 
employs trajectory tracking control as the main 
control method [46]. This method determines 
position control for each axis and utilizes force 
sensors on the footplate to measure ground re-
action forces, compensating for vertical pelvic 
movements. Feedforward and feedback torque 
calculations drive the torques, with a feedfor-
ward torque compensation control module 
adjusting position, speed, and acceleration. Ad-
justments to the gravity compensation torque 
further improve control capabilities, and encod-
er feedback allows for real-time error tracking, 
aiding in the production of a standardized gait 
pattern for patients.

Jamwal et al. developed a parallel ankle reha-
bilitation robot, featuring a fixed platform and 
a moving platform connected by four linear 

flexible actuators [47]. The robot’s optimal 
trajectory is generated by minimizing joint reac-
tion torques and muscle-tendon unit tensions. 
Adjustments to the predetermined correct posi-
tion errors, ensuring the robot moves in the op-
posite direction of these errors. Modifying the 
reference path can reduce the forces applied 
by the rehabilitation robot, and speed limits on 
path adaptation help maintain system stability.

Ai et al. from Wuhan University of Technology 
developed a pneumatic muscle-driven flexible 
ankle rehabilitation robot [48]. They imple-
mented an adaptive backstepping sliding mode 
control method to addresses nonlinear charac-
teristics and uncertainties in the human-robot 
rehabilitation process. This approach can esti-
mate external disturbances online, enhancing 
the robustness of the control method and al-
lowing real-time adjustments to control outputs, 
achieving high trajectory tracking accuracy. This 
control method reduces oscillations, thereby 
minimizing further harm to patients.

Proportional-Integral-Derivative (PID) control

PID control provides precise control of a sys-
tem by adjusting control parameters to track a 
set target. It is characterized by its adjustable 
dynamic properties and does not rely on the 
model of the controlled object. Adjusting the 
system parameters can yield satisfactory con-
trol effects.

Nhon et al. proposed a resonant method based 
on PID control, which uses an interval type-
2 fuzzy self-tuning PID controller to improve 
system control accuracy [49]. Compared to 
traditional PID controllers, fuzzy PID controllers 
demonstrate superior stability and robustness 
against external disturbances and exhibit 
faster response speeds. Type-2 fuzzy logic is 
particularly effective for managing complex and 
uncertain systems. Fuzzy logic controllers apply 
fuzzy set theory to manage uncertainties and 
nonlinearities in the system, allowing for more 
adaptable control strategies.

Wang et al. from Northeastern University de-
signed a 3-SPS/S (spherical-prismatic-spher-
ical/spherical) parallel ankle rehabilitation 
robot, combining fuzzy inference systems with 
traditional PID control to develop a fuzzy adap-
tive PID controller that enhances control sys-
tem accuracy [50]. The robot’s control module 
generates algorithmic control quantities based 
on feedback deviations to control the system. 
The trajectory generation module computes 
the movement trajectories of each limb based 
on the desired pose, while the sensing module 
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gathers information such as the platform’s po-
sition and speed. 

Lb et al. from East China University of Science 
and Technology developed a hybrid active-pas-
sive ankle prosthesis, which uses a combina-
tion of series and parallel springs to meet the 
impedance requirements at different ankle po-
sitions during walking [51]. Series springs ad-
just the impedance dynamically, while parallel 
springs serve as energy storage components. 
The prosthesis controller collects joint angle 
and torque data and uses a finite state ma-
chine to determine the gait phase of the ankle 
joint, outputting appropriate angles or torques. 
Different controllers are selected based on the 
detected gait to meet the complex movement 
needs of the ankle joint. Cui et al. from Shang-
hai Jiao Tong University designed a flexible 
ankle rehabilitation robot, which uses soft actu-
ators, calf, and foot fixtures that are 3D-printed 
for lightness and practicality [52]. The robot’s 
symmetrical pneumatic soft actuators enable 
dorsiflexion and plantarflexion movements. PID 
control methods are used to manage the ro-
bot’s drive angles, with a feedback closed-loop 
control system constructed based on hardware 
devices, such as posture sensors, to achieve 
ankle rehabilitation training [53].

The signals generated by the human body are 
transmitted to the robot, allowing the selection 
of a control strategy based on rehabilitation 
needs. Each control method offers unique char-
acteristics, as summarized in Table 2.

Key Technologies in Ankle-foot rehabilitation 
robots

HRI technology

HRI technologies enable efficient and natural 
interactions between humans and robots, pri-
marily achieved through control systems, feed-
back mechanisms, and artificial intelligence. 
By leveraging the robot’s strong capabilities in 
perceiving, acquiring, and processing biological 
and environmental information, and combining 
the human brain’s exceptional decision-making 
ability in unfamiliar and complex situations, HRI 
enables a complementary advantage between 
humans and robots. In rehabilitation robots, HRI 
technologies are mainly implemented through 
the monitoring of physiological signals and 
force and position information [54].

Shi et al. developed a rehabilitation robot 
based on a HRI dynamics model [55]. The 
adaptive controller in the robot system can han-
dle uncertainties in the stiffness coefficients 
of the robot’s parameters and force models. 
A three-dimensional equivalent spring model 
is used to represent the interaction forces be-
tween the human and the robot, simulating the 
torque applied by the robot to the body. The ro-
bot addresses the limitation of recognizing pa-
tients’ movement intentions due to their limited 
voluntary control during rehabilitation, thereby 
improving patient comfort.

Du et al. proposed an adaptive HRI control 
strategy for rehabilitation robots [56]. Based on 

Table 2. The advantages and disadvantages of different control methods
Control methods Advantages Disadvantages

Admittance control
Provides compliance, enables precise force 
control, and adapts to constantly changing 
external forces or disturbances.

Requires precise parameter selection for 
effective performance and may struggle to 
maintain stability in high-stiffness scenarios.

Impedance control
Provides stable force feedback, and allows 
for easy integration of force and position 
control by adjusting impedance parameters.

Performance may be less agile in environ-
ments with large external forces or signifi-
cant dynamic changes; requires high-perfor-
mance actuators.

Electromyographic 
signal control

Provides immediate muscle activity feed-
back, enabling quick response to user 
intentions and adaptability to varying muscle 
activity patterns and enhancing flexibility.

Susceptible to noise and interference; 
muscle fatigue can alter electromyographic 
signals, potentially affecting system stability 
and control performance.

Trajectory tracking 
control

Improves overall system accuracy by reduc-
ing errors and deviations; accommodates 
various task requirements with customizable 
trajectories.

Requires complex computations and re-
al-time processing; high computational loads 
may delay system response and depend on 
the accuracy.

Proportional-integral
-derivative control

Effectively reduces steady-state errors and 
offers good robustness through adjustable 
proportional, integral, and derivative param-
eters.

May require additional adjustments or ex-
tended control strategies for time-varying or 
complex dynamic systems.
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a dynamic model, they extract surface electro-
myographic signals and plantar pressure fea-
tures to identify movement intentions. The de-
veloped HRI information fusion model enables 
real-time planning of the robot’s movement 
trajectory. An adaptive fuzzy controller enables 
trajectory tracking and implements adaptive 
HRI control for the robot.

Sensor technology

Sensor technologies play a crucial role in ensur-
ing the adaptability and safety of rehabilitation 
robots. Sensors and perception devices are 
strategically integrated into various parts of 
the robot to collect data on physiological state, 
movement, joint velocities, and torques. The ac-
curacy of this data directly impacts the stability 
and performance of the entire robotic system. 
Currently, multi-sensor perception systems are 
employed to integrate signals for more accu-
rate gait information [57]. These systems track 
body posture, predict movement intentions, 
and monitor the physiological state of patients 
during rehabilitation, providing objective data 
for clinicians.

