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Abstract

Objective: To develop an automated staining device addressing the issues of cumber-
some operation, low efficiency, and cluttered workspace associated with current clini-
cal rapid on-site evaluation using Diff-Quik staining for aspiration specimen cytological
smears. Methods: The device integrates a microcontroller to control motors, peristaltic
pumps, solenoid valves, and fans, enabling the automatic transfer of cytological slides,
delivery of staining and rinsing solutions, and forced-air drying. Results: Preliminary
test results indicated that the developed device successfully performs four key steps, in-
cluding Diff-Quik A and B staining, rinsing, and drying, achieving automatic staining of
cytological smears. Conclusion: The developed device features a compact footprint and
has no pollution to the operating environment, offering a practical solution for automat-
ed, efficient, and convenient slide staining during rapid on-site evaluation procedures.
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Highlights

e The developed device reduces manpower and time consumption, improving staining efficiency in digestive endoscopy centers.
e It has a compact design with minimal contamination to the operating environment.
e The developed device demonstrates excellent staining performance and has been recognized by clinicians.

1 INTRODUCTION

In 2022, pancreatic cancer accounted for approximately 511,000
new cases and 467,000 deaths worldwide. It remains one of the
most lethal malignancies, ranking sixth in cancer-related mor-
tality, contributing to nearly 5% of all cancer deaths worldwide.
The mortality rate of pancreatic cancer has remained stable in
many countries, including those in the European Union, over
the last decades. As mortality from other cancers, such as lung
cancer, colorectal cancer, prostate cancer, breast cancer and
gastric cancer, continues to decline, the public health burden of
pancreatic cancer has increased [1, 2]. Over one-third of pan-
creatic cancer cases from 1990 to 2019 were associated with the
digestive system [3].
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For the diagnosis of pancreatic and other digestive tract lesions,
endoscopic ultrasound-guided fine-needle aspiration/biopsy
(EUS-FNA/B) has become a widely accepted and effective
technique [4-6]. EUS-FNA/B enables real-time, ultrasound-
guided needle puncture to obtain specimens from target lesions,
offering advantages of minimal trauma, rapid recovery, and
low cost [7].

During EUS-FNA/B procedures, Rapid On-Site Evaluation
(ROSE) facilitates pathologists to quickly assess the adequacy
and diagnostic value of collected specimens, which is particu-
larly crucial for less experienced operators and centers with
lower diagnostic yields. In current clinical practices, ROSE is
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Figure 1. Flow chart of Diff-Quick staining of cytological smears.

typically performed using Diff-Quik staining, a rapid staining
method evolved from Wright’s stain and is commonly applied
in cytological evaluations. Diff-Quik staining offers a quick
turnaround time and produces clear background staining, aid-
ing in accurate visualization of cellular morphology and struc-
ture [8, 9]. Through Diff-Quik staining, pathologists can pre-
liminarily determine whether aspirated specimens is represen-
tative of the lesion and evaluate its pathological properties [10].

Currently, the Diff-Quik staining process is manually operated
by medical personnel (Figure 1). Manual operations, including
smear preparation, fixation, staining, and rinsing, have several
drawbacks: 1. Low efficiency, long time consumption, and sig-
nificant physical workload; 2. Space occupation by equipment
and tools, along with environmental disruption caused by man-
ual dripping of dye solution and rinsing under running water;
and 3. High demand for experience and skills.

These challenges highlight an urgent clinical need for an auto-
mated cytological smear processing device to enhance staining
efficiency, reduce environmental contamination, and enhance
the practicality of Rose in routine workflows.

https://doi.org/10.61189/599339cpncph

In this study, we developed an automated cytological smear
staining device for ROSE. This device is capable of indepen-
dently executing four core processes - Diff-Quik A and B stain-
ing, rinsing, and air drying, and is equipped with safety fea-
tures such as emergency stop and power-off restart to ensure
reliable operation and minimize potential losses in clinical
settings.

2 MATERIALS AND METHOD
2.1 Overall scheme design

The developed cytological smear staining device is based on
the STM32G432RBT6 microcontroller and integrates multiple
functional units, such as LCD display, control buttons, stepper
motors, a peristaltic pump, and solenoid valves. The schematic
diagram of the device composition is shown in Figure 2.

The device supports sequential staining, real-time process
visualization, power-off data retention, and emergency brak-
ing. Its operation is initiated by the user via control buttons,
which trigger the microcontroller to actuate the stepper motor,
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Figure 2. Structure of the smear carrier and its base. (A) Main view of the structure; (B) Side view of the structure; (C) Physical prototype of
the structure. 1: gear 1, 2: rack fixedly connected below the carrier, 3: gear 3, 4: guideway, 5: gear.
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Figure 3. Diagram of the overall system components.

enabling reciprocating motion of the carrier. Meanwhile, the
peristaltic pumps transport dye solution, with solenoid valves
controlling switch between different dye solution. Real-time
staining status is displayed in on the LCD screen. During the
staining process, position data of both the motor and the carrier
are stored in Electrically Erasable Programmable Read Only
Memory (EEPROM), allowing process continuity in the event
of a power outage. The waiting time between steps is program-
mable, enabling optimization of staining quality and precise
control of the smear drying duration.

2.2 Mechanical structure design
2.2.1 Design of carrier motion mechanism

The mechanical structure of the device was designed using
SolidWorks. As shown in Figure 3, the carrier motion mecha-
nism is essentially a two-degree-of-freedom variable pivot
rotation system [11]. In this design, the carrier supports cyto-
logical smear slides and performs two types of motion: transla-
tion and rotation. The translation is achieved using a gear-rack
mechanism, which converts the rotational motion of a motor

https://doi.org/10.61189/599339cpncph

into linear movement of the carrier. The rotation is achieved
through a gear mechanism, which converts the rotational
motion of the motor into the tilting motion of the carrier. The
motion transmission routes are as follows:

Translation: The output shaft of the translation motor is fixed to
gear 1, which engages with rack 2. Rack 2, rigidly attached
beneath the carrier, moves linearly, driving the carrier along
the horizontal axis. During linear motion, gear 3 remains sta-
tionary, and its flattened upper surface remains in contact with
the bottom of the moving carrier, allowing relative motion
between the carrier and gear 3.

Rotation: The output shaft of the rotation motor is fixed to gear
5, which meshes with gear 3. When gear 3 rotates, it induces a
tilting motion in the carrier. During this process, the bottom of
the carrier maintains contact with the flattened upper part of
gear 3, but no relative motion occurs between them.

To avoid mechanical interference between translation and rota-
tion, gear 1 and gear 3 are designed to be coaxial.

The base of the carrier is made of steel to ensure sufficient load-
bearing capacity. Two stepper motors and all associated gears
are mounted on this base. The output shaft of each motors is
connected to its relevant driving gear by a key. After receiving
the motion command from the upper computer, the microcon-
troller activates the translation motor, driving the carrier to
undergo horizontal linear movement. Once the carrier reaches
the specified position, the rotation motor is activated to tilt the
carrier. Simultaneously, the peristaltic pump operates during
the translation phase to deliver staining or rinsing solution.
During the tilting phase, the peristaltic pump stops working to
drain residual staining or rinsing solution, preventing cross-
contamination and ensuring staining quality.

2.2.2 Design of the liquid pathway

Three different liquid containers are used to store dye solution
A, dye solution B, and rinsing water, respectively. The outlet of
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Figure 4. The liquid pathway and the relay. (A) Peristaltic pump and solenoid valves connected to the liquid pathway; (B) Three-way relay.

each container is connected to a four-way pipe through its cor-
responding solenoid valves. These individual lines are merged
into a single output pipe. All three types of liquid are driven by
a peristaltic pump and finally drained to the cytological smears
fixed on the carrier through a dropper. Solenoid valves are indi-
vidually controlled via a relay module. Figure 4A shows the
configuration of the peristaltic pump and solenoid valves with-
in the liquid pathway system, while Figure 4B shows the relay
module for value control.

2.3 Component selection and software design
2.3.1 Component selection

In this study, Altium Designer was used to design the circuit
schematic and Printed Circuit Board layout. The electronic
control system of the developed automated smear staining
device consists of several functional modules, including the
main control module, stepper motor module, peristaltic pump
module, solenoid valve control module, LCD display module,
EEPROM storage module, button input module, and power
supply module.

In the main control module, a STM32G431 chip is used for
overall system control and data processing. This microcon-
troller offers a stable development environment and an exten-
sive set of peripheral modules, enabling seamless integration
with external hardware components.

In the stepper motor module, a type 57 stepper motor paired
with a DM556 stepper motor driver was selected [12-14]. The
stepper motor provides a holding torque of 2.4 N-m, which is
sufficient to support stable movement of the carrier.

For the peristaltic pump module, a 304 K peristaltic pump driv-
en by a JBT-BM controller was used [15, 16]. The pump oper-
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ates at a rotation speed of 300 r/min and is compatible with #24
tubing. The flow rate of the pump is set at 1000 ml/min, which
is sufficient for the delivery of dye solution and rinsing water.

For the solenoid valve module, a normally closed, direct-acting
solenoid valve operating at DC 24 V was selected [17, 18]. The
pressure range of this solenoid valve is 0-0.2 MPa. Its opening
and closing are controlled via a three-way relay module.

In this device, a TFT-LCD screen is incorporated to display
real-time information related to staining process and stepper
motor positioning, especially for emergency detection and fail-
ure handling [19]. This LCD screen operates at 5 V and is capa-
ble of displaying 10 lines of information simultaneously, with a
maximum of 16 characters per line. The LCD screen features a
backlight with a working voltage of 4.5 to 5.5 V, ensuring clear
display even under low-light conditions.

To prevent parameter loss and reset difficulties in the event of a
power outage, the system stores the stepper motor position in
real time. A 2K-bit EEPROM (AT24C02) was selected for this
purpose [20]. The EEPROM operates independently of pro-
gram space and achieves data reading and writing through
Inter-Integrated Circuit communication technology, ensuring
safe data storage in case of a power outage.

The button module enables user interaction and manual inter-
vention during the staining process. Each button is connected
to GPIO port on the microcontroller, ensuring efficient hard-
ware wiring and convenient software processing.

Specifically, buttons Bl, B2, B3, and B4 are connected to pins
PBO, PB1, PB2, and PAO of the microcontroller, respectively.
Bl initiates the staining processes, B2 confirms smear place-
ment, B3 confirms smear removal, and B4 has dual functions
- short press for emergency stop and long press for execution
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Figure 5. Process flow chart.

mode switching. Once the system is powered on, the microcon-
troller continuously scans the button states. When a button is
pressed, the corresponding program is executed promptly.

2.3.2 Software design

The software program was developed using the Keil uVision5
platform from Keil Corporation. Software control is the key to
stable and coordinated operation of all functional modules. The
control system includes subprograms, such as the main pro-
gram, stepper motor driver, peristaltic pump controller, storage
program, button interaction program, and solenoid valve con-
troller. As shown in Figure 5, the program first performs ini-
tialization of all modules after startup. Then, the operating
mode of the device is selected and controlled via physical but-
ton inputs. During the staining process, the LCD display mod-
ule continuously displays the current operational stage in real
time.

The button control program plays a central role in realizing in
realizing human-machine interaction, enabling manual setting
and adjustment of the device’s operational state.

The function update Key Status () is responsible for real-time
button status updates. It is embedded in the system tick handler
SysTick Handler (), ensuring continuous scanning of button
states after the system is powered on. Once a button press is
detected, the corresponding task program is executed
immediately.

The output I/O ports of the microcontroller are connected to the
control signal terminals of the DM556 driver: pulse (PUL)+,
PUL-, direction (DIR)+, DIR-, enable+, and enable-. The PUL
and DIR signals are used to control the motor’s motion and
direction, while the enable signals control motor activation. In
order to prevent interference caused by the simultaneous opera-
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tion of two motors, the translation motor is given higher control
priority than the rotation motor during execution.

The control program for peristaltic pumps is relatively simple.
By configuring the GPIO ports responsible for the pump’s
power and direction, the microcontroller can initiate or termi-
nate the fluid delivery process as required.