Yang et al. designed a rehabilitation robot 
based on force-torque sensing and teaching, 
which allows for personalized and diverse reha-
bilitation training for different patients [58]. A 
six-dimensional force sensor is installed at the 
ankle end to detect external contact forces. By 
implementing a compliance control algorithm 
and analyzing the robot’s pose matrix, inverse 
kinematics modules are used to determine 
the joint angles, enabling the robot to follow 
the desired trajectory. Gao et al. developed a 
multi-functional rehabilitation robot capable of 
sitting, lying, and standing. Angle sensors are 
installed on the backrest and seat to measure 
the real-time inclination angles at the control 
terminal [59]. A six-dimensional force sensor at 
the foot collects torque information from the pa-
tient’s foot, aiding clinicians in understanding 
the patient’s condition better. Proximity sensors 
in the leg extension module offer non-contact 
detection, contributing to enhanced safety and 
performance during rehabilitation exercises. 
Zhang et al. designed a rehabilitation robot 
based on motion injuries [60]. The control sys-
tem includes torque sensors at the output end 
of the motor drivers, which provide force feed-
back information during active training. This 
facilitates real-time adjustment of impedance 
values, improving the effectiveness of the reha-
bilitation process.

Muro-de-la-Herran utilized inertial sensors in 
gait analysis, primarily to measure angles and 

assess patient conditions throughout the en-
tire gait cycle [61]. A wearable rehabilitation 
exoskeleton robot developed by the University 
of Twente in the Netherlands uses motors to 
drive the ankle joint movements, enabling 
paraplegic patients to walk without obstacles, 
maximizing comfort and adaptability [62]. The 
robot is equipped with a multi-control strategy 
system that adjusts overall walking control 
based on shifts in the body’s center of gravity, 
which occur due to forward and lateral tilting 
during walking. The accuracy of the control is 
monitored using encoders and gravity sensors 
on the device.

Sensor technology plays a crucial role in de-
tecting and transmitting subtle signals, mak-
ing judgments based on the collected data 
to ensure that rehabilitation robots perform 
appropriate actions. This technology is advanc-
ing towards greater intelligence and efficiency. 
In human-machine interaction, software is 
becoming increasingly user-friendly, with new 
technologies enhancing the interactivity be-
tween humans and machines. Future software 
will significantly improve its practicality, leading 
to better patient experience.

Conclusion and Outlook

Rehabilitation robot provides a significant tech-
nological avenue for alleviating current health-
care challenges and enhancing training levels, 
offering substantial social value. Rehabilitation 
robots show promising prospects in the recov-
ery of stroke patients, significantly improving 
upper limb, lower limb, and cognitive functions. 
Compared to traditional rehabilitation training, 
rehabilitation robots offer more stable and 
controllable training, ensuring optimal rehabil-
itation intensity and efficiency. They not only 
provide scientifically effective rehabilitation 
training to accelerate patient recovery but also 
address the shortage of rehabilitation thera-
pists.

Current advancements in rehabilitation robot-
ics reveal a range of promising technologies, 
each with distinct advantages and challenges. 
End-effector robots have simple structures and 
are easy to manufacture but suffer from kine-
matic mismatches with limb joints, limiting their 
ability to control multiple joints simultaneously 
and restricting their range of motion. Although 
exoskeleton rehabilitation robots offer good 
compliance, comfort, and portability, they lack 
external rigid frameworks, making the instal-
lation of motors and sensors challenging, and 
limiting their functional diversity and support 
capabilities. Future research may focus on com-
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bining rigidity with flexibility. Regarding control 
strategies, current systems utilize a variety of 
methods, often in combination, to harness the 
strengths of each approach and address the 
weaknesses of individual techniques. Future re-
search is expected to increasingly adopt hybrid 
control methods.

Currently, the structure of rehabilitation robots 
mainly consists of traditional materials such 
as metals and alloys, which results in larger 
sizes that impacts patient comfort, thereby af-
fecting rehabilitation therapy. The shift towards 
lightweight materials will improve comfort and 
structural efficiency. Rigid joint-based rehabili-
tation robots have limited movement and can-
not achieve continuous deformation. The use 
of flexible materials such as elastomers can 
effectively absorb impact energy, representing 
an important direction for future development. 
A advancements in artificial intelligence, when 
combined with rehabilitation robots will make 
patient rehabilitation training more intelligent 
and safer, representing a key trend in future de-
velopments. Research into rehabilitation robots 
holds significant social implications and broad 
application prospects.
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Abstract

This paper presents a gait prediction method for lower limb exoskeleton robots using a real-time adaptive Kalman 
filtering algorithm. The exoskeleton robot targets two user groups: individuals with impaired lower limb motor func-
tion requiring rehabilitation training, where the device aids in muscle exercise during walking to facilitate recovery, 
and healthy individuals using it as a wearable assistive device. To enhance movement intention prediction and 
improve human-machine coordination, this study focuses on the gait prediction algorithm for walking assistance in 
healthy users and proposes a gait prediction control strategy based on normal gait orientation. The control system 
utilizes a microcontroller and Raspberry Pi as its core, enabling functional mode selection through multi-sensor 
data fusion and effective control of the robot via Bluetooth communication. By comparing the original model algo-
rithm with the proposed real-time updating Kalman filter algorithm, the latter demonstrates feasibility, achieving a 
prediction error within 1°. This validates the model’s effectiveness in real-time gait prediction.

Keywords: Gait prediction, lower limb exoskeleton robot, Kalman filtering

Highlights
● The paper develops a gait prediction control strategy for lower limb exoskeleton robots using a real-time adaptive 
   Kalman filtering algorithm, with public gait data from a Clinical Gait Analysis serving as input.
● The model incorporates motor rotation angle, angular velocity, and angular acceleration as core parameters, cal-
   culated based on the principles of uniformly accelerated motion. It achieves gait prediction by initializing param-
   eters, calculating Kalman gain, correcting measurements, and updating the covariance matrix.
● A control strategy guided by normal gait parameters enables the exoskeleton to transition efficiently into the de-
   sired motion state during startup and gait phase switching. The system employs a microcontroller and Raspberry 
   Pi as its control core, integrated with Bluetooth communication for effective robot control.

Introduction

Currently, lower limb exoskeleton robots are 
designed for two primary user groups. The 
first group includes individuals with impaired 
lower limb motor function who require rehabil-
itation. These exoskeletons simulate normal 
walking gait, assist patients in exercising their 
leg muscles, and facilitate the recovery of mo-
tor functions [1]. The second group includes 
healthy individuals, where exoskeletons serve 

as wearable booster devices in fields such as 
the military, industry, and first aid [2]. These 
devices enhance user functionality by reducing 
weight-bearing strain and physical exertion [3].

Commercially mature exoskeletons primarily 
focus on rehabilitation and employ relatively 
simple motion control systems. In contrast, 
exoskeletons for healthy users require real-time 
stability and improved human-machine interac-
tion, imposing more stringent demands on mo-
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tion control. Qu et al. studied the phase division 
of normal human gait and proposed dividing 
motion control into two phases: assisting and 
following. The control system was developed 
using fuzzy impedance control and position 
control based on gait trajectory, with input pa-
rameters provided by attitude angle sensors 
and pressure sensors [4]. Song explored gait 
predictive control using Kalman filtering and 
Gradient Boosting algorithms to predict chang-
es in joint angles during robot motion [5]. This 
approach integrates intelligent modules to es-
timate current joint angles and predict subse-
quent changes, enabling precise robot control.

The Hybrid Assistive Limb robot, developed 
by Cyberdyne in Japan, weighs 23 kg, has a 
160-minute endurance, and offers two control 
systems: bioconscious control and autonomous 
conscious control [6, 7]. The bioconscious 
control system captures electromyographic sig-
nals to infer the user’s movement intentions, 
while the autonomous control system uses pre-
stored models to perform assisted movements. 
Kadone et al. evaluated the HAL robot’s effec-
tiveness in patients with gait disorders caused 
by compressive myelopathy, demonstrating 
improved gait and restored joint contours after 
training [8].

Kalman filters have also been widely applied in 
other domains. For example, Wang et al. used 
Kalman filtering to process correlated noise 
and estimate pitch angles [9]. Fan et al. applied 
a Kalman filter fusion algorithm to eliminate 
noise and clutter in sowing depth measure-
ments, resulting in more accurate detection 
data [10]. Li proposed an optimization method 
based on Kalman filter sensor data fusion, 
which improved stability, anti-interference ca-
pability, and reliability even when some equip-
ment failed [11].

The objective of this project is to develop 

a wearable exoskeleton robot for assisting 
healthy individuals during walking. This robot 
aims to accurately predict the user’s movement 
intentions and provide effective assistance. 
The control system will use a microcontroller as 
the central module and integrate multi-sensor 
data fusion to achieve human-robot synergy. By 
combining sensing, electromechanical control, 
information detection, and artificial intelligence, 
the project seeks to deliver an intelligent wear-
able assistive device that meets user needs.

Structural design of a lower limb exoskeleton 
system

The lower limb exoskeleton assistive robot has 
been independently designed and developed, 
with its overall configuration illustrated in Fig-
ure 1. The mechanical structure mainly com-
prises a sliding hip joint with adaptive length 
adjustment, a multi-link bionic knee joint, and 
an electrically controlled backpack module 
[12-14]. The exoskeleton combines actively 
powered hip joints with passively assisted knee 
joints, improving the operator’s active control, 
reducing energy consumption, and extending 
battery endurance.

As in Figure 2, the mechanically adaptive leg 
features a hip joint transmission module, a bi-
onic knee joint linkage module, ankle and foot 
components, and additional accessories such 
as bearings and clasps. The hip joint transmis-
sion module includes a disc motor, motor tray, 
coupling, harmonic reducer, and a disc torque 
sensor, which is secured using screws. The 
mechanical leg employs a nested composite 
design with adjustable and lockable lengths, 
allowing it to accommodate users of varying 
heights. By controlling the rotation of the disc 
motor, electric energy is converted into kinetic 
energy, pushing the thigh rod to assist move-
ment.

Figure 1. Schematic diagram of the overall composition of the exoskeleton system.
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The bionic knee joint module features a pas-
sive six-link mechanism integrated with an 
air spring. The air spring stores kinetic energy 
during knee flexion and releases it during ex-
tension, providing a boost to movement. The 
ankle joint is equipped with an active joint ca-
pable of 360° rotation. The footplate connects 
to the joint via a nested structure, and both 
components are height-adjustable to adapt to 
user-specific needs. The unilateral leg, there 
are 3 degrees of freedom at the hip joint, 1 de-
gree of freedom at the knee joint, and 1 degree 
of freedom at the ankle joint.

Design of control system for gait prediction 
based on Kalman filtering

Gait analysis and control scheme design

Normal gait refers to the walking posture that 

minimizes body energy consumption while 
maintaining maximum comfort [15]. Gait analy-
sis, a biodynamic research method, studies the 
human walking process using mechanical prin-
ciples, specialized treatments, and knowledge 
of anatomy and physiology [16]. Simplifying the 
human body into a linkage model facilitates 
dynamic analysis of motion and force interac-
tions [17]. Figure 3 shows the angular variation 
curve of the hip joint during a single gait cycle 
in normal walking. The curve begins at the 
initial state (a), where the heel of the right leg 
contacts the ground, and the left leg’s heel is 
about to lift off, and ends at state (d), where 
the right leg’s heel contacts the ground again. 
Point b represents the critical transition point 
where the left leg changes direction, and point 
c marks the start of left leg support.

The analysis of the gait cycle and hip joint an-
gular variation serves as the foundation for 
defining the functional requirements of the exo-
skeleton control system. First, the starting pos-
ture and movement speed must be determined. 
In this study, the two-legged standing position 
is used as the initial state, and the angular 
changes in normal gait are utilized to calculate 
the corresponding movement speeds. This 
ensures that the robot can rapidly transition 
into the assistive and following modes. When 
the motion reaches point b, the exoskeleton 
must react promptly to change direction and 
either follow or assist the backward movement 
of the human leg. At point c, the exoskeleton is 
required to transfer the user’s center of gravity 
to the supporting leg while assisting the swing 
leg’s motion.

The intelligent control system is designed with 
a microcontroller as its core, enabling precise 
control of each joint motor via programmed in-
structions. The system reads motor parameters 
and sensor data to determine the motion state 
of the exoskeleton and performs closed-loop 
feedback for adjustment and control. Addition-
ally, the system integrates a microprocessor 
and an electromyography acquisition module 
to capture the user’s leg electromyography 
signals. These signals are processed to detect 
the user’s movement intentions, assisting the 
main control system in guiding the robot to the 
appropriate movement state. The overall design 
scheme of the exoskeleton control system is 
depicted in Figure 4.

To ensure the normal operation of the robot, a 
handheld control switch transmits control com-
mands via wireless Bluetooth to manage func-
tions such as startup and reset, ensuring user 
safety during robot use. The switch conveys 

Figure 2. 3D modeling of the exoskeleton robot.

Figure 3. Angular variation curve of the hip joint 
during a single gait cycle.
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commands to the main control module, which 
analyzes the inputs and transmits correspond-
ing control signals to the joint motor drivers. 
The motors then execute these commands, 
enabling the exoskeleton robot to function ef-
fectively. During operation, the system primarily 
controls the speed of each joint motor to pro-
vide assistance. Real-time acquisition of motor 
rotation angles and human-machine interaction 
data, obtained from torque sensors, allows for 
precise speed adjustments, reducing resis-
tance and improving control accuracy, safety, 
and stability.

The exoskeleton robot’s control system is built 
on a comprehensive hardware platform com-
prising various modules. Key components in-
clude:

Power Supply Unit: A lithium battery ensures 
portability, freeing the system from location 
constraints.

Main Control Module: Based on the STM32F4 
series minimum system, this serves as the core 
processing unit.

Joint Motors and Drives: Facilitate the robot’s 
movements.

Sensors: Torque sensors provide critical feed-
back for regulation and control.

Auxiliary System: Built on a Raspberry Pi 4B mi-
crocomputer, enabling intention recognition.

These hardware elements collectively form the 
foundation for implementing the exoskeleton 
control platform.

Gait prediction based on real-time updated 
Kalman filtering

Design of the real-time updated Kalman filter 
gait prediction process

The Kalman filtering algorithm, proposed by 
R.E. Kalman in 1960, is a recursive filter wide-
ly used for solving linear filtering problems in 
discrete data [18]. It estimates the state of a 
dynamic system from noisy measurements, 
minimizing mean-square estimation error, and 
has been extensively applied across various en-
gineering fields [19-21].

The algorithm consists of two phases: predic-
tion and update [22].

Prediction Phase: The algorithm predicts the 
system state at the next moment using the 
prior optimal state estimation and the system 
model.

Update Phase: The Kalman gain is calculated, 
allowing the algorithm to compare the predict-
ed value with newly obtained measurements 

Figure 4. General design scheme of the exoskeleton control system. CAN, Controller Area Network. 
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and refine the state estimate for improved ac-
curacy [23].

The core principle involves predicting the state 
at the Kth moment using the best estimate 
from the (K-1)th moment. This prediction is 
then corrected based on observations at the 
Kth moment, producing a more accurate esti-
mate [24].

In this study, predictive control of robot motion 
is implemented using a real-time updated Kal-
man filter algorithm, with Clinical Gait Analysis 
data as input. The motion of the robot is pri-
marily determined by motor parameters such 
as rotation angle, angular velocity, and angular 
acceleration, calculated based on the principle 
of uniformly accelerated motion. The detailed 
construction process of the prediction model is 
presented as shown below.

The predictive control process using a real-time 
updated Kalman filter consists of the following 
steps:

Inputs: Measurement parameter matrix  
      

where Q and R are adjustable parameters.

Outputs: Predictive matrix 

1. Initialization parameters:

Initially, all elements are set to zero, and angu-
lar acceleration 𝑎 is considered.

2. Calculation of the current initial Kalman gain 
at Time      : 

3. Correction of the measurement value at 
Time     : 

where              represents the measurement val-
ue at the previous moment and can be initially 
set to 0.

4. Update of the covariance matrix at time     : 
 

where I is the two-dimensional identity matrix.

5. Prediction of the state at time           :

where     is the acceleration at time     , calcu-
lated from the velocity at time      and the time 
interval.

6. Predictive update of the covariance matrix:
 

7. Recording of current time data: This step pre-
pares the data required for calculating      .

Implementation of gait prediction algorithm

In this study, a control strategy for the exoskel-
eton robot is designed based on normal gait 
parameters. The control scheme uses human 
walking parametersas a guide, enabling the 
exoskeleton to quickly transition to the corre-
sponding motion state when switching between 
startup and gait phases [25]. The booster func-
tion is achieved by controlling the robot’s speed 
to exceed human motion through real-time 
feedback adjustment.