Three relays are used to control the corresponding solenoid
valves. To prevent malfunctions caused by negative pressure
during valve operation, an LED status indicator is incorporated
to display real-time operational condition of the peristaltic

pump.

In the storage program, Inter-Integrated Circuit bus is used for
data communication. The Inter-Integrated Circuit bus protocol
includes five basic data transmission modes. In this device,
Current Address Read mode is applied for reading, and Byte
Write mode is used for data writing [21].

The LCD display program is designed to provide real-time
feedback on device status. In parameter setting mode, the LCD
displays the configured operating speed of the stepper motor. In
dyeing mode, it displays the current dyeing step, the remaining
time for that step, and relevant user operation information.

Upon system startup, all modules undergo initialization.
Subsequently, the smear staining process is initiated, and the
LCD displays operation instructions simultaneously. In stand-
by mode, the buttons are continuously monitored, and the
staining process will be activated after the user responds. The
stepper motor drives the platform to execute translation and
rotation, the peristaltic pump to supply liquid, and the relay-
controlled solenoid valves to switch the dye solution.

The flow of the staining process is shown in Figure 6.

Upon startup, all modules are initialized and enters a standby
state, waiting for subsequent commands (button Bl);

1. Once button Bl is pressed, the staining process starts. The
microcontroller controls the stepper motor to move the carrier
to the front access window, allowing users to open the device
and load cytological smears onto the carrier. The control sys-
tem then waits for the staining initiation command (button B2);

2. After the smears are loaded and button B2 is pressed, the
carrier is moved to the rear position directly below the dropper.
The peristaltic pump and the solenoid valve for staining solu-
tion A are activated;

3. The dropper begins dispensing staining solution A, while the
carrier moves forward simultaneously to ensure even coverage
of the smear;

4. Upon completion of the first staining step, the carrier returns
to the rear position and tilts to drain residual liquid;
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Figure 6. Staining process flow chart.

Figure 7. Physical prototype of the staining device.

5. The air-drying process is initiated. Simultaneously, the sole-
noid valve for staining solution A is closed, and the solenoid
valve for staining solution B is opened; The above steps are
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then repeated for solution B and subsequent rinsing or drying
processes as required,;

6. After all staining and drying steps are completed, the system
awaits the smear removal command (button B3);

7. When button B3 is pressed, the carrier is moved to the front
window position, allowing users to open the device and retrieve
the stained smears.

If a device malfunction occurs during any stage, button B4 may
be pressed to enter sleep mode. In this mode, all system compo-
nents, solenoid valves, peristaltic pump, and stepper motors,
are shut off to prevent further error or damage. Once the fault is
repaired, button B4 can be pressed again to restart the initial-
ization procedure and allow the staining process to resume
from the beginning.

2.4 Verification of device functions
2.4.1 Validation scheme

Initially, the hardware circuit underwent rigorous inspection to
ensure precise soldering and reliable connections. Subsequently,
all modules were integrated into the complete device assembly.
As shown in Figure 7, the staining device is housed within a
rectangular acrylic enclosure, the bottom and side panels are
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Figure 8. Visual and microscopic examination results of stained cytological smear. (A) Four stained cytological smears; (B) Microscopic
image of a cytological smears.

sealed to prevent external interference or dye leakage, and a
partition plate is installed inside the housing, separating the
compartments: the main mechanical structure is centrally
mounted on the bottom, while the electronic control hardware
is installed on the partition plate above. The liquid pipeline and
droppers are placed directly above the carrier. The dye and
rinsing solution reservoirs are located at the rear inside the
housing.

Following assembly, individual module tests were performed
to verify each component’s function. After confirming the
proper operation of all modules, comprehensive system-level
testing was carried out to validate its performance and expect-
ed functions.

2.4.2 Test of the modules

The button module was tested by observing the response of an
LED indicator on the microcontroller. The LED control code
was embedded at the points corresponding to short and long
button presses to verify accurate detection. When the relevant
GPIO port was pulled low (grounded), the LED turned on. To
prevent mutual interference between the LED module and the
LCD module, a 74HC573 latch was used for electrical isolation.
During LED control, the latch enable bit was first set high to
enable the latch, then pulled low to maintain the LED’s state.

The LED control snippet is as follows:

HAL_GPIO WritePin(LEDEN_GPIO_Port,LEDEN_Pin,
GPIO_PIN_SET);

HAL_GPIO WritePin(LEDO_GPIO Port,LEDO_Pin,GPIO
PIN RESET);

HAL_GPIO WritePin(LEDEN_GPIO_Port,LEDEN_Pin,
GPIO_PIN_RESET);
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After successful verification of the button module functional-
ity, testing proceeded to the stepper motor module, peristaltic
pump, and solenoid valve module using the button inputs. Each
button was pressed individually to confirm that the correspond-
ing device functions operated correctly and without error.

During operation of the stepper motor, press the RESET button
on the microcontroller at any time and observe the variation of
the display parameter jiaodu_a on the LCD screen before and
after pressing the RESET button. If the value of jiaodu a
remained unchanged before and after pressing, it confirmed
that the EEPROM module correctly stored the position data and
retained it after a reset, thus passing the test.

Next, the staining process test was carried out. The staining
process code was executed, and key operations were performed
according to the prompts on the LCD display module. The vari-
ation of information displayed on the LCD was observed at
each step of the staining process, ensuring that the system pro-
vided real-time feedback to the user.

The testing results show that the microcontroller effectively
controlled the stepper motors, the peristaltic pump, and the
solenoid valves to stain the smear on the carrier with different
staining solutions.

3 RESULTS

After successful testing of all modules, an overall staining test
was performed on the staining device. A and B Diff staining,
rinsing, and drying of several hydrothorax cytological smears
were carried out sequentially. The hydrothorax cytological
smears specimens were provided by the Digestive Endoscopy
Department of Shanghai Ruijin Hospital. Figure 8 shows the
visual and microscopic examination results of the stained
smear. The ROSE operating pathologist at Shanghai Ruijin
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Hospital evaluated the smear staining quality and confirmed
that the quality of staining was sufficient for microscopic
examination and diagnosis.

4 DISCUSSION AND CONCLUSIONS

In response to the current challenges of low efficiency, cluttered
operating spaces, and high manpower consumption in Diff-
Quick staining of cytological smears, we designed an automat-
ic staining device specifically for ROSE-oriented aspiration
specimen cytological smears. The prototype device underwent
comprehensive functional verification, demonstrating its abili-
ty to effectively automate the four key processes: A and B Diff
staining, rinsing, and drying of smears. The developed staining
device offers several advantages, including enhanced efficien-
cy, improved workspace organization, emergency stop func-
tionality, and process monitoring.

In summary, this cytological smear staining device is a valu-
able tool for rapid staining and on-site evaluation of cytological
smears, particularly in fine needle aspiration guided by endo-
scopic ultrasound, such as those used in pancreatic lesion diag-
nosis. It holds promise for improving the implementation of
EUS-FNA/B cell rapid staining technology in digestive endos-
copy centers.

Looking ahead, large-scale clinical trials will be conducted in
collaboration with multiple medical institutions to further
refine device parameters. Future efforts will focus on validat-
ing the device’s applicability to other sample types, such as
lymph node punctures and thyroid fine-needle aspirations.
Additionally, integration of additional staining techniques,
such as Papanicolaou staining and immunocytochemical stain-
ing, will be explored to address while expanding diagnostic
capabilities through.
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Abstract

Ankle rehabilitation robots represent an important branch of rehabilitation robotics, of-
fering significant potential to improve the quality of life for patients with ankle dysfunc-
tion caused by stroke, sports injuries, and other conditions. This review first outlines the
anatomy and range of motion of the ankle joint, compares conventional rehabilitation
approaches with robot-assisted therapy, and highlights the clinical significance of ankle
rehabilitation robots. It then systematically examines current research progress from two
core perspectives: mechanical structure design and control strategies. In mechanical
design, the performance characteristics of series versus parallel mechanisms are com-
pared, the advantages and limitations of actuation methods such as electric motors and
pneumatic artificial muscles are analyzed, and the application contexts of platform-based
and wearable robots are discussed. In control strategies, the discussion covers motion
control and human-robot interaction, beginning with fundamental position, velocity, and
trajectory tracking control, and extending to intention-level and cognitive interaction.
Finally, based on current research and clinical needs, future ankle rehabilitation robots
are expected to evolve toward greater flexibility, intelligence, and universality, providing
a theoretical foundation for future studies.

Keywords: Ankle rehabilitation robot, Mechanical design, Control strategy, Human-
Robot interaction

Highlights

¢ As a primary weight-bearing joint, the ankle is highly susceptible to injury, while neurological disorders such as stroke can
further impair its motor function, leading to long-term gait disturbances.
* Rehabilitation robots can be platform-based or wearable: platforms aid early-stage motion restoration, while wearable designs focus

on gait retraining.

* Control systems must prioritize motion accuracy and safety. Adaptive algorithms boost performance, while bioelectric signal inte-
gration enables intention recognition. Coupling with virtual or augmented reality further enhances patient engagement.

1 INTRODUCTION

(AD/AB) in the horizontal plane, and inversion/eversion (IN/
EV) in the coronal plane.

As the joint with the highest load-bearing capacity in the human
body, the ankle has a complex physiological structure. Its bony
anatomy and degrees of freedom (DOF) are shown in Figure 1
[1]. The ankle joint is primarily composed of the tibia, fibula,
talus, and calcaneus, and has three DOF: dorsiflexion/plan-
tarflexion (DO/PL) in the sagittal plane, adduction/abduction
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in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

The ankle is highly susceptible to both acute injuries and
chronic disorders. As the primary load-bearing joint of the
skeleton, it sustains forces approximately five times body
weight during normal walking and up to 13 times body weight
during running [2]. Consequently, ankle sprains are among the
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Figure 1. Bony structure and degrees of freedom (DOF) of the an-
kle joint. This figure is cited from [1]. AD/AB, Adduction/Abduction;
IN/EV, Inversion/Eversion; DO/PL, Dorsiflexion/Plantarflexion.

most common sports injuries, accounting for about 7-10% of all
cases [3]. Anatomically, the medial malleolus is formed by the
distal tibia, whereas the lateral malleolus is formed by the distal
fibula. Because the lateral malleolus is positioned lower and the
medial deltoid ligament is stronger than the lateral ligament
complex, the ankle is more prone to inversion injuries [4].

Notably, up to 50% of patients with acute ankle sprains do not
seek formal medical care, leading to recurrent sprains over sub-
sequent months or years. Even with structured rehabilitation,
up to 70% experience persistent functional impairment within
6 months, progressing to functional ankle instability [5].

In addition to trauma, chronic neurological conditions—par-
ticularly stroke—can severely impair ankle motor function [6].
According to the World Health Organization, the proportion of
the global population aged >60 years will rise from 12% in
2015 to 22% in 2050, reaching 2.1 billion people [7]. As stroke
prevalence increases with age, the incidence of stroke-related
ankle dysfunction is expected to rise accordingly.

Ankle injuries, which often result in long-term pain and func-
tional limitations even after the initial recovery, restrict daily
activities and diminish quality of life [8]. Patients often face
gait instability, balance deficits, and difficulty walking, sub-
stantially reducing independence. Therefore, restoring motor
function and mobility is a clinical priority.

Rehabilitation training has been shown to improve post-stroke
outcomes, prevent muscle atrophy and deep vein thrombosis,
and enhance mobility [9, 10]. Early rehabilitation after ankle
injury is essential to minimize the adverse effects of pro-
longed bed rest. Current rehabilitation programs typically
include stretching, gait training, constraint-induced movement
therapy, and other neuroplasticity-enhancing interventions
[11]. However, conventional rehabilitation requires intensive
involvement from medical teams and family members, and is
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limited by constrained healthcare resources, high costs, low
efficiency, and inconsistent movement quality [12].