The development environment for the control 
system program is KEIL MDK, where C lan-
guage is used. Figure 5 illustrates the flowchart 
of the main control program. During the debug-
ging phase, after the robot system is powered 
on, the master control system’s clock, interrupt, 
serial port, and mode selection controller are 
initialized. The parameters of each motor and 
driver are then verified by connecting to a com-
puter to ensure they function correctly.

Since the relative operating angle of the robot 
must be tested in real time, the initial starting 
state is defined as a two-legged standing posi-
tion. If the robot deviates from this state after 
the motors are operational, it can be restored 
by selecting the abnormal reset mode, ensuring 
the initial gait data is ready for execution. The 
communication protocol between the mode 
selection controller and the master control sys-
tem is AA000xBB, transmitted wirelessly via the 
Bluetooth module. The variable 𝑥 ranges from 
1 to 4, representing the following instructions: 
1: Normal operation; 2: Abnormal reset of the 
right hip joint; 3: Abnormal reset of the left hip 
joint; 4: Normal reset.

In the normal reset mode, the operation stops 
after returning to the initial two-legged standing 
position.

( ) ( 1) *( ( ) * ( 1))x k x k K y k H x k= − + − −

( ) ( * )* ( )P k I K H P k= −

( 1) * ( ) *x k A x k B a+ = +

( ) ( )1   TP k AP k A Q+ = +

( ) ( 1) *( ( ) * ( 1))x k x k K y k H x k= − + − −
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This study employs Profile Velocity Mode for ro-
bot control, focusing on the operational speed. 
The process is as follows [26]:

Retrieve the control index of the selected mode.

Activate the Profile Velocity Mode control mode 
via Service Data Object communication.

Clear any errors, enable the drivers and motors, 
and wait for the controller to select the working 
mode and transmit the corresponding control 
data.

In normal operation mode, the main control 
module transmits the initial guidance gait data 
to start the robot, entering the following phase. 
During this phase, the robot assists the human 
body in walking, with the torque sensor en-
abling users to adjust the operational speed of 
the robot.

When transitioning to the commutation phase, 
the system integrates direction switching func-
tionality. The program evaluates the torque 
information from human-machine interaction 
and the current operating speed. Once the 
predefined conditions are satisfied, the system 

Figure 5. Main control program flow chart.
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transitions to the next stage of speed guidance 
control. To further ensure safety, the program 
includes limits on both the running speed and 
operating angle.

Result analysis

The model prediction simulations were conduct-
ed using MATLAB, with the results presented 
in Figure 6 and Figure 7. Figure 6 displays the 
prediction results of the conventional Kalman 

filtering model, while Figure 7 shows the simu-
lation results of the real-time updated Kalman 
filter model.

The results indicate that the real-time updated 
Kalman filter achieves gait predictions for lower 
limb exoskeleton robots that align more closely 
with actual motion parameters, demonstrating 
superior accuracy and stability. Compared with 
the conventional Kalman filter, the updated 
model achieves higher prediction accuracy, 

Figure 6. Simulation results of conventional Kalman filter prediction. (A) Angle change curve; (B) Velocity change 
curve; (C) Angle prediction error curve; (D) Speed prediction error curve.

Figure 7. Simulation results of real-time updated Kalman filter prediction. (A) Angle change curve; (B) Velocity 
change curve; (C) Angle prediction error curve; (D) Speed prediction error curve.
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with reduced errors in both angle and velocity 
predictions and smaller fluctuations in the error 
curves.

In particular, the joint velocity change curves 
reveal significant jitter in the initial stage when 
using the conventional Kalman filter, requiring 
a stabilization period before aligning with the 
walking gait. In contrast, the real-time updated 
Kalman filter stabilizes much faster, effectively 
avoiding the jitter observed in the conventional 
model and adapting more rapidly to gait chang-
es.

When stabilized, the real-time updated Kalman 
filter achieves a prediction error of no more 
than 1°, outperforming the conventional mod-
el’s error range of 0°–5°, which only considers 
angle predictions with H=[1 0]T. This smaller 
error range further confirms the feasibility and 
effectiveness of the real-time updated model in 
gait prediction.

Conclusions and outlook

This study investigated a gait prediction meth-
od for lower limb exoskeleton robots using a 
real-time updatable Kalman filtering algorithm, 
aiming to enhance human-machine coordi-
nation and predict user motion intentions. A 
control strategy based on normal gait orienta-
tion was implemented using a microcontroller 
and Raspberry Pi as the core, combined with 
multi-sensor data fusion. The system achieved 
functional mode selection via Bluetooth com-
munication. Experimental results showed that 
the real-time updated Kalman filter outper-
formed the conventional model in prediction 
accuracy, achieving a prediction error of no 
more than 1°.

Future research can focus on the following di-
rections:

Algorithm Optimization: Enhancing computa-
tional efficiency to improve real-time perfor-
mance, making the prediction algorithm more 
suitable for practical applications.

Integration of Additional Sensor Data: Incorpo-
rating biofeedback signals, such as electromy-
ography, to enhance prediction accuracy and 
adaptability.

Broader Applications: Expanding the use of the 
system to military, industrial, and first-aid sce-
narios to meet diverse needs.

AI Integration: Leveraging advancements in 
artificial intelligence and machine learning to 

further improve gait prediction performance, 
enabling more intelligent and personalized sup-
port for users.

These developments will provide a robust tech-
nical foundation for the commercialization and 
clinical application of lower limb exoskeleton 
robots, advancing their utility and accessibility 
across various domains.
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Abstract

This review comprehensively examines current intestinal anastomosis techniques. Traditional manual suturing 
methods, including intermittent and continuous sutures, provide high flexibility but but vary in infection risk and 
operation time. Continuous suturing is particularly effective in reducing operative time and infection risk. Suture 
materials include non-absorbable sutures, absorbable sutures, and natural materials, with absorbable sutures the 
most preferred for intestinal anastomosis. Mechanical anastomosis has gained widespread adoption, featuring 
both linear and circular metal staplers. Linear staplers are simple to operate, while circular staplers better align 
with physiological structures. Materials used in staplers include non-degradable metals (e.g., titanium, titanium al-
loy) and biodegradable anastomosis (e.g., magnesium alloy). Metal nail anastomosis often results in fewer compli-
cations than manual suturing in specific surgeries. Magnetic pressure anastomosis, relying on magnet attraction, 
has been successfully applied in clinical scenarios following extensive research. The adhesive-based approach 
involves medical adhesives such as cyanoacrylate and fibrin glue, offering auxiliary support for anastomosis. 
Energy tissue welding encompasses laser and radio frequency energy tissue welding. While laser welding poses 
a risk of thermal damage, radio frequency welding offers significant advantages, including faster, seamless anas-
tomosis with reduced complications. The support method for intestinal anastomosis is a novel concept, involving 
the addition of support materials to the original anastomosis. It can be divided into composite and simple support 
methods. The simple support method, as evidenced by the “degradable internal scaffold method for digestive 
tract anastomosis” developed by Cai et al. in China, has demonstrated promising results in animal experiments. In 
conclusion, selecting the appropriate intestinal anastomosis technique depends on clinical scenarios to optimize 
surgical outcomes and reduce complications. The diverse technological advancements reviewed here present 
valuable opportunities for enhancing the quality and safety of intestinal surgery.

Keywords: Intestinal anastomosis technique, manual suture, mechanical anastomosis, magnetic pressure anasto-
mosis, support anastomosis

Highlights
● Continuous suturing in traditional manual suturing shortens operation time and reduces infection risk. Absorb-
   able sutures are preferred for intestinal suturing and anastomosis to minimize foreign body reactions.
● Mechanical anastomosis with linear and circular metal staples offers distinct advantages, while new biodegrad-
   able staples demonstrate good performance.
● Magnetopressure anastomosis, leveraging magnetic attraction, has shown success in specific scenarios, provid-
   ing innovative approaches to intestinal anastomosis.
● Radio frequency energy tissue welding technology enables rapid, seamless intestinal anastomosis, with 
   fewer complications and holds strong potential for future applications.
● The support method for intestinal anastomosis, particularly the “degradable internal stent anastomosis” using a 
   simple support method, shows significant promise in animal studies. 

 

I Introduction

Intestinal anastomosis is a fundamental surgi-

cal procedure that every general surgeon must 
master. It is among the most common proce-
dures in abdominal surgery. Various methods of 
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intestinal anastomosis have evolved, including 
manual suture, metal nail device anastomosis, 
and “seamless closure technology”. Despite 
advancements, these techniques cannot en-
tirely eliminate complications such as anasto-
motic leakage and stenosis [1]. Moreover, with 
the advent of the “minimally invasive era” in 
modern surgery, higher standards for intestinal 
anastomosis have been established [2, 3].

Manual suturing remains a cornerstone tech-
nique in intestinal anastomosis, relying heavily 
on the surgeon’s skill to accurately align and 
suture the intestinal tissues. The two primary 
suturing methods are interrupted and contin-
uous suture. Interrupted suturing offers high 
flexibility, allowing adjustment to accommo-
date the wound’s specific characteristics and 
facilitating effective wound observation during 
the healing process. However, this method is 
often time-consuming and more prone to infec-
tion. Conversely, continuous suturing reduces 
operative time, lowers infection risk, evenly 
distributes tissue tension, and minimizes the 
formation of dead spaces [4]. The selection of 
suture material is also critical to the success 
of manual suturing. Available materials include 
non-absorbable and absorbable sutures, as 
well as natural options. Each material offers 
distinct properties that influence the efficacy 
of the anastomosis and the patient’s recovery 
trajectory [5].

However, traditional manual stitching is not 
without limitations. The procedure is relatively 
complex, necessitating a high level of techni-
cal proficiency and experience. Furthermore, 
it is time-consuming and associated with an 
increased risk of intraoperative bleeding, which 
increases the complexity and risk of the opera-
tion. To address these challenges, mechanical 
anastomosis methods, particularly metal sta-
plers, have been developed, marking a signifi-
cant advancement in intestinal anastomosis [6]. 
Mechanical anastomosis instruments include 
linear and circular staplers. Linear staplers are 
known for their simplicity and efficiency, while 
circular staplers are designed to align with the 
intestine’s physiological structure, reducing the 
risk of anastomotic stenosis. The use of sta-
plers has demonstrated clear benefits over tra-
ditional suturing techniques, including shorter 
operation times, fewer postoperative complica-
tions, and reduced patient discomfort [7]. Fur-
thermore, the development of biodegradable 
staples offers new possibilities for improving 
intestinal anastomosis [8].

Despite the acknowledged benefits, mechanical 
anastomosis also has drawbacks. For instance, 

permanent titanium staples may induce inflam-
matory responses and lead to severe compli-
cations [9]. Consequently, exploring innovative 
anastomosis techniques has emerged as a 
focus in intestinal surgery research. Magneto-
pressure anastomosis utilizes magnetic attrac-
tion to create an intestinal anastomosis, thus 
eliminating the need for permanent foreign 
bodies and introducing a novel approach to this 
procedure. The intestinal adhesion method, 
involving medical adhesives such as cyanoacry-
late and fibrin glue, serves as a supplementary 
technique to enhance anastomosis strength 
and reduces the risk of anastomotic leakage 
[10, 11]. Energy tissue welding technology, in-
cluding laser welding and radio frequency (RF) 
energy tissue welding, employs energy sources 
such as light and electricity to achieve seam-
less anastomosis. Additionally, the concept of 
support-based anastomosis methods, which 
includes both composite and simple support 
techniques, offers an innovative strategy for in-
testinal anastomosis with promising potential.

Despite significant advancements in intestinal 
anastomosis technology, several challenges 
remain. Key research areas include improv-
ing anastomosis quality and safety to reduce 
postoperative complications and optimizing 
the selection of anastomosis methods and ma-
terials based on individual patient needs. This 
article aims to provide a comprehensive review 
of the current status and research progress of 
intestinal anastomosis technology. It evaluates 
the advantages and disadvantages of various 
techniques and offers insights into both re-
search and clinical practice. The ultimate goal 
is to drive the continuous development and 
refinement of intestinal anastomosis methods, 
contributing to improved patient outcomes.

II Review progress

Traditional manual stitching

Traditional intestinal suture methods

Intestinal anastomosis is a critical step in sur-
gical procedures, with the successful healing 
of the anastomosis significantly influencing 
surgical outcomes. Contemporary suturing 
techniques primarily include interrupted and 
continuous suture methods.

Interrupted sutures vs. continuous sutures

The history of manual suturing dates back to 
ancient China, where the renowned physician 
Hua Tuo is believed to have invented Ma Boiling 
Powder to aid in patient recovery. Since the 
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19th century, research on manual sutures for 
intestinal anastomosis has progressed rapidly 
[12]. Interrupted suturing is considered a clas-
sic method due to its high flexibility. Each stitch 
is independent, allowing for adjustments based 
on the wound’s specific conditions. Further-
more, it can be applied to wounds of various 
sizes and shapes and facilitates better obser-
vation of the healing process, enabling early 
detection and treatment of complications. How-
ever, a notable drawback is its susceptibility to 
infection, as dirt and debris can accumulate 
between knots, necessitating regular clean-
ing. Additionally, intermittent suturing is more 
time-consuming than continuous suturing since 
each knot must be tied individually.

To enhance efficacy and reduce operative time, 
the continuous suture method was developed. 
This method not only shortens the operation 
time but also maintains an intestinal patency 
rate comparable to that of interrupted sutures. 
Sert et al. conducted a comparative study, 
demonstrating that continuous suturing could 
reduce operation time by 50% [4]. The benefits 
of this method mainly include even distribution 
of tissue tension and tighter incision closure.

Suture material

A wide variety of sutures is used in manual 
suturing, all of which must meet specific cri-
teria. First, sutures must be universal, sterile, 
non-electrolytic, non-allergenic, and non-car-
cinogenic to prevent bacterial growth. Second, 
sutures should be easy to handle, provide 
secure knotting without wear or cutting, and 
maintain adequate tension and strength. Third, 
for intestinal suturing, the material should be 
absorbed by the body, triggering only a mild bi-
ological response or no response [13].

Non-absorbable sutures

Non-absorbable sutures provide long-term 
support for tissues requiring sustained rein-
forcement, such as in cardiac or macrovascular 
surgeries. However, their use in intestinal anas-
tomosis is limited due to the risk of chronic 
inflammation and foreign body granulomas 
formation. Nylon, a synthetic polyamide known 
for its high strength and durability is associat-
ed with a significant tissue reaction. Polyester, 
a synthetic polyethylene terephthalate, offers 
strength and longevity but also provokes a large 
tissue reaction.

While non-absorbable sutures offer advantag-
es in scenarios requiring long-term support, 
their propensity to trigger substantial tissue 

reaction makes them less suitable for intestinal 
suturing. This limitation is primarily due to their 
foreign body response, a characteristic that re-
stricts their broader application in this context.

Absorbable sutures

Absorbable sutures are designed to be ab-
sorbed by the body gradually, reducing the risk 
of long-term foreign body reactions. They are 
particularly recommended for intestinal anas-
tomosis. VicrylPlusTM, developed by Zhao et al. 
in 2008, contains triclosan, an antimicrobial 
agent, effectively inhibiting bacterial growth 
around the sutures [14]. Biosutures, synthe-
sized by Pascual et al. in 2008, is a novel su-
ture that uses adipose-derived mesenchymal 
stem cells for cladding, promoting intestinal 
healing through stem cell differentiation [15]. 
V-LocTM, featuring a barbed design that intro-
duced in 2009 by Demyttenaere et al., elimi-
nates the need for knotting, thereby reducing 
the risk of anastomosis disruption by knotting. 
This design facilitates the suturing operation 
under laparoscopic or robotic assisted suturing, 
enhancing the ease and efficiency of the proce-
dure [5, 16].