Robot-assisted therapy offers a promising solution to these
challenges [13]. It enables more effective, standardized reha-
bilitation under medical supervision, mitigates workforce
shortages, reduces costs, and improves training efficiency.
Furthermore, rehabilitation robots can collect detailed kine-
matic and kinetic data to monitor progress. When combined
with virtual reality (VR), such systems can enhance patient
engagement and motivation, benefiting both physical and psy-
chological recovery [14-16].

This review summarizes advances in ankle rehabilitation robot
design and control strategies based on a comprehensive litera-
ture survey. Section 2 discusses mechanical design classifica-
tions, Section 3 examines control strategy classifications, and
Section 4 presents conclusions and future perspectives.

2 MECHANICAL STRUCTURE DESIGN

The mechanical structure of an ankle rehabilitation robot is a
key determinant of its motion performance and therapeutic effi-
cacy. Based on design approach, current systems can be classi-
fied as series, parallel, or hybrid structures. Series configura-
tions are lightweight and mechanically simple but have limited
capacity to replicate the ankle’s complex motions. Parallel con-
figurations offer high precision and large torque output but have
a restricted range of motion. Hybrid configurations combine
the strengths of both, balancing flexibility and stability, though
their structural complexity often leads to classification under
either predominantly series or parallel designs.

The choice of actuation method—such as electric motors or
pneumatic muscle actuators (PMAs)—also influences flexibil-
ity and energy efficiency. Motor drives are more suitable for
late-stage rehabilitation requiring high precision and rapid
response, whereas PMAs are preferred in early-stage rehabili-
tation where safety and compliance are prioritized.

In early rehabilitation, rigid platform-based devices can pro-
vide stabilizing support and improve ankle range of motion
through passive and active training modes. During gait recov-
ery, flexible wearable robots facilitate real-time, dynamic assis-
tance to restore a normal gait cycle. Table 1 summarizes the
structural characteristics, suitable rehabilitation stages, advan-
tages, and limitations of platform-based versus wearable ankle
rehabilitation robots.

2.1 Structural form
2.1.1 Series structure
Lee et al. developed a compact cable-driven series elastic

actuator (SEA) capable of lightweight design and high-preci-
sion torque output, achieved through gait-phase—synchronized
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Table 1. Comparison between platform ankle rehabilitation robot and wearable rehabilitation ankle robot

Ways to use Platform ankle rehabilitation robot

Wearable ankle rehabilitation robot

Structural features

Rigid structure, often using multi-degrees of freedom

Flexible and lightweight exoskeleton structure

parallel mechanism, with certain support force

Drive mode

Applicable rehabilitation stage Suitable for early passive training and mid-term active

resistance training, etc.

Advantages

Mainly motor driven, less pneumatic artificial muscles

Multi-degrees of freedom coupling training capability is

Mainly pneumatic artificial muscles, less motor drive

Suitable for mid- to late-stage gait training and daily
activity assistance, etc.

Highly portable, comfortable to wear, supports real-

strong, output accuracy is high, and load capacity is large time dynamic gait assistance

Limitation
home rehabilitation scenarios

The system is large and expensive, and is not suitable for Low load capacity, limited freedom, short battery

life

Assist tension Assist tension

Assisting torque

Figure 2. Compact cable driven series flex modules. This figure is
cited from [17].

Figure 3. Personalized ankle exoskeleton based on series elastic
actuator. This figure is cited from [18]. AFO, Ankle Foot Orthosis.
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feedforward friction compensation and nonlinear spring con-
trol [17]. This device targets foot drop and propulsion deficits in
stroke patients but does not provide full ankle joint DOF
(Figure 2).

Eraky et al. designed a personalized ankle exoskeleton employ-
ing an SEA with cable drive and 3D scanning—based custom-
ization, enabling both lightweight construction and high torque
output [18]. However, it lacks full ankle DOF coverage and
requires individualized parameter adjustments (Figure 3).

Choi et al. proposed an SEA driven by a flexible shaft, achiev-
ing low inertia and precise torque tracking through nonlinear
stiffness linearization and disturbance observer control [19].
Nevertheless, it has limited bandwidth and does not encompass
the full DOF of the ankle joint (Figure 4).

2.1.2 Parallel structure

Wang et al. designed a novel 2-UPS/RRR parallel ankle reha-
bilitation robot (PARR) and developed a height-adjustable
mobile platform to align with the ankle rotation center of differ-
ent patients (Figure 5) [20]. The 2-UPS/RRR mechanism con-
sists of two UPS active branches and one RRR passive branch,
forming a 3 DOF parallel mechanism. Each UPS branch com-
prises a universal (U) joint, a prismatic (P) joint, and a spheri-
cal (S) joint in series, while the RRR branch consists of three
revolute (R) joints in series.

Huo et al. developed a full-cycle PARR with large angular
range, high torque, and multi-DOF coupled rehabilitation capa-
bilities [21]. The design achieves complete constraint through
rigid branches without applying additional force to the ankle,
employs a cable drive, and offers three DOF (Figure 6).

Xie et al. proposed a 3 DOF dual-ankle rehabilitation robot
based on a 3-SPS/RUR parallel mechanism with adjustable
inter-ankle distance [22]. The system supports both circular
and linear rehabilitation trajectories (Figure 7). Here, 3-SPS/
RUR denotes a parallel mechanism comprising three SPS
active branches and one RU*R passive branch, where the
underline indicates a passive kinematic pair.

12
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Flexible shaft

End-effector

Actuation Module

Figure 4. Flexible series elastic actuator. This figure is cited from
[19].

Figure 5. 2-UPS/RRR parallel ankle rehabilitation robot. This
figure is cited from [20]. U, Universal; P, Prismatic; S, Spherical; R,
Revolute.

) ) ¢ N Pedestal
Drive unit <

Tension sensor Pulley component

Figure 6. Full-cycle parallel ankle rehabilitation robot. This fig-
ure is cited from [21].

2.2 Drive mode
2.2.1 Motor drive

Motors convert electrical energy into mechanical energy via an
electromagnetic field, delivering torque or rotational speed.

https://doi.org/10.61189/7307411cujht
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Figure 7. 3-SPS/RU*R parallel ankle rehabilitation robot. This
figure is cited from [22].

Through mechanical connections such as gears and synchro-
nous belts, the output is linearly related to the input signal,
and the electromagnetic response time is extremely short.
Consequently, motor control offers high precision and rapid
response. However, motors are relatively heavy, have low
power density, and often require a reducer. Common types
include direct current (DC) motors, servo motors, and stepper
motors. DC motors are suited for medium-precision, medium-
load control; servo motors are preferred for high-precision,
high-power applications; and stepper motors are ideal for low-
speed, high-precision tasks.

Wau et al. developed an end-effector ankle rehabilitation robot
using magnetic field—oriented control to drive a brushless DC
motor, combined with planetary reduction gears of varying
ratios to power all ankle motion actuators on a slider (Figure 8)
[23].

Zeng et al. designed a rope-driven flexible ankle rehabilitation
robot inspired by bionic principles [24]. The rope system,
directly connected to the mobile platform via a steering pulley,
is actuated by a servo motor. By employing a flexible equiva-
lent motion axis and rope-drive mechanism that mimic the
physiological ankle structure, this design addresses the human—
machine motion mismatch seen in rigid ankle rehabilitation
robots, enabling more natural movement compatibility (Figure
9).

Do et al. proposed a 1 DOF ankle rehabilitation system in
which a stepper motor directly drives the pedals to perform
dorsiflexion/plantarflexion [25]. This low-cost system aims to
provide an economical and adaptable ankle rehabilitation solu-
tion for resource-limited settings (Figure 10).
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Figure 8. Brushless direct current motor ankle rehabilitation ro-
bot. This figure is cited from [23].

Figure 9. Servo motor ankle rehabilitation robot. This figure is
cited from [24].

2.2.2 PMA

PMAss offer muscle-like compliance, making them well-suited
for rehabilitation robots requiring flexibility and human-like
motion, particularly in early rehabilitation stages or for compli-
ant control. PMAs operate by using compressed air to contract
a rubber or fabric tube, generating tension through material
deformation. However, elastic hysteresis, creep, and the pres-
sure transmission delay caused by air compression/expansion
reduce control accuracy.

Lu et al. developed a flexible multi-DOF ankle rehabilitation
robot using five PMAs, with tension transmitted to the moving
platform via a flexible cable—pulley system [26]. A redundant
drive configuration ensures forced closure and high platform
stability (Figure 11).
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Figure 10. Stepper motor ankle rehabilitation robot. This figure
is cited from [25].

Shamkhani et al. designed a wearable flexible ankle rehabilita-
tion robot powered by six PMAs positioned around the foot
(front, back, left, and right) [27]. Inflation and deflation of each
PMA are manually controlled to provide assistance in all ankle
joint directions (Figure 12).

Banyarani et al. proposed a soft wearable robot incorporating
pleated fabric PMAs for walking assistance [28]. Their work
covered mechanical modeling, manufacturing, exoskeleton
system integration, biomechanical analysis, and experimental
validation, demonstrating that pleated fabric PMAs offer light-
weight, flexible support for individuals with disabilities or mus-
cle weakness, reducing muscle fatigue during walking (Figure
13).

2.3 Ways to use
2.3.1 Platform ankle rehabilitation robot

Early ankle rehabilitation robots typically featured only 1-2
DOF and limited functionality. Since Girone et al. at Rutgers
State University introduced the “Rutgers Ankle”—a 6 DOF
PARR driven by pneumatic actuators based on a Stewart plat-
form—the field has advanced significantly (Figure 14) [29].
The Stewart platform, widely used in flight simulators, preci-
sion positioning systems, robotics, and medical rehabilitation,
comprises two parallel rigid platforms: a fixed lower platform
and a movable upper platform with 6 DOF. The platforms are
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Figure 11. A flexible multi- degrees of freedom ankle rehabilita-
tion robot. This figure is cited from [26].

Figure 12. A wearable flexible ankle rehabilitation robot. This fig-
ure is cited from [27].

connected by six independently adjustable retractable links,
actuated pneumatically, hydraulically, or electrically, enabling
translational and rotational motion of the upper platform in
space.

Budakli et al. developed a rchabilitation robot capable of
simultaneous ankle and knee therapy by incorporating a sev-
enth linear actuator and a specially designed mechanical struc-
ture, thereby expanding the traditional Stewart platform’s
workspace to accommodate knee rehabilitation (Figure 15)
[30].

https://doi.org/10.61189/7307411cujht
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Wang et al. proposed a 6 DOF PARR employing flexible ball
joints [31]. This design uses motor actuation, replaces conven-
tional spherical joints with flexible hinge technology to elimi-
nate clearance errors, and integrates Stewart platform architec-
ture with compliant mechanism technology to form a novel
hybrid structure (Figure 16).

Beyond Stewart-platform-based 6 DOF PARRs, other plat-
form-type designs with varying actuator configurations and
linkage arrangements are also applied. For instance, Zou et al.
designed a 3-RRS PARR capable of performing both single-
ankle and compound-ankle rehabilitation training [32].

2.3.2 Wearable ankle rehabilitation robot

Xia et al. developed a wearable rope-driven ankle exoskele-
ton capable of providing DO/PL assistance [33]. The system
employs an iterative adaptive threshold algorithm combined
with a peak detection algorithm to identify gait patterns in real
time, enhancing detection accuracy. A hierarchical adaptive
force—position hybrid control strategy is implemented to
dynamically adjust control modes and optimize assistance.
Preliminary tests on three healthy subjects demonstrated that
the device effectively reduced metabolic cost during walking
(Figure 17).

Wang et al. proposed a wearable ankle exoskeleton with a self-
locking protection system based on plantar pressure feedback
[34]. Real-time plantar pressure sensing is used to monitor gait
state, distinguish normal walking from accidental falls, and
improve fall detection accuracy through support vector
machine—based data processing. The design integrates passive
self-locking with active control strategies to provide dynamic
ankle protection (Figure 18).

3 CONTROL STRATEGY DESIGN

Ankle rehabilitation robots employ various control methods,
each of which can influence the patient’s rehabilitation experi-
ence. Control strategies can be classified according to factors
such as control objectives, interaction modes, and feedback sig-
nal types. For clarity, these strategies can be divided into two
core categories: motion control and human—robot interaction
control, corresponding to low-level and high-level control,
respectively.

Low-level control focuses on the basic motion functions of
ankle rehabilitation robots, including position control, speed
control, and trajectory tracking. High-level control emphasizes
interactive functions, with the most fundamental form being
physical-layer interaction—such as force or resistance control.
Building on this foundation, control can extend to intention-
level interaction, where movement intention is recognized via
bioelectrical signals such as electromyography (EMG) or elec-
troencephalography (EEG), and to cognitive interaction, which
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Figure 13. Wearable soft wearable robot. (A) Air supply backpack; (B) Wearing Diagram. This figure is cited from [28]. BMS, Battery Man-
agement System.

Ust Platform Yedinci Lineer Aktiiator

Ek Mckanizma

- Motor

% Piston

Alt Platform

Figure 15. Ankle and knee rehabilitation robot based on Stewart.
This figure is cited from [30].

Figure 14. Rutgers Ankle. This figure is cited from [29].

Table 2 summarizes the design objectives, advantages, and
uses multimodal control through VR or augmented reality limitations of different control methods—including position/
(AR). speed control, trajectory tracking, force/impedance control,

https://doi.org/10.61189/7307411cujht 16
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Figure 16. 6 DOF PARR based on flexible ball joints. This figure
is cited from [31].
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Figure 17. Wearable rope-driven ankle exoskeleton system. This
figure is cited from [33]. IMU, Inertial Measurement Unit.

intention recognition, and cognitive interaction—according to
their control strategy.

3.1 Motor function control
3.1.1 Position and speed control

Azizi et al. developed a DC motor position control system
using a classical proportional—integral—derivative (PID) con-
troller to regulate motor position and speed in ankle rehabilita-
tion robots, enabling precise angle adjustment during training
[35]. Lee et al. proposed a 2-DOF ankle exoskeleton employing
PID neural network control, in which neural networks adap-
tively optimize PID parameters, providing high-precision and
robust performance [36]. Li et al. introduced an isokinetic mus-
cle training strategy based on adaptive gain and cascade PID
control [37]. In this approach, when patients actively exert
force, the robot maintains constant-speed motion while apply-
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Figure 18. Wearable ankle exoskeleton self-locking protection
system based on plantar pressure feedback. This figure is cited
from [34]. 1, Fixing strap; 2, Leg support; 3, Joint bearing; 4, Leg
support; 5, Achilles tendon connecting rod; 6, Support frame; 7, Base
plate; 8, Self-locking device.

ing variable resistance, enhancing muscle training across dif-
ferent joint angles.

3.1.2 Trajectory control

Zhang et al. presented an adaptive trajectory tracking strategy
for PARR systems with joint-space force distribution, combin-
ing cascade control with a motion-intention—guided algorithm
to ensure accurate path following [38]. Liu et al. designed a
multi-mode ankle rehabilitation robot for IN/EV training, nor-
mal gait training, and stepping training [39]. Dedicated trajec-
tory plans for each mode enable complete motion execution and
emergency stops at any position. Wang et al. developed a multi-
stage hemiplegic lower-limb exoskeleton [40]. Gait data were
collected via motion capture, calibrated with a backpropaga-
tion neural network, and fitted using Fourier functions to gen-
erate a high-precision trajectory model, achieving accurate
multi-joint (hip, knee, ankle) tracking.

3.2 Human-robot interaction control

3.2.1 Force/torque control

Qian et al. proposed an iterative impedance learning method
with a dual-loop structure: the outer loop adapts impedance

parameters, while the inner loop executes torque control [41].
This allows patient-specific impedance adaptation through

17
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Control strategy Subcategories Design purpose

Advantages

Limitation

Motion Control Position/speed Achieve precise angle or
control speed adjustment
Trajectory tracking  Plan and track complex
control rehabilitation trajectories

Human-robot Force/Impedance Achieving safe human-

interaction control Control machine interaction

Intention recognition
control

Identifying patients’ ac-
tive movement intentions
through bioelectric signals

Combine virtual scenes to
enhance the fun of training

Cognitive Interactive
Control

The algorithm is simple and reliable

Preset Trajectory, high stability

The algorithm is simple and reliable

Improving patient engagement and
promoting neuroplasticity

Enhance immersion, improve
training fun and active participation

Fixed parameters are difficult to
adapt to individual differences or
changes in rehabilitation progress

High computational complexity,
relying on predefined trajectories
or training data

Sensitive to sensor accuracy and
feedback delay

Individual differences are large,
and the signal is easily affected by
interference

High hardware cost and complex
algorithm development

repeated tasks, improving interaction quality. Liu et al. devel-
oped a redundant pneumatic muscle—cable-driven ankle robot
with a hierarchical force—position control scheme [42]. Using
the Karush—Kuhn-Tucker theorem and iterative optimization,
force distribution is solved as a constrained problem, ensuring
all actuators remain in tension for safety and controllability
while combining precise trajectory tracking with safe force
regulation. Li et al. introduced a dynamic admittance control
strategy using a variable-operator fuzzy neural network to
adjust virtual damping in real time, reducing muscle fatigue
and extending training sessions according to patient needs [43].

3.2.2 Intention recognition control

Shi et al. presented an EEG-driven collaborative control model,
extracting EEG deep features via convolutional neural net-
works and classifying them with a support vector machine to
achieve high-precision intention recognition and active control,
enhancing patient engagement [44]. Zhou et al. developed an
sEMG-based ankle motion prediction model to estimate torque
generation during movement, improving adaptability and con-
trol accuracy across individual differences [45].

3.2.3 Cognitive interaction control

Covaciu et al. designed a VR-based intelligent ankle rehabilita-
tion system with an apple-catching game [46]. Motion data
from accelerometers, gyroscopes, and EMG sensors are pro-
cessed using a k-nearest neighbors algorithm to adapt task
difficulty and control strategies, reducing therapist workload
while enhancing engagement. Zhang et al. proposed a VR-
assisted decision model based on a convolutional gated recur-
rent neural network, optimized via the whale optimization
algorithm [47]. Immersive environments such as space walking
and mountain climbing allow patients to control virtual charac-
ters through ankle movements for tasks like path following and
obstacle avoidance. Vaida et al. developed an AR-integrated
lower-limb rehabilitation system combining the LegUp parallel

https://doi.org/10.61189/7307411cujht

robot with HoloLens 2 [48]. Serious-game modules (“football
mode” and “color mode”) target motor coordination, strength,
and cognitive training, offering multi-plane hip, knee, and
ankle rehabilitation with real-time feedback.

4 CONCLUSION AND OUTLOOK

This review summarizes recent progress in the mechanical
design and control strategies of ankle rehabilitation robots,
highlighting notable advances while identifying persistent lim-
itations. Series structures, though lightweight and suited for
simple motion training, have limited dynamic performance,
whereas parallel structures provide high precision and multi-
DOF capability but require complex control, making them
more appropriate for advanced rehabilitation and currently the
most widely adopted. In actuation, motor drives offer high pre-
cision and strong rigidity for heavy-load applications but are
less flexible, heavier, and less portable, while pneumatic mus-
cles enable compliant control and passive stretching in early
rehabilitation but suffer from nonlinear air pressure character-
istics, inflation/deflation delays, and limited high-frequency
responsiveness. Platform-based systems deliver stable support
and accurate multi-DOF motion for early-stage passive training
but are bulky and unsuitable for home use, whereas wearable
devices, despite their portability, have lower load capacity and
DOF, rely on batteries or pneumatic systems, and are better
suited for mid- to late-stage gait recovery. Motion control strat-
egies based on traditional robotics provide reliable and easy-to-
implement algorithms for passive rehabilitation but are limited
to basic movement execution, often failing to adapt to patient-
specific needs or detect active intentions, which may reduce
engagement. Human—robot interaction control, incorporating
biological signals or VR/AR, enables more active participation,
with intention recognition emerging as a key research focus;
however, signal noise, individual variability, and real-time con-
straints remain technical challenges, and VR/AR integration,
while improving engagement, increases system complexity and
cost. Looking forward, the development of ankle rehabilitation
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robots is expected to move toward greater flexibility, intelli-
gence, and accessibility by combining lightweight designs
with flexible materials to enhance comfort, integrating mul-
timodal biosignals such as EMG, EEG, plantar pressure, and
inertial measurements into efficient Al-based control for im-
proved intention recognition, and enriching VR/AR interaction
through eye tracking, tactile feedback, and biomechanical
sensing to create more immersive and realistic training. At the
clinical level, adopting modular designs and scalable manufac-
turing will help reduce costs, enabling broader access to high-
quality rehabilitation for patients in need.
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Abstract

This paper presents the design and analysis of a compact, cable-driven manipula-
tor specifically for tissue retraction during neuroendoscopic surgery. The manipulator
features an underactuated mechanism with a three-joint serial configuration, enabling
stable motion within a single plane. Its compact design facilitates seamless integration
into standard neuroendoscopic working channels, thereby optimizing spatial efficiency.
The kinematic model was established using the Denavit-Hartenberg parameter method,
with both forward and inverse kinematics systematically derived. Furthermore, a stat-
ics model was developed based on the Lagrangian formulation. Workspace analysis and
trajectory planning were performed using Monte Carlo simulations in MATLAB. The
simulation results indicate that the manipulator exhibits a feasible crescent-shaped work-
space (X€[10, 50.9] mm, YE[5.3, 44.9] mm). The motion trajectories of all joints were
observed to be continuous and smooth, without any abrupt changes. Subsequent valida-
tion through ADAMS simulations confirmed the smooth variation of joint torques. This
study provides a theoretical foundation and offers practical insights for the development
and precise control of specialized instruments for neuroendoscopic surgery.

Keywords: Neuroendoscopic manipulator, Cable drive, Kinematic analysis, Simulation

1 INTRODUCTION

minimally invasive nature of the procedure imposes severe
spatial constraints, leading to significant interference between

Neuroendoscopic surgery, a representative technique in mod-
ern minimally invasive neurosurgery, plays a vital and increas-
ingly important role in treating intracranial lesions, owing to its
significant advantages such as minimal trauma, rapid recovery,
and short hospital stays [1, 2]. This technique involves advanc-
ing an endoscope and its working channel through narrow nat-
ural body cavities or micro-cranial bone windows to reach deep
intracranial target areas, thereby providing surgeons with
internal illumination and real-time visualization while mini-
mizing damage to normal tissue [3, 4]. Precise and safe retrac-
tion or displacement of soft tissues—such as nerves and blood
vessels—that obstruct the surgical field is critical for exposing
key operative areas, preventing accidental injury, and ensuring
surgical success [5]. However, neuroendoscopic surgery neces-
sitates multi-handed manipulation by the surgeon. The highly

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

instruments [6]. Specifically, the manipulation of multiple in-
struments through the same channel frequently results in colli-
sions, which severely compromises operational efficiency and
safety [7, 8]. Surgeons therefore rely on handheld mechanical
instruments to achieve stable and controllable tissue retraction
or elevation.

To overcome the limitations of instruments in confined spaces,
surgical robotics is considered a highly promising solution
[9-11]. Commercialized laparoscopic surgical robots, such as
the da Vinci SP system, demonstrate superior performance in
larger cavities like the abdominal cavity through the introduc-
tion of wristed instruments [12-15]. However, their relatively
large size makes them less suitable for minimally invasive pro-
cedures under strict spatial constraints. Consequently, research
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(A)

Robotic arm

(B)

Neuroendoscopy

Figure 1. Schematic diagram of the mechanical hand structure
model. (A) Retracted state; (B) Equivalent configuration during trac-
tion.

in this field has focused on highly flexible continuum robot
designs [16-18].