Natural materials

While synthetic materials dominate modern 
surgical sutures, natural materials continue 
to hold clinical value in specific contexts. Silk, 
composed of silk fibroin, a protein with high ten-
sile strength offers durability but are associated 
with a significant tissue reaction. Additionally, 
its rapid water absorption nature can lead to 
swelling, limiting its use in contemporary intes-
tinal anastomosis. Catgut (Gut), made from an-
imal tendon collagen, is absorbable; however, 
its short absorption time and propensity to elic-
it tissue reactions have reduced their frequency 
of use in modern practice. Recent innovations 
have introduced multifunctional sutures. For 
instance, antimicrobial-coated sutures, coated 
with substances like triclosan, can significant-
ly reduce the risk of wound infection, making 
them suitable for surgeries with a high risk of 
contamination. Smart sutures, which integrates 
nanotechnology and shape memory materials, 
enable real-time monitoring of wound condi-
tions and can release medications on demand, 
promoting targeted and accelerated healing.

Intestinal mechanical anastomosis

Metal nail stapler

Metal nail staplers are designed to apply pres-
sure to deploy staples that reconnect tissues 
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through staple deformation, achieving tissue 
anastomosis. Different structural types, includ-
ing linear and circular staplers, are developed 
to match the physiological characteristics of 
specific anatomical sites.

Linear staplers

The conventional manual suturing techniques 
are often time-consuming, with a higher risk 
of intraoperative bleeding. In recent years, 
gastrointestinal staplers, particularly linear 
staplers, have become increasingly popular 
for lateral anastomosis or when tissue resec-
tion and anastomosis are required. Common 
applications include: gastrointestinal bypass 
procedures (e.g., gastrojejunal anastomosis) 
to create a wide anastomosis; partial intestine 
resection with posterior anastomosis to prevent 
intestinal lumen narrowing; and rectal stump 
closure during low anterior rectal resection. 
The mechanism of action of linear staplers in-
volves inserting two rows of interlaced staples 
into the intestinal wall, facilitating efficient and 
neat anastomosis. They are simple to operate, 
enabling quick anastomosis and producing a 
clean anastomotic line. The selection of stapler 
depends on the intestinal diameter and specific 
surgical requirements. For instance, in colon 
surgery, a linear stapler with a longer staple 
chamber and wider stich spacing may be more 
suitable to accommodate the larger diameter 
of the colon.

Circular staplers

Circular staplers are frequently used for the 
end-to-end anastomosis of the intestine, offer-
ing distinct advantages in specific surgical sce-
narios, including esophagogastric anastomosis, 
colorectal anastomosis (especially in cases 
of narrow pelvic space), and ileal pouch-anal 
anastomosis to maintain mucosal alignment in-
tegrity. The mechanism of action involves a nail 
seat and a nail bin, where the broken ends of 
the intestine are secured. Upon firing, a circu-
lar stapler anastomosis is achieved in a single 
step. The primary benefit of circular staplers 
is their ability to create a round anastomotic 
connection that closely matches physiological 
structures, thereby reducing the risk of anasto-
motic stenosis.

However, it is important to note that circular 
staplers are not without limitations. For in-
stance, there is a potential for for incomplete 
anastomosis or leakage if not properly aligned. 
Besides, the cost of circular staplers is rela-
tively high, which increases the overall cost of 
surgery.

Anstomosis Material

Traditional non-degradable anastomoses

Titanium and titanium alloys are widely used 
in traditional non-degradable anastomoses, 
offering several advantages for gastrointesti-
nal anastomosis. Titanium, with a density of 
approximately 4.5 g/cm³ at room temperature, 
provides the ideal balance of strength and 
lightness, allowing anastomosis nails to remain 
in the body long-term without adding undue 
stress. The non-magnetic nature of titanium al-
loys renders them well-suited for gastrointesti-
nal anastomoses, especially in scenarios involv-
ing magnetic resonance imaging environments. 
The low elastic modulus of titanium alloys 
enables the material to deform under external 
forces, which is critical for forming anastomotic 
pinching and reducing the risk of postoperative 
leakage. Titanium alloys exhibit excellent resis-
tance to erosin by biological fluids, including 
intestinal fluid, which ensures long-term dura-
bility. Furthermore, high mechanical strength 
and toughness can maintain the structural 
stability and functionality of anastomosis nails 
in complex human environments. Titanium al-
loys such as Ti-3Al-2.5V and Ti-6Al-4V exibit en-
hanced mechanical properties while retaining 
the excellent biocompatibility and corrosion re-
sistance of pure titanium by adding aluminium 
and vanadium. In the domain of general sur-
gery gastrointestinal reconstruction, titanium 
alloys are extensively utilised in the fabrication 
of anastomosis nails, aiding in reliable tissue 
fixation and effective reduction of postoperative 
complications. However, the permanent pres-
ence of titanium in the human body is associ-
ated with certain drawbacks, such as imaging 
artifacts in CT, which could potentially lead to 
misdiagnosis, and postoperative complications 
like congestion, inflammation, and the risk of 
developing hepatic granulomas [9, 17, 18].

Biodegradable anastomoses

Magnesium alloys have a long history of bio-
medical exploration, with the earliest docu-
mented use dating back to 1907. Zheng et al. 
implanted tubular magnesium connectors in 
the stomach and intestines of dogs, demon-
strating the preliminary feasibility of magne-
sium-based implants in the gastrointestinal 
tract [19]. Nevertheless, the support duration 
and degradation rate of these implants were 
highly dependent on their anatomical position 
and size. Consequently, the utilisation of mag-
nesium alloy in clinical settings necessitates 
careful consideration of the clinical titanium 
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staple diameter of 0.3 mm, balancing the chal-
lenge between effective tissue engagement 
and optimal device degradation time. Modern 
advancements in magnesium alloys processing 
have revitalized interest in their clinical appli-
cations, particularly in gastrointestinal anas-
tomosis. Research has focused on enhancing 
the mechanical strength and biodegradability 
of high-purity (HP) Mg and its alloys. In 2016, 
Wu et al. developed a novel HP Mg anasto-
mostomosis device [7]. Qu et al. evaluated the 
biocompatibility and degradation behaviour of 
HP Mg staples in small intestinal anastomosis, 
showing reduced inflammatory responses [20]. 
Xu et al. reported that adjusting local Mg2+ ion 
concentrations could potentially support an-
ti-tumor therapy [21]. These reports highlight 
an innovative application of biodegradable 
magnesium-based materials with numerous 
benefits.

Recent studies suggest that there is no differ-
ence in the complication rate between metal 
nail anastomosis and manual suturing in gas-
trointestinal anastomosis, small intestine anas-
tomosis, and colonic anastomosis [6, 22-25]. 
However, the complication rate of esophago-
gastric anastomosis and ileocolic anastomosis 
is lower with metal nail anastomosis than that 
with manual suturing, which may be related to 
the improvement of stapler manufacturing pro-
cesses [26, 27].

Pressurized anastomosis

Regardless of whether manual suturing or 
mechanical stapling is used, both methods 
introduce foreign materials to close the intes-
tinal tube, leading to the presence of a foreign 
body at the anastomosis [28]. In contrast, 
compression anastomosis; the third generation 
of anastomosis techniques, offers a method 
that potentially reduces foreign body residues. 
This technique is particularly advantageous in 
intestinal stricture or complex anatomical struc-

tures, where avoiding foreign body presence 
is crucial. Common applications include low 
recto-anal anastomosis, duodenal, and jejunal 
anastomosis.

The origins of compression anastomosis date 
back to the early 20th century, with early ex-
periments involving compression rings for in-
testinal anastomosis. In 1826, Lambert et al. 
pioneered the use of compression anastomo-
sis rings, demonstrating the feasibility of this 
approach [29]. Denan subsequently achieved 
a seamless intestinal anastomosis using a 
compression ring in late 19th century. In 1892, 
Murphy invented the “Murphy Button,” a metal 
anastomosis ring that applied pressure to the 
anastomotic wall, causing tissue atrophy and 
necrosis, and allowing the compression ring 
to eventually detach and enter the intestinal 
lumen [30]. While effective, the high cost and 
complexity of the procedure limited its wide-
spread adoption (Figure 1) [31]. In the 1980s, 
research shifted towards magnetic compres-
sion anastomosis rings for intestinal anasto-
mosis [32]. The feasibility and effectiveness of 
this technique were demonstrated in studies 
[33]. In 1984, the “AKA-2” compression anas-
tomosis ring was developed by Kanshin et al. 
and gained clinical acceptance [34]. Material 
science advancements in the 1990s led to the 
creation of the Valtrac BAR, a biodegradable 
compression anastomosis ring (Figure 2A) [31]. 
Its anastomosis principle is similar to that of 
the “Murphy button”, but with notable improve-
ments: reduced tissue ischemia and necrosis 
as well as low incidence of anastomotic steno-
sis. However, the Valtrac BAR technique is tech-
nically demanding. Surgeons must accurately 
select the size of the anastomosis ring based 
on intestinal tube diameter and intestinal wall 
thickness. The gap between the rings must be 
adjusted manually, relying heavily on the sur-
geon’s experience.