Research efforts have explored various designs. For instance, a
team from Incheon National University in South Korea devel-
oped a memory alloy-driven micro-flexible surgical robot [19].
Researchers at Shandong University developed a cable-driven
surgical puncture robot, while Chinese scholars Luo et al.
investigated a pneumatic/wire-driven continuum surgical robot
for natural orifice surgery [20, 21]. A team from the Harbin
Institute of Technology designed a magnetically driven milli-
meter-scale continuum robot for human lumen surgery [22]. A
key challenge in the current research landscape is balancing the
dexterity, size, stiffness, drive efficiency, and control complex-
ity of such instruments. Practical devices specifically tailored
for human body channels have yet to achieve significant break-
throughs. Among these diverse technical approaches, cable-
driven systems are predominant in ultra-compact surgical
instrument design due to their highly miniaturizable structure,
immunity to electromagnetic interference, and ability to trans-
mit power over long distances [23, 24]. However, many existing
systems prioritize a high number of degrees of freedom, which
often leads to excessive complexity without optimizing for core
tasks such as planar tissue retraction in neuroendoscopic sur-
gery. Building upon prior research, this paper introduces a
specialized, compact, cable-driven manipulator specifically
designed for planar tissue retraction in neuroendoscopic sur-
gery. The Denavit—Hartenberg (D-H) parameter method and

https://doi.org/10.61189/091501wgyqdc
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Monte Carlo simulations were employed to analyze the manip-
ulator’s forward and inverse kinematics and its effective work-
space, thereby validating the rationality and effectiveness of the
overall design. Motion trajectory planning simulations con-
ducted in MATLAB further verified the motion continuity of
the manipulator.

2 OVERALL STRUCTURE OF THE MANIPULATOR
2.1 Cable tension relationship analysis

To ensure stability and motion continuity, the manipulator
employs an underactuated design [25]. This design features a
minimalist joint topology consisting of three rotational joints
arranged in a serial linkage configuration: a proximal finger
pitch joint, a middle finger pitch joint, and an end-effector pitch/
gripping joint (which provides tissue grasping/release func-
tionality). The joint motion is constrained to a single plane,
maximizing spatial efficiency. This approach addresses the
critical requirement for surgical field exposure in neuroendos-
copy while avoiding the complexity and spatial inefficiency
associated with redundant degrees of freedom. All joint mo-
tions are actuated by a compact cable-driven system, ensuring
a simple mechanical structure that can be integrated directly
into the standard working channel of a neuroendoscope. Pitch
motion is generated by winding cables around fixed pulleys
located on both sides of each joint. Grasping and releasing
functions of the gripping joint are operated by cables pulled
through the central aperture of the joint. The cables are guided
from the proximal end and routed counterclockwise over the
fixed pulleys to drive the three joints. The gripping joint is
secured by winding cables around its dissection aperture, as
shown in Figure 1.

The rotation angle of each joint is determined by the length of
cable being pulled. In the neutral position, the length of cable
wrapped around each fixed pulley equals the pulley’s circum-
ference. During rotation, the angular displacement corresponds
to the arc length of the cable released, as shown in Figure 2.
The relationship between joint angle and cable length is estab-
lished through the following geometric derivation:

S=R-6 M
Applying the arc angle conversion formula yields:

0, = 61@ )

T
Where 01 is the angle of arc displacement, S is the arc length, R
is the radius of the fixed pulley, and 0- is the angle of the center

circle.

Consequently, the relationship between the center circle angle
and cable length variation is expressed as:
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Figure 2. Schematic diagram of the cable joint tension relationship.
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Figure 3. Schematic diagram of the design of the maximum angle of the joint.
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S=R.0:.

2.2 Maximum joint angle analysis

The maximum rotation angle 6 for each joint is designed to be
30°, representing the ideal range of motion obtained through
kinematic calculation. Due to an offset between the center of
the arc at the joint end and the center of the fixed pulley, a spe-
cific clearance distance maintained between adjacent joints
leads to a displacement during rotation. When this displace-
ment equals the clearance at the rear joint, the two joints under-
go rigid collision, halting rotation.

As shown in Figure 3, by constructing triangle ABC and
applying trigonometric relations, the following is obtained:

AC* = AB*+BC*- AB - BC . cos(7 - ) “4)
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Solving equation (4) yields:

R*=R-r)’+(@+d)’(R-r)-(r+d)-cos(-0) Q)

Equation (5) indicates that for given radii of the
joint arc and the fixed pulley, the maximum angle 6
before collision occurs is governed by the clearance
distance d. Thus, the maximum angle 6 can be opti-
mally designed by appropriately adjusting the clear-
ance distance.

3 KINEMATIC ANALYSIS OF THE MANIP-
ULATOR

The kinematics of the three finger joints, which
bend under cable tension, are analyzed using the
standard D-H parameter method to model the rela-
tionship between their range of motion and configu-
ration changes. The parameter coordinate systems
between the manipulator’s joints are shown in
Figure 4. The D-H parameters and corresponding
joint ranges of motion for the manipulator are listed
in Table 1.

3.1 Forward kinematics

Forward kinematics provides the foundation for
robotic motion control and path planning, involving
the mathematical derivation of the end-effector pose
from a given set of joint angles. It establishes the
transformation between the robot’s base frame and
the end-effector frame using a 4x4 homogeneous
transformation matrix. This section presents for-
ward and inverse kinematic analyses of the manipu-
lator based on the established D-H parameter model
[26]. The overall transformation matrix is obtained
by successively multiplying the transformation matrices of
individual joints.

The transformation matrix between adjacent robot links is
defined as:

i+1T = Rot (z, 0:-1) xTrans (0,0, di-1) xTrans (ai+1,0,0) xRot (x, @i+1)  (6)

COivy ~SO+1Cajvy SO 1Saivi  @iv1Cliy
— |80+  CO+1Caivi -~ COriSaivy  @iv180:+ )
0 S+ Caj+1 di+1
0 0 0 1

Where the following notation is used: cos0=C6, sin6=S0;
cosa=Coa, sino=Sa.

The joint rotation matrices, starting from the proximal joint,
are as follows:
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Figure 4. Denavit—Hartenberg coordinate diagram of the manipulator.

Table 1. Denavit—-Hartenberg parameters of the manipulator

i 0 d(mm) o a(mm)
1 0:(0,30°) 0 0 ai(10)
2 0:(0,30°) 0 0 ax(10)
3 65(0,30%) 0 0 as(5)
4 04(0) da(4.5) 0 4(25)
-C01 - S01 0 a) Cl91 ]
OT — |86, Cco, 0 aSo
' @®)
0 0 1 0
L0 0 0 1
—Cﬁz - Slgz 0 ar C6’2 ]
lT — Sez C&z O a> Sez
’ &)
0 0 1 0
0 0 0 1
C03 - S(gz 0 as Cez, ]
%T —|86s Co; 0 a, 593 (10)
0 0 1 0
L0 0 0 1

The final homogeneous transformation matrix defines the pose
of the end-effector’s tip (gripping point) relative to the base
frame:

1 0 0 a4

510 1 0 d4

sl = (11)
0 0 1 0
0 0 0 1

Denoting the homogeneous transformation matrix of the end-
effector gripping point as:
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Ny Ox dx Px
ffT = (ny oy ay Ppy (12)
n: 0; d: PpP:
>
X 00 0 1

Based on the D-H method, overall transformation
matrix for the end effector pose is obtained by con-
catenating the individual joint transformations:

ST =TT T (13)

The resulting elements of T are:

ny = Cbhos, 05 == SOns,a. = 0,
p-=aCO+a,Cthat asChios + asCOias - dsSOos,
ny = SOi»,0y = Cbhaz,ay, = 0,

py = aSO + aS01, + az SOz + asSbhos + dy COaa,
n.=0,0.=0,a.= 1,p. =0,

Where the abbreviated notation C9U=cos(9i+9/_), Sé?ii=sin(6i+0f)
is used. ‘ ‘ '

3.2 Inverse kinematics

The inverse kinematics analysis determines the rotational
angles 0 of each joint based on the homogeneous transforma-
tion matrix of the robot’s end-effector joint pose, whose ele-
ments are given in Equation (12). This section uses the inverse
transformation method to solve for the joint angles. The solu-
tion procedure is outlined as follows:

From Equation (13), we obtain:

ny
01,3 = arctan—

(14)
Order:
px~asne~ asne T dany = a1 CO + a, CO, = K, 1s)
Py~ azhx~ AaNx ~ diny = a S61 + a2S(912 = Ky (16)
Available:
sz + Kyz = a12 + azz +2a1a,CH, (17)
= (px - asnx = asnx T dany)’ + (py - asne - asny - dany)’
Then the equation for 62 is:
6 _ KXZ + Ky2 - a12 - a22 18
h = arccos 2aras (18)
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Rewriting Equation (15)-(16) as:

K.-a1CO = a2 CO1,

(19)
Ky -a1 SO, = a, 501,
Squaring both sides of the equation and adding yields:
K,C2+K2+Clz-612
K.CO + K56, = ——————— (20)
2a.
Define
cosp = ——R 2D
VKK

ing = —— 22
sin KiK. (22)
So that
@ = arctan (23)
Using trigonometric relationships, the expression for 0 is:

K+ K *a'-a’
VK + K, (cos@cosb + sin@sinb) = > B = (24)
1
K2+ Kyz +a?-a?
2
6, = @+ arccos zal > (25)
VKK
Then the equation for 0; is:
ny

05 = arctan P 0 -0, (26)

3.3 Static analysis

Based on the Lagrangian formulation for serial robotic arms,
the dynamic equations of the finger mechanism are expressed
as:

D(@)g+C(g.9)+ G(@) T T/(9) = T @7)

Where ¢=[0, 0, 0.]", ¢.q,q denote the angular displacement,
velocity, and acceleration vectors of the finger joints; D(g) is the
inertia matrix; C(q, q) represents the centrifugal and Coriolis
torque terms; G(q) is the gravitational torque; 7/(g) denotes
joint friction torque; 7, is the joint driving torque.

The elements of these matrices are calculated based on the geo-
metric and inertial parameters of the three links. Substituting
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these elements into Equation (27) yields the complete dynamic
equations of the finger mechanism.

The three finger segments are denoted as link 1, link 2, and link
3, with masses mi, mz, ms, and moments of inertia about their
respective centers of mass.

The Lagrange method is employed to solve for the joint torques.
The fundamental expression of the Lagrange equation is:

d oL, L
dt adi aqi

=7,i=1,2,3 (28)

In the equation, L represents the Lagrangian operator, where
L=K-P, with K the total kinetic energy and P the total potential
energy of the linkage system. To proceed, the linear velocities,
accelerations, and angular accelerations of each link must be
determined individually. Substituting the Lagrangian into
equation (27) and performing differential calculations yields
the corresponding torque matrix.

For link 1, the position of its center of mass in the coordinate
system O, X|Y,Z, can be represented as 'p,. =[r,0,0]".

Rotating about the origin of the basis coordinate system with
angular velocity ,, its linear velocity is v = 1 6}.

The kinetic and potential energies of link 1 are respectively:

1 | 1 :
K = Emmz + 511 0r = E(m.rl2 + 1) 0 (29)
P = mgnSo (30)

Forrod 2, its center of mass in the coordinate system O, X,Y.Z,
can be expressed as “pr, = [1, 0, O]T.

Through coordinate transformation, its position °p,., in the base
coordinate system can be expressed as:

11 C(91 + n C912
pr. = 0A11A22pr2 =086, + SO, 3D
0

0

According to equation (31), the absolute velocity of the center
of mass of rod 2 can be calculated as:
-l 91 56, - hélzsﬁlz
=1/ 6"1 Ch, +F2912C912 (32)
0

pr
dt

Accordingly, the kinetic energy K2 of rod 2 can be determined
as:
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Figure 5. Workspace schematic of the robotic hand.

1 1 :
K, = Emzvf + 512 0 (33)

The linear velocity v is:

Vi= BG4 ri02+ 206, 6,CO (34)
Potential energy P- is:

Po=mg [ 1150, + 1,61 | 35)

For rod 3, its center of mass in the coordinate system O3-X3Y3Zs3
can be expressed as 3p;,=[r3,h3,0]".

Through coordinate transformation, its position °p;., in the base
coordinate system can be expressed as:
11 Cel + ZZ CHIZ + &) C0123 - h3 C9123
Opl"3 = 0A11A22A33pl"3 =11 SO, + 1L,SO, + 1380125+ h3 COi23 (36)
0

According to equation (36), the absolute velocity of the center
of mass of rod 2 can be calculated as:

-l 91 Sﬁ] -h 9125912 - h4912359123 - hs 6"123 Cem
= 11 91 Cﬁ] +1 912 C@lz + 1”39123 Cl9123 - h3 9123549123 (37)
0

do prs
dt

Accordingly, the kinetic energy Ks of rod 3 can be determined
as:
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1
K; = Emgvg

The linear velocity vs is:

+ %[3 6 (38)

V32 = 112 012 + l% 19122 + (1’32 + hsz) 9%23 +24L 1L 91 912 C92
20730, 0123 COs - 21 13 6, 0123 SO 39)
+20 730120123 COs = 21 b3 012 6123, S0

Potential energy Ps is:
Py = mygs[ 1S + LSO + 1350125 + h3 Cy23] (40)

Both the kinetic energy and potential energy of the linkage sys-
tem have been determined, enabling the calculation of the
Lagrangian operator:

L=K-P=KitK-+*K;-P-P-P; @n

Using the Lagrange operator L, calculate the partial derivatives
for each joint variable: 9L | 9L ~d 3L =123,

a0 a0 dt a0i
Substituting the above results into the Lagrange equations (27)
yields the joint torques.

4 ROBOTIC ARM SIMULATION ANALYSIS

The workspace of the manipulator was analyzed using the
Monte Carlo method [27]. A large number of random joint
angle combinations were generated within their allowable
ranges, and the corresponding end-effector positions were
computed via the forward kinematics model in MATLAB. The
point cloud representing these positions was plotted to visual-
ize the workspace. As shown in Figure 5, the robotic arm’s
motion range forms a crescent shape, with spatial extents of
X&E(10, 50.9) mm and YE(5.3, 44.9) mm. This extensive motion
range meets the practical movement requirements of each
mechanical joint and effectively fulfills the design task of
expanded traction.

Trajectory planning is a critical aspect of robotics, as it signifi-
cantly influences the performance and smoothness of robotic
motion. In this study, a point-to-point trajectory between speci-
fied initial and terminal poses was planned. The trajectory was
generated using quintic polynomial interpolation via the
MATLAB Robotics Toolbox, based on the established kine-
matic model. This process generated the angle, angular veloci-
ty, and angular acceleration profiles for the three joints along
the planned path.

Starting pose:
1 0 0 51.00
0 1 0 450
0 0 1 0 “3
0 0 O 1
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Figure 6. Trajectory planning results.

Terminal pose:

0.642788 -0.766044 0  35.84
0.766044 0.642788 0  30.93
“3)
0 0 1 0
0 0 0 1

The resulting trajectories are shown in Figure 6.

As illustrated in Figures 7-9, the angular displacement, veloc-
ity, and acceleration profiles of all three joints demonstrate
smooth transitions without abrupt changes during motion
along the planned trajectory. This finding indicates that all
joints can be driven stably throughout the workspace, there-
by validating the rationality of the mechanical design. The
manipulator model developed in SOLIDWORKS was subse-

https://doi.org/10.61189/091501wgyqdc

Liu et al.

quently imported into ADAMS for dynamic simulation.
Within the ADAMS environment, the material properties
were defined as steel, and the corresponding joint torque pro-
files were acquired. Collectively, these simulation results pro-
vide an intuitive and practical reference for the subsequent
development of the physical platform and the design of its con-
trol system.

As shown in Figure 10, the negative values on the Y-axis indi-
cate only the direction of the torque, not its magnitude. The
torque variation curve reveals that the torque at all three joints
exhibits an approximately S-shaped continuous trend. The
transitions are smooth and uniform, with no abrupt changes
observed. This indicates that the load transition at each joint
during motion is stable, meeting the design expectations and
stability requirements.

5 CONCLUSION

This study addresses the practical need for tissue retraction in
neuroendoscopic surgery by presenting the design of a com-
pact, cable-driven manipulator tailored for minimally invasive
procedures. The proposed manipulator employs an underactu-
ated design with a minimalist three-joint topology, achieving
stable planar motion. This configuration significantly reduces
the spatial footprint while ensuring full functionality, thereby
enabling seamless integration into standard neuroendoscopic
working channels. This makes the manipulator particularly
suitable for confined surgical environments.

In terms of mechanism design, the maximum joint rotation
angle was mechanically constrained through the coordinated
design of joint arcs and fixed pulleys, coupled with precise
clearance control. A kinematic model was established based on
the D-H parameter method, and the forward and inverse kine-
matic relationships were systematically derived. Furthermore,
a static model was constructed using the Lagrange method,
providing a theoretical foundation for control and force feed-
back. Trajectory planning analysis conducted in MATLAB
demonstrated that the manipulator possesses a feasible cres-
cent-shaped workspace, which is sufficient for the required
traction and exposure of surgical sites. The combined results
from the trajectory and torque simulations revealed continuous
and smooth motion profiles for all joints, with no abrupt chang-
es, further validating the rationality of the mechanism design
and its motion stability.

While this study has made significant progress in structural
design and kinematic analysis, several limitations remain to be
addressed. For instance, the current model does not incorporate
effects such as time delay and deformation caused by cable
flexibility. Furthermore, the mechanical performance under
extreme loading conditions requires further experimental vali-
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dation. Future work also includes coordinating the manipula-
tor’s motion with a robotic arm to achieve free movement
in three-dimensional space, which warrants further investi-
gation.
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Abstract

Heart sound analysis plays a key role in the early screening and auxiliary diagnosis of
cardiovascular diseases. However, conventional auscultation largely depends on physici-
ans’ personal experience, which often leads to subjective and inconsistent evaluations.
To overcome these limitations, this paper presents an intelligent heart sound classifica-
tion framework that integrates dynamic mel-frequency cepstral coefficient (MFCC) fea-
tures with dynamic MFCC-based images. In this work, the static MFCCs together with
their first- and second-order derivatives are extracted to describe both the spectral and
temporal behaviors of heart sounds. A multi-branch fusion model is designed to enhance
feature interaction among the dynamic MFCC features via cross-branch attention.
Meanwhile, a CA-ResNetl8 network incorporating a coordinate attention mechanism is
employed to learn spatio-temporal representations from the dynamic MFCC images.
The high-level features produced by both models are then concatenated and classified
using a support vector machine. Experimental validation on the PhysioNet Challenge
2016 dataset demonstrates that the proposed method achieves 96.82% accuracy, 97.51%
sensitivity, and 96.19% specificity. Comparative studies with recent state-of-the-art met-
hods confirm that the proposed integration of dynamic feature fusion and hybrid deep
learning—machine learning framework significantly enhances the robustness and classi-
fication performance in intelligent heart sound analysis.

Keywords: Heart sound classification, Dynamic MFCC, Multi-branch fusion, Coordi-
nate attention, Support vector machine

1 INTRODUCTION

cal significance stems from the association between organic
heart disease and abnormal heart sounds. The analysis of

The 2024 China Cardiovascular Health and Disease Report
pointed out that from 1990 to 2019, the incidence of cardiovas-
cular disease (CVD) in China increased by 132.82% over that
30-year period [1]. CVDs are characterized by acute onset and
high severity, which usually quickly lead to life-threatening
events. Therefore, the early prevention and accurate diagnosis
of CVDs are of great clinical significance.

Acoustic auscultation is a generally accepted initial screening
method among the currently available diagnostic methods,
which is non-invasive, convenient and cost-effective. Its clini-

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

acoustic signals has reference value in the early detection and
risk stratification of CVDs. However, traditional auscultation
has limitations. Its effectiveness relies heavily on the experi-
ence of clinicians and involves subjective interpretation of find-
ings, which lacks objectivity and standardisation. Consequently,
these limitations hinder the screening of the whole population
and compromise both the consistency and accuracy of
diagnosis.

With the continuous and rapid development of digital signal
processing and artificial intelligence technology, computer-
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aided diagnosis systems provide a new way to mediate the limi-
tations of traditional auscultation. Through digital processing
of sound signals, the computer-aided diagnosis system can
automatically identify the typical characteristics of the sam-
ple and use intelligent learning algorithms to further improve
the standardisation and reliability of its voice processing.
Subsequently, this can improve the accuracy in detecting
abnormalities and the consistency of clinical diagnosis.

The general process of heart sound classification includes three
stages: preprocessing, feature extraction, and classification
model training. Preprocessing is mainly used for denoising and
segmentation, while feature extraction and model design are
key to achieving high classification performance. The current
methods for classifying heart sounds can be roughly divided
into three categories: traditional methods based on manual fea-
tures, methods based on deep learning, and methods based on
multi-feature fusion.

Early research relied heavily on manually designed features
combined with traditional classifiers.

For example, Liet al. used wavelet transform and Twin Support
Vector Machine to achieve heart sound recognition; Xu et al.
integrated time-domain and frequency-domain features with
random forest and AdaBoost to classify congenital heart dis-
ease in children; Taneja et al. used gammatonegram features
combined with a support vector machine (SVM) to achieve
heart sound classification [2-4]. Although these methods can
achieve certain results, they are difficult to capture complex
temporal patterns.

With the development of deep learning, researchers have begun
to use neural networks to automatically extract high-level fea-
tures. Rubin et al. combined mel-frequency cepstral coeffi-
cients (MFCCs) with convolutional neural networks (CNNs);
Deng et al. proposed a Convolutional Recurrent Network based
on improved MFCC; Shahid et al. used spectrograms combined
with CNN and SVM for heart sound classification; Xiao et al.
and Oh et al. directly used the original heart sound signal as
input and implemented end-to-end classification using an atten-
tion mechanism or WaveNet [5-9]. Li et al. developed the Multi-
scale DenseNet and Multi-head Attention Recurrent Neural
Network (MDN-MARNN) model, which uses a multi-scale
DenseNet structure and a multi-head self-focus RNN, which is
an end-to-end classification method based on error label data
with a certain degree of interpretability [10]. Patwa et al. pro-
posed a composite 1D-CNN and wavelet scattering transfor-
mation (WST) model, which provides robustness under small
sample testing and class imbalance [11]. Cheng et al. proposed
the CNN-Transformer End-to-end Neural Network (CTENN)
model, which utilizes CNN to extract local features and
Transformer to capture global dependencies, achieving end-to-
end heart sound classification and performing well on the
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PhysioNet dataset [12]. Compared to traditional methods, these
models significantly improve feature learning ability and clas-
sification performance.

In recent years, multi-feature fusion has emerged as a new
research focus. This type of method enhances the ability to
characterize heart sound signals by integrating features of dif-
ferent types or levels. Abbas et al. fused spectrograms with
MFCC to enhance robustness; Lee et al. combined wavelet
transform and CNN to achieve multi-scale feature extraction;
Li et al. proposed the CAFusionNet model, which significantly
improves classification accuracy through multi-layer feature
fusion and a channel attention mechanism [13-15]. Overall, the
introduction of multi-feature fusion and attention mechanisms
provides new research directions and performance break-
throughs for intelligent classification of heart sounds. Khan et
al. proposed a heart sound spectrogram classification method
based on residual learning and multi-model feature fusion [16].
MobileNet and DenseNet201 were used to extract features and
residual fusion was used to enhance the model expression abil-
ity. The method achieved excellent heart rhythm anomaly
detection performance on both PhysioNet 2016 and BreakHis
datasets, and was combined with Gradient-weighted Class
Activation Mapping to provide model interpretability.

In two-dimensional acoustic representation, MFCC features
are still one of the most common features due to their percep-
tually motivated spectral representation. Nevertheless, tradi-
tional MFCCs only represent, i.e., characterise, the spectral
envelope of a selected frame, and thus do not capture the tem-
poral dynamics of heart sounds. In this study, dynamic MFCC
features are derived to capture the temporal dynamics. Fur-
thermore, these dynamic MFCCs are visualised to generate
dynamic MFCC feature map. These dynamic MFCC feature
maps are then used to construct and integrate two feature
extraction models, the outputs of which are combined and clas-
sified using an SVM classifier. Consequently, the proposed
approach improves the robustness and accuracy of heart sound
classification by effectively combining temporal dynamic and
spectral representations.