The development of memory alloy pressurized 

Figure 1. Murphy Button and its operational functionality. (A) Murphy Button in general; (B) Exploded view of the 
Murphy Button; (C) Schematic diagram of the Murphy Button at work. This figure is adapted from [31].
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anastomosis rings represents a significant ad-
vancement in compression anastomosis tech-
nology. The Nitinol memory alloy pressurized 
anastomosis ring (Figure 2B) was authorised 
by the China Food and Drug Administration for 
clinical application [31]. Fudan University Can-
cer Hospital successfully completed the first 
clinical anastomosis in Asia using this technolo-
gy. The Nitinol ring remained in the body for 12-
18 days, effectively reducing the risk of anasto-
motic inflammation [35].

Despite its advantages, the pressurized stapler 
technique presents several technical challeng-
es, particularly related to the precise alignment 
of magnets. The dynamic peristalsis of the 
intestines poses a significant obstacle to the 
accurate placement of magnets within the in-
ternal environment. One potential solution is to 
employ advanced imaging techniques, such as 
intraoperative real-time ultrasound imaging, to 
enhance the visualization of magnet position-
ing, promoting more accurate alignment during 
anastomosis procedures. Additionally, the vari-
ability in intestinal anatomy, such as curvature 
and thickness, affect the effective alignment of 
the magnetic field. To address this, developing 
magnet systems capable of adjusting magnetic 
strength and field direction could accommodate 
anatomical variations among patients, thereby 
improving the success rate of pressurized sta-
pler anastomosis.

Intestinal adhesion method

Medical adhesives used in intestinal anasto-
mosis can be broadly categorized into two main 
types: chemical glue (primarily α-cyanoacrylate 
adhesives; e.g., OB and EC glues) and biologi-
cal glue (e.g., fibrin sealants).

Cyanoacrylate adhesives

The binding mechanism of cyanoacrylate adhe-
sives involves interaction with proteins present 
in all cellular structures. Organic amines act 
as catalysts in the polymerisation of cyanoac-
rylate monomers, allowing for rapid curing at 
room temperature. The natural moisture in the 
body further accelerates the curing process. 
Conversely, due to its nature as an ester com-
pound, cyanoacrylate demonstrates reduced 
bonding strength in wet conditions, limiting its 
use in organs with secretory functions, such as 
the digestive tract. Currently, α-cyanoacrylate 
is used solely as an adjunct to manual suturing 
or instrumental anastomosis, serving primarily 
to reinforce anastomosis and reduce the risk of 
anastomotic leakage [10, 36].

Fibrin gule

Fibrin glue is primarily composed of fibrinogen 
and thrombin, which work together to form a 
fibrin network upon application to intestinal 
tissues. When thrombin activates fibrinogen, 
this network traps surrounding cells and tis-
sues, forming a stable adhesive structure that 
bonds effectively with the intestinal tissue. The 
fibrin glue offers several advantages, such as 
reducing operation time and complexity and mi-
nimising tissue damage. However, it is import-
ant to note that fibrin glue does have certain 
drawbacks. Firstly, the adhesive strength of 
fibrin glue is low compared to traditional suture 
methods, making it unsuitable for high-tension 
applications. Secondly, it is more expensive 
and requires special storage and handling 
conditions. Currently, fibrin glue is primarily 
used as an adjuvant in intestinal anastomosis. 
Subsequent to manual suturing or instrumental 
anastomosis, it reinforces the anastomosis and 
helps reduce the risk of anastomotic leakage. 
In recent years, there have also been reports of 
“seamless” intestinal anastomosis using fibrin 
glue-coated collagen patches or fleece [11, 37].

Figure 2. Several typical pressurized anastomosis devices. (A) Valtrac BAR; (B) Ni-Ti memory alloy pressurized 
anastomosis ring. This figure is adapted from [31].
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Energy tissue welding

Energy tissue welding anastomosis involves 
applying heat energy to tissues using light, 
electricity, and other energy forms. This process 
alters the molecular structure of tissue pro-
teins, enabling tissue connection. Two primary 
methods in this domain are laser welding and 
RF energy tissue welding.

Laser welding

Laser energy was among the first energy-based 
methods explored for tissue welding. Compared 
to conventional manual sutures and mechan-
ical anastomosis, laser welding produces a 
smoother intestinal wall surface and eliminates 
foreign body residues, reducing the likelihood 
of postoperative complications [38]. In the 
1960s, Yahr proposed the concept of laser 
tissue welding [39]. Subsequent research by 
Cochrane  demonstrated that laser anastomo-
sis in rat colons achieved anastomotic strength 
comparable to manual sutures within 7 days 
post-surgery [40]. Yamada conducted intesti-
nal closure tests on sick cats and dogs using 
various laser types, and optimal results were 
observed at laser power settings of 6-10 W [41]. 
To boost anastomotic strength, researchers de-
veloped techniques to apply biological coatings 
to the anastomosis site during laser welding. 
These coatings, such as proteins, help regulate 
laser energy release by providing feedback sig-
nals [42]. Huang et al. used elastin as a binding 
agent to laser weld the ruptured porcine small 
intestine, and the experimental results showed 
that the use of elastin significantly improved 
the tensile strength and burst pressure of the 
welded intestinal tissue [43].

Ultrasound energy

Ultrasound energy involves sound waves with 
frequencies above 20 kHz, which transmit ener-
gy through mechanical vibrations. When ultra-
sound is applied to biological tissues, it produc-
es mechanical, thermal, and physicochemical 

effects, contributing to tissue cutting and anas-
tomosis. The mechanisms of action include 
the following asepects. Oscillatory movement: 
ultrasound induces vibrations that lead to the 
vaporization of water molecules in tissues; the 
protein structure is disrupted, acilitating tissue 
cutting and mechanical separation. Thermal 
effect: Tissues absorb ultrasonic energy, lead-
ing to a temperature increase, which causes 
denaturation and recoagulation of extracellu-
lar matrix proteins, promoting tissue bonding. 
Physicochemical effect: this enhances protein 
synthesis, blood vessel formation, and injury re-
pair and healing; the physicochemical changes 
contribute to stable tissue adhesion, aiding the 
anastomosis process.

However, the uneven transmission of ultrasonic 
energy during tissue welding presents a sig-
nificant challenge in achieving precise control 
over the welding depth and width, affecting the 
stability of the anastomosis site. Current ultra-
sound-anastomosed tissues do not meet the 
biomechanical demands of normal physiolog-
ical functions, limiting clinical applicability. In 
future research, the research direction should 
focus on developing technologies to ensure uni-
form distribution of ultrasonic energy, enhanc-
ing control over welding precision. Concurrently, 
new materials that improve the effectiveness 
of tissue welding and enhance biomechanical 
strength are also a promising research focus.

RF energy tissue welding

RF energy tissue welding employs electric cur-
rent to heat biological tissues, a mechanism 
similar to laser welding. When tissues are 
heated to a specific temperature range, protein 
denaturation occurs. By maintaining a uniform 
and stable temperature, protein reaggregation 
is prevented, promoting the formation of stable 
protein linkages and enabling tissue incision 
anastomosis (Figure 3).