2 METHODS AND EQUIPMENT
2.1 Static MFCC

MEFCC is one of the most common acoustic characteristics in
biomedical signal and speech processing. It represents the per-
ceptual characteristics of the human auditory system, and its
frequency response is nonlinear, because people are more sen-
sitive to low frequencies than to high frequencies. MFCC uses
the Mel scale to model this perceptual nonlinearity, making it
an appropriate representation of the spectral envelope of sound
signals [17, 18]. The workflow of MFCC feature extraction is
illustrated in Figure 1.

33


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

Progress in Medical Devices 2026; 4 (1): 32-44.

Chen et al.

Raw heart sound

Pre-emphasis
Framing
Windowing

Fast Fourier Transform(FFT)

4

Power Spectrum Calculation
A 4

Mel Filter Bank Processing
v

Logarithm of Filter Bank Energies
Discrete Cosine Transform (DCT)

Figure 1. Workflow of MFCC feature extraction. MFCC, mel-frequency cepstral coefficient.

The pre-emphasis in the heart sound classification is to enhance
the high-frequency component and reduce the low-frequency
energy at the same time. This improves the detection of subtle
changes and pathophysiological information that are usually
embedded in high-frequency bands. Pre-emphasis is defined as
the following equation:

y(n) = x(n)~ax(n-1) 1

Where x(n) is the original signal, y(n) is the pre-emphasis out-
put, and the pre-emphasis coefficient a is usually between 0.9
and 1.0.

Heart sound is a quasi-stationary signal, which allows the orig-
inal heart sound to be divided into short, overlapping time
frames to enable spectral decomposition of each frame. In
order to maintain continuity and reduce spectral leakage, each
time frame is multiplied by a window function. In heart sound
processing, the Hamming window and Hann window are usu-
ally used as window functions. Although their functions are
similar, the Hamming window has a wider main lobe and better
stopband roll-off, which allows for flexible suppression of side
lobe influence. In contrast, the Hann window usually has better
resolution and narrower side lobes (which also have lower
amplitude) [19]. The Hamming window can be mathematically
represented as:

w(n) = 0.54 - 0.46¢0s

;’”’ 10 <n<N-1 )

1
When segmenting the heart sound signal, parameters such as
segment duration (#), sampling frequency (f), frame length (),

and frame shift (F ) must be considered, as they determine the
total number of frames M, given by:

X -
_IXETHR L

- G)
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Since heart sound signals exhibit less distinct time-domain fea-
tures, it is necessary to analyze their spectral content. A Fast
Fourier Transform is applied to each windowed frame to con-
vert the signal from the time domain to the frequency domain:

N-1

X(k) = z x(n) e'j%,k:o,l,mw-l (4)

n=0

The power spectrum provides a quantitative measure of energy
distribution across frequencies, reflecting cardiac activity
intensity at each frequency component:

Py = Lxm ]’ ©)

The Mel filter bank is designed to approximate the human audi-
tory perception of frequency. The conversion from frequency
f(Hz) to the Mel scale is expressed as:

mel(f) = 2595loguo (1 + %) ©)

The inverse conversion from Mel scale to frequency is given by:
£=700(107 - 1) %
Each Mel filter has a triangular response, with a maximum at
the center frequency and overlapping ranges between adjacent

filters to ensure smooth spectral coverage. The transfer func-
tion of the m™ Mel filter is defined as:

[0 k< fm-1)
k- f(m-1)
L afimm ) =k =
Hotly =) fom =g -1y D S S0
Stk ®

Fm+ 1) - fm) Sm) <k = f(m+1)

Lo k> fm+ 1)
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Where f(m) denotes the center frequency of the m™ filter, f(m-1)
and f(m+1) represent the lower and upper bounds, respectively.
These frequencies are computed as:

4 Fue () = Fua (f
f(m) = (%)FMel Fua(f) + MM ©

k M+1

Where S is the number of sampling points, f, is the sampling
frequency, and f, and f, are the lowest and highest filter fre-
quencies, respectively.

Because human auditory perception is logarithmic in ampli-
tude, the Mel filter output is transformed logarithmically to
simulate perceived loudness. The spectral energy at the output
of the m™ Mel filter is calculated as:

S(i,m) = In[i E(i,k)Hm(k)],O <m<M (10)

Finally, applying a Discrete Cosine Transform (DCT) to the
logarithmic Mel energies produces the MFCC coefficients:

(m - 0.5)

cn)=>. S(m)cos(mT),n =0,1,2,..K (11)

DCT organises the signal energy in a set of low-order coeffi-
cients, which are appropriately related to the characteristics
and significantly reduce the dimension of the data, which
makes the subsequent classification tasks more robust and
efficient.

2.2 Dynamic MFCC

Dynamic MFCCs enhance the traditional static MFCCs repre-
sentation by incorporating temporal change information of the
signal. Static MFCC coefficients are essentially equivalent to
instantaneous acoustic characteristics, as they represent the
spectral envelope of the signal within a single frame. However,
they do not capture the temporal evolution of the signal’s char-
acteristics. In contrast, physiological signals such as voice and
heart sound are characterised by strong time continuity, and the
transition between states contains important diagnostic or clas-
sification information.

To explain this limitation, we only need to use first-order and
second-order derivatives, Delta characteristics and Delta-Delta
characteristics respectively. These quantify the speed and
acceleration of spectral features and enhance the ability of the
model to capture dynamic time characteristics.

The first-order difference (Delta feature) represents the rate of
change of an MFCC coefficient over time, approximating its
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first-time derivative and indicating the envelope of transition
between frames. Mathematically, this is expressed as:

o Olers én) 'ch—e(n)] )
200

Aci(n) =

Here, c(n) is the nth coefficient of MFCC at frame t, Ac (n) is
the first-order difference of ¢ (n) (or Delta coefficient), and K is
the regression window size (which defines the temporal context
by including adjacent frames). K is the time offset weight,
which determines the impact of previous and current time
frames.

The second-order difference (Delta-Delta characteristic) is the
first-order rate of change of the Delta coefficient, which cap-
tures the acceleration of MFCC evolution and thus represents
the second-order rate of change of MFCCs. The calculation of
Delta features applies a differentiation operation:

2 Olcrs CRERI0) .
2.0 6

0=1

Ae (n) =

Similarly, this encapsulates the second-order temporal depen-
dence of the rate of change of spectral characteristics—a desir-
able feature to describe transient or periodic characteristics in
heart sound signals.

2.3 Deep residual network (ResNet) 18

The ResNet was first introduced by He et al. in 2015, represent-
ing a major milestone in the design of deep neural networks
[20]. A major innovation of ResNet is the use of residual con-
nections, which mitigate the vanishing gradient problem and
alleviate network degradation in deep networks during train-
ing. Thus, it enables the design of deeper and more stable archi-
tectures. Since its design, ResNet has achieved great success in
many fields, including image classification, speech recognition
and medical signal analysis. The basic/residual block is shown
in Figure 2.

As shown in Figure 2, the residual block is formed by two
paths: the residual mapping path composed of multiple layers
(convolution, batch normalization, rectified linear unit, etc.),
represented by F(x), and the identity mapping path, in which
the input x is directly passed to the output through the so-called
skip connection. The output calculation of the residual block
h(x) is as follows:

y=F@x)tx (14)
Here, F(x) represents the nonlinear transformation of input x.

The original input x is directly added to F(x) via the skip con-
nection, which allows direct feature propagation.
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Figure 2. Residual module structure. RELU, rectified linear unit.

ResNetl8 is one of the most prominent and simplest models
in the ResNet family, comprising 18 layers. The architecture
aims to trade some feature extraction capabilities to keep
parameter counting and computing complexity relatively low,
allowing it to be used for small-scale data sets (and/or embed-
ded devices). The overall structure of ResNetl8 is shown in
Figure 3.

2.4 Attention mechanisms

The attention mechanism enables the deep learning model to
focus on useful features while suppressing unrelated features
and improving the performance of the model’s representation
learning and classification [21, 22]. Three types of attention
modules are used in this work: frequency attention, Multi-Head
Attention (MHA) and Coordinate Attention (CA).

2.4.1 Frequency attention mechanism
The frequency attention mechanism is designed for time—
frequency representations such as MFCCs. It focuses on the

frequency dimension to highlight discriminative spectral
components.
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Given an input feature map XER"7, temporal information is
aggregated using global average pooling:

z(f) = 1725 X.(0) (15)

Then, two 1x1 convolutional layers with nonlinear activations
generate frequency-wise attention weights:

a = 0(Conv?,(6(Convix (2)))) (16)
Finally, the input features are reweighted by the attention map:
ye(f;0) = ac(f) X xc(£,1) 17

This mechanism adaptively enhances informative frequency
bands while suppressing redundant information.

2.4.2 MHA mechanism
The MHA mechanism, introduced in the Transformer architec-
ture, captures dependencies across multiple representational

subspaces [23].

For input sequence X, the query, key, and value matrices are
computed as:

0=XW° K=xw"v=xw" (18)
The attention output is then obtained as:

oK'
ﬁ) v (19)

Multiple attention heads are computed in parallel and
concatenated:

Attention(Q,K, V) = Soft max (

MHA (X) = Concat(head\, ..., heady) W’ (20)

This structure enables the model to learn richer contextual rela-
tionships and improve generalization.

2.4.3 CA mechanism

The CA mechanism is a lightweight module that encodes both
channel relationships and precise positional information by
decomposing spatial attention into two independent direc-

tions—horizontal and vertical [24, 25].

Given an input feature map XER, CA first applies global
average pooling along the height and width dimensions:
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the separation between classes by establishing a
large margin represented by a set of examples in a
high-dimensional feature space. SVM learns a
hyperplane, which provides powerful generalisa-
tion and classification performance based on struc-
tural risk minimisation.

Given a training set:

Conv2(128 filters)

——
4-layer CNN Convl(64 filters)
AYSE00, - Conv3(256 filters)
B comssi2pieny

{(Xi,)/i)},{il,xi ERd,yi = {'1, + 1} 27)

SVM seeks the optimal parameters w and b by solv-
ing the following optimization problem:

Figure 3. ResNetl8 architecture. Conv, convolution; BN, batch normalization;

RELU, rectified linear unit; MAXPOOL, max pooling; AVGPOOL, average pool-

ing; FC, fully connected (layer).

2y = #z xc(h, i) @21
2 (w) = #Z; xe(j,w) 22)

The pooled features are concatenated and passed through a
shared 1x1 convolution and rectified linear unit activation for
feature transformation:

f=0(F("2") 23)

The transformed feature is then split into two tensors, corre-
sponding to the horizontal and vertical directions.

st = split(f) (24)

Two independent 1x1 convolutions with sigmoid activations
generate directional attention weights:

an = o (Fu(f)), aw = 0 (Fu(£)) (25)

Finally, the input feature map is reweighted by the correspond-
ing attention weights to produce the refined output:

Y(c,h,i) = X(c,h,i)-an(c,h) - aw(c,i) (26)

Using this separable coding method, CA captures long-range
spatial dependencies while maintaining accurate location
information and feature representation with lower computa-
tional complexity.

2.5SVM

SVM is a supervised learning type model based on statistical
learning theory. It develops an optimal hyperplane to maximise

https://doi.org/10.61189/371147mjbess

min%\lwlfy,»(w"‘xﬁb) >1,i=1,2,.,N (28

w,b

Using the Lagrange multiplier method, the dual form is
expressed as:

N. N

1 N N
maxz a; '% Z aiajyfyj(xij),z ayi=0,0<a=C (29)
i i=1

i=1 i=1 j=1

Where qa, are the Lagrange multipliers, and C is the penalty
factor.

The final decision function is given by:

1) = sign(Q, aiyiK (xi,x) + b) (30)

i=1

This formula allows SVM to use any number of kernel func-
tions, such as linear, polynomial and radial basis function ker-
nels, to effectively handle both linear and nonlinear classifica-
tion tasks.