In RF tissue welding, the frequency of the RF 
current is typically 450-500 kHz [44, 45]. Ra-
diofrequency tissue welding, employed in de-
vices like LigaSure (Medtronic), was first used 
for vascular anastomosis [46, 47]. Building on 
the success of radiofrequency energy in the 
domain of vascular anastomosis, researchers 
have explored its application in intestinal anas-
tomosis. Tu et al. investigated the impact of var-
ious control parameters (power, time interval, 
terminal impedance) on intestinal anastomosis 
using radiofrequency energy, and employed two 
indicators, burst pressure and thermal injury, 
to assess the quality of intestinal anastomosis 
[48]. The findings revealed that when the power 

Figure 3. Radiofrequency energy tissue welding.
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was set at 100 W, the time interval was 2000 
ms, and the terminal impedance was 50 Ω, the 
maximum burst pressure could reach approx-
imately 8.46 kPa following intestinal anasto-
mosis. Pan et al. conducted intestinal closure 
experiments on 18 pigs using radiofrequency 
energy (LigaSure, Valleylab), with traditional 
manual suturing and mechanical anastomosis 
serving as control groups [49]. Histological 
examination showed collagen fibers filling the 
muscular layer gaps in the RF-welded anas-
tomosis, in comparison to the control groups, 
indicating superior tissue fusion. Wang et al. 
used custom RF platform with adjustable volt-
age, action time, and applied pressure, to as-
sess the effect of RF energy-based anastomo-
sis in the small intestine [44]. The anastomosis 
quality was evaluated based on burst pressure 
and microstructure observations. The results 
demonstrated that maintaining impedance 
between 61.0 and 86.2 Ω yielded satisfactory 
anastomosis quality. Lacitignola et al. used RF-
based laparoscopic vascular occlusion devic-
es to test small intestine closure in pigs, and 
demonstrated that the burst pressure of the 
RF-closed small intestine reached approximate-
ly 40 mmHg, demonstrating robust anastomot-
ic strength [50].

RF energy tissue welding technology facilitates 
rapid and seamless anastomosis of tissues and 
organs, exhibiting notable advantages, includ-
ing the absence of foreign body intervention, 
high initial tensile strength, expedited postoper-
ative healing with minimal complications. This 
technique holds considerable clinical research 
value and surpasses alternative anastomosis 
techniques.

Intestinal anastomosis by the support method

Intestinal anastomosis by the support method 
is a novel concept involving the placement of a 
supportive material within the intestinal wall to 
reinforce anastomosis during traditional anas-
tomotic procedures [29]. This approach is cat-
egorized into composite support anastomosis 
and simple support anastomosis.

Composite support method

The healing process of intestinal anastomosis 
involves restoring intestinal wall continuity, bal-
ancing intraluminal pressure and intestinal wall 
pressure. From a biomechanical perspective, 
maintaining this pressure balance is crucial 
to prevent anastomotic leakage. The principle 
underpinning this method is that as long as 
the intestinal wall force at the anastomosis site 
exceeds the intraluminal pressure, the risk of 

anastomotic leakage remains low. Traditional 
techniques such as manual suturing, stapling, 
bonding, and welding anastomosis all aim to 
restore this balance by reconstructing the in-
testinal wall’s structural integrity. While not pro-
viding strong compressive force, compression 
anastomosis effectively resists intraluminal 
pressure, contributing to pressure equilibrium 
between the intestinal lumen and intestinal 
wall The composite support method enhances 
the original anastomosis technique by adding a 
layer of supportive material. While this reduces 
the intestinal pressure at the anastomosis to a 
certain extent, it concomitantly increases the 
intestinal wall pressure.

Simple support method

The simple support method of intestinal anasto-
mosis represents a significant innovation in tra-
ditional anastomotic techniques. This method 
uses two binding lines (or alternative methodol-
ogies) to secure the intestinal wall and support 
material, thereby establishing a “zero pressure 
zone” within the intestinal healing region be-
tween the two binding lines. This pressure-neu-
tral environment is conducive to optimal tissue 
healing. A similar bundle anastomosis was first 
documented in the late 19th century. In 1894, 
Abbe tied grooved glass tubes to the severed 
vessel ends and achieved “seamless” end-to-
end anastomosis of the blood vessels [51]. In 
1980, Payr refined the “Abbe method” using a 
magnesium ring equipped with a grooved end 
[52]. This innovation involved initially placing 
the magnesium ring on the adventitia of the 
blood vessel during anastomosis, followed by 
exteriorizing the severed vessel end to expose 
the intima. The procedure was completed by 
inserting the contralateral intima of the blood 
vessel into the exposed intima, thereby achiev-
ing a secure and seamless binding.

In China, Peng et al. advanced this concept 
through the development of the “degradable 
internal stent gastrointestinal anastomosis”, 
building upon their prior work with bundled line 
pancreatic anastomosis and bundled pancre-
atic-gastric anastomosis [53-55]. Prior animal 
experiment has demonstrated the safety and 
feasibility of this method, demonstrating its 
capacity to complete gastrointestinal, small 
intestine, and colonic anastomosis in a nor-
mal abdominal environment, but also to repair 
anastomotic leakage or colonic perforation in 
phase I of infectious environments [56, 57].

III Conclusion

The development of intestinal anastomosis 
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technology is crucial for advancing intestinal 
surgery. This paper systematically reviewed and 
analyzed various intestinal anastomosis tech-
niques, demonstrating that each method has 
unique advantages and limitations. Selecting 
the appropriate technique requires careful con-
sideration of clinical factors to optimize surgical 
outcomes.

(1) Traditional manual suturing constitutes the 
fundamental method of intestinal anastomosis. 
Intermittent suture offers high flexibility but is 
time-consuming and prone to infection. Con-
tinuous sutures reduce the operation time and 
the risk of infection. The selection of suture ma-
terial is of paramount importance, with absorb-
able sutures offering distinct advantages in the 
context of intestinal suturing, thereby mitigating 
the risk of foreign body reactions. The advent 
of novel multifunctional sutures expands the 
possibilities for intestinal anastomosis. Howev-
er, the technical complexity of manual suturing 
demands high surgical expertise, potentially 
limiting its effectiveness in complex surgeries.

(2) Intestinal mechanical anastomosis is a 
widely applied technique, and the advent of 
metal nail staplers has significantly improved 
surgical efficiency. Linear stapler is simple to 
operate, and the circular stapler anastomo-
sis aligns well with physiological structure. 
However, there are also limitations, such as 
incomplete anastomosis, anastomotic leakage, 
and high cost. The continuous improvement of 
staple materials, such as the emergence of bio-
degradable staplers, provides a new solution to 
the problem of long-term retention of traditional 
non-degradable stasmosis staples. Neverthe-
less, the mechanical properties of biodegrad-
able staples still need to be further improved.

(3) Magnetic pressure anastomosis is a novel 
technique that utilizes magnetic attraction to 
facilitate intestinal anastomosis, effectively 
eliminating the risk for foreign body residues at 
the anastomosis. This technology demonstrates 
significant potential in specific clinical scenari-
os. Nevertheless, this technology may still have 
certain limitations in terms of operation accu-
racy and scope of application, necessitating 
further research and clinical trials to refine the 
technique and expand its applicability.

The adhesion method employs medical ad-
hesives as intestinal anastomosis adjuvants, 
contributing to reinforced anastomosis and a 
reduced risk of anastomotic leakage. Howev-
er, challenges such as inadequate adhesive 
strength and high cost persist. Energy tissue 
welding technology, particularly RF energy tis-

sue welding, offers a promising alternative. RF 
energy welding provides strong initial tensile 
strength, and no foreign body intervention, 
making it a viable choice for intestinal anasto-
mosis. However, laser welding is hindered by 
problems such as thermal damage, which lim-
its its application.

The the support method in intestinal anasto-
mosis is a novel concept, offering innovative 
approaches through the composite support 
method and simple support method. For in-
stance, the “biodegradable internal stent gas-
trointestinal anastomosis” has demonstrated 
favourable outcomes in animal experiments; 
however, further clinical studies are required to 
substantiate its safety and efficacy.

In conclusion, the field of intestinal anasto-
mosis techniques is undergoing continuous 
evolution, driven by innovative research and 
technological advancement. The emergence of 
safer, more effective, and user-friendly meth-
ods is expected. These advancements will likely 
contribute to improved quality of care, reduced 
complication rates, and better surgical out-
come.
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