Multi-Branch Fusion MFCC (MB-FusionMFCC) model

In this work, we propose a MB-FusionMFCC to utilise the tem-
poral dynamics of heart sound signals. Compared with previ-
ous methods that directly concatenate and classify MFCCs
along with their first- and second-order derivatives, we treat
the three feature types—static MFCCs, Delta coefficients,
and Delta-Delta coefficients—as independent input branches,
enabling each branch to learn representations specific to its
characteristics. The model introduces a cross-branch attention
model to improve the interaction and integration of feature
types. The overall architecture is presented in Figure 4, and the
detailed structure of each branch is shown in Figure 5.

The convolutional feature extraction module is composed of a
series of convolutional, batch normalisation, gaussian error lin-
ear unit, and pooling layers, enabling the model to learn time-
frequency hierarchies.
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2.6 CA-ResNetl8

This study uses CA-ResNetl8, a CNN augmented
with a CA fusion module, to extract the characteris-
tics of classification tasks with dynamic MFCC fea-
ture images. The model is based on the structure of

Static Branch Delta Branch

Delta2 Branch

the standard ResNetl8. By including the CA mod-
ule, the model enhances the sensitivity to informa-

Feature FC

Classification FC

Figure 4. MB-FusionMFCC structure. Each branch shares the same architec-
ture, which consists of three key modules: (1) a convolutional feature extraction
module, (2) a frequency attention module, and (3) a global feature mapping mod-
ule. MHA, Multi-Head Attention; FC, fully connected (layer); MB-FusionMFCC,

multi-branch fusion mel-frequency cepstral coefficient.

The frequency attention module performs global pooling across
time dimensions to learn the adaptive weighting of the frequen-
cy band, allowing the model to emphasize more discriminative
frequency components for classification.

The global feature mapping module executes the global aver-
age pool and uses a fully connected projection to compress the
two-dimensional feature map into a fixed-length vector to form
a compact identification feature embedding.

The outputs of all branches are then integrated via a cross-
branch attention module, which captures interactions among
different feature representations by generating an attention-
weighted fusion. Finally, the representation of cross-fusion is
connected, then exited through the fusion layer, and then nor-
malised through the weight mapping process.

The final result is to classify the final fusion feature vector
into the heart sound category. It is also very reasonable to
suspect that this advanced fusion representation may also
exist in other tasks, such as diagnostic tasks or feature
visualisation.

https://doi.org/10.61189/371147mjbess

tive regions and the awareness of positional in-
formation within the spatial feature maps for
classification.

Compared with the standard channel attention
mechanism, the CA module pays global context
attention to the height and width location informa-
tion, while maintaining the location information
of the spatial feature map. More importantly, the
CA module decomposes spatial information th-
rough separate horizontal and vertical pooling on
the 2D feature map, then globally encodes and re-
calibrates the features. This provides spatially-
aware attention weights that enhance task-relevant
regions.

In terms of architectural design, CA-ResNet18 uses
the original definition of the ResNetl8 residual
block, but includes the CA module in the third
(layer 3) and fourth (layer 4) stages of the model.
Each residual unit is designed to first extract local
features with convolution and batch normalization
layers, and then use the CA module to provide joint
channel attention and spatial attention for map fea-
tures, so as to improve discrimination ability and robustness.
Figure 6 shows the structural representation of the remaining
units containing the CA module.

The final output of the network is projected into the feature
vector, which is passed to the classifier to predict class labels.
This allows CA-ResNetl8 to focus on the area most relevant to
the heart sound pattern in the dynamic MFCC image, so as to
realise the multi-dimensional representation of time and fre-
quency characteristics to improve the classification perfor-
mance.

3 EXPERIMENTAL METHODS AND EVALUATION
METRICS

3.1 Experimental setup

The experimental simulation platform is configured using
PyCharm Professional 2024.2.4, and the network is trained and
evaluated on the PyTorch framework. The hardware includes
NVIDIA RTX 4080 SUPER GPU, AMD Ryzen 9 9950X
16-core CPU, running Windows 11 and Python 3.9 as the pro-
gramming language.
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Here, TP, TN, FP and FN are used to indicate true
positive, true negative, false positive and false nega-
tive respectively. These indicators together evaluate
the accuracy of classification and the performance
of the model in classifying abnormal heart sounds.

3.3 Dataset

The experiment was conducted on the public datas-
et from the 2016 PhysioNet/CinC Challenge, which
comprises six subsets with a total of 3,240 heart
sound recordings. Of these, 2,575 recordings are
considered normal heart sounds, and 665 are con-
sidered abnormal heart sounds [26]. The length of
each heart recording ranges from 5 seconds to 122
seconds, and the sampling rate is 2 kHz. For each
subset, the distribution of heart sound recordings is
shown in Table 1.

3.4 Data preprocessing

Figure 5. Branch structure. Conv, convolution (layer); BN, batch normalization;

GELU, gaussian error linear unit; Pool, pooling (layer); AdaptiveAvgPool2d, adap-

tive average pooling 2D.

The model performance evaluation is carried out using five-
fold cross-validation, which divides the dataset into five folds
of equal size to maintain the same proportion of normal and
abnormal heart sounds. In each iteration, one fold is regarded
as a test set, and the remaining four folds are regarded as a
training set to fully evaluate the generalisation ability of the
model.

3.2 Evaluation metrics

The proposed method evaluation is carried out using the stan-
dard classification indicators of accuracy (4cc), sensitivity (Se),
specificity (Sp), precision (Pre) and F1 score (F/). The defini-
tions of these indicators are as follows:

TP + TN

Acc = 31

TP+ IN+FP+FN S
P

Se = —+— 32

© T IP+FEN (32)
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Data preprocessing in this study consists of three ma-
in steps: filtering, segmentation, and normalization.

First of all, the data shows that the acquisition noise is mainly
related to the stethoscope rubbing the subject’s skin at the
beginning and end of recording. Therefore, the first second of
each recording at both the beginning and the end has been
deleted. The heart sound signals are segmented into three-sec-
ond fragments, and any fragments shorter than three seconds
are discarded. The signal is band-pass filtered using a 20-400
Hz fifth-order Butterworth filter to minimise high-frequency
noise while maintaining the main frequency component of the
heart sound signal.

Secondly, the dataset shows a strong imbalance, and the normal
sample is much richer than the abnormal sample. Therefore, a
targeted data balance strategy has been implemented. For nor-
mal samples, a fragment was obtained from each record, and
for abnormal samples, four fragments were obtained to try to
balance the representativeness of the minority. The datasets of
training, verification and testing are divided at the patient level
to avoid the overrepresentation of any individual sample and
eliminate the overlap between patients.
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Each frame is converted to the frequency domain
by applying Fast Fourier Transform, and then the
Mel filter bank is used to compute the logarithmic
power spectrum. The resulting logarithmic power
spectrum runs through DCT, and the 13-dimension-
al static MFCC coefficient is obtained.

From the static MFCCs, the first-order and second-
order difference characteristics are calculated to
characterise the time dynamics of spectral changes.
These estimates are connected with static coeffi-
cients to produce a three-dimensional dynamic
MEFCC feature vector with 39 characteristics. In
addition, all features have been normalised on a
scale to ensure consistent statistical scaling across
samples and produce a unified input format that can
be visualised to develop training methods.

3.6 Extraction of static and dynamic MFCC fea-
ture images

Shortcut
i Coordinate Attention
( AvgPool(Hx1) ) ( AvgPool(Hx1) )
| \ 4
i [ Concat+Conv+ReLU )
i ( Conv-+Sigmoid J ( Conv+Sigmoid J
v y 4
X+CA(F(x))
[ Output J

Figure 6. Residual unit structure after CA module embedding. CA, Coordinate
Attention; Conv, convolution (layer); BN, batch normalization; ReLU, rectified lin-

ear unit; AvgPool, average pooling; Concat, concatenation (operation).

Table 1. Statistics for each subset of the PhysioNet challenge 2016 dataset

After obtaining the 39-dimensional dynamic MFCC
feature, all the feature vectors corresponding to the
given time frame are connected in series according
to the time order corresponding to x, and a two-
dimensional matrix of size (39, 90) is generated, of
which 39 corresponds to the frequency dimension
and 90 is the time frame number, which acts as a
heart sound signal. The two-dimensional time fre-
quency is presented, and the time evolution of the
spectral energy distribution is presented.

The matrix is linearly normalised to eliminate the

Dataset  —YP Duration (seconds) amplitude changes of all samples in the pseudo-
Normal Abnormal Total Minimum Maximum Average colour image. Then the normalised and numerically
Training-a 117 292 409 9 36 33 grounded components are quantitatively mapped to
Training-b 368 104 490 5 8 8 pixels in order to extract the two-dimensional dem-
Training-c 7 24 31 10 122 49 on.stration of pseudg—golour and Visuallly distip-
Ttingdl 77 23 55 7 49 15 ﬁlli‘sélct'he char(.eilcterls@c;.I F(Cjcémpared Wlth static
.. images, dynamic images incorporate
Training-¢ 1,958 183 2141 8 102 23 first- and segcond—yorder differential ir%formatioril into
(rainingZRIte0 E s 22 o 22 the original spectral structure, thereby capturing
Total 2,575 665 3,240 5 122 22

both instantaneous and transitional acoustic cha-

Finally, all fragments of the heart sound are normalised in
range to unify the numerical scale across samples to prevent
gradient instability due to large amplitude denaturation, which
helps to provide the convergence of the model and ultimately
improve the classification performance.

3.5 MFCC static and dynamic feature extraction
Once the data is preprocessed, the MFCC characteristics are
extracted. Each three-second segment is sampled at 2,000 Hz,

then divided into overlapping frames of 256 samples with a
frame shift of 64 samples, generating about 90 time frames.
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racteristics. This enriched representation provides
deeper temporal context and a more discriminative feature
space for deep neural network learning, the example of dynam-
ic MFCC feature images is presented in Figure 7.

4 EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Heart sound classification based on single features

In classification tasks based on MFCC and image features,
CNNs and their derived architectures remain the most repre-

sentative mainstream frameworks. To further evaluate the per-
formance of the proposed models, Tables 2 and 3 present the
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Figure 7. Examples of dynamic MFCC feature images. MFCC,
mel-frequency cepstral coefficient.

Table 2. Performance comparison of different CNN models on
dynamic MFCC features

Model F1 Acc Pre Se Sp

ResNet18 0.8339 0.8439 0.8440 0.8240 0.8620
ResNet34 0.8459 0.8557 0.8595 0.8326 0.8767
ResNet50 0.8455 0.8501 0.8288 0.8629 0.8386
Inception_v3 0.8398 0.8378 0.7933 0.8909 0.7896
MobileNet_v2 0.8310 0.8475 0.8785 0.7883 0.9012
MB-FusionMFCC 0.8776 0.8768 0.8317 0.9287 0.8397

Note: Acc, accuracy; Pre, precision; Se, sensitivity; Sp, specific-
ity; MB-FusionMFCC, multi-branch fusion mel-frequency cepstral
coefficient; CNN, convolutional neural network; MFCC, mel-frequ-
ency cepstral coefficient.

Table 3. Performance comparison of different CNN models on
dynamic MFCC image features

Model F1 Acc Pre Se Sp

ResNet18 0.8567 0.8552  0.8090 0.9104 0.8053
ResNet34 0.8425 0.8501  0.8416  0.8434 0.8562
ResNet50 0.8365 0.8352  0.7917 0.8866 0.7886
MobileNetV2  0.8357 0.8362  0.7990 0.8758 0.8004
SE-ResNet18  0.8464 0.8511 0.8306  0.8629 0.8405
CA- ResNet18 0.8708 0.8727  0.8410 0.9028 0.8454

Note: Acc, accuracy; Pre, precision; Se, sensitivity; Sp, specificity;
CNN, convolutional neural network; MFCC, mel-frequency cepstral
coefficient; SE-ResNet18, ResNetl8 with Squeeze-and-Excitati-

on module; CA-ResNet18, ResNet18 with Coordinate Attention
module.
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Table 4. Performance comparison of different CNN-SVM models
on dynamic MFCC features

Model F1 Acc Pre Se Sp

ResNet18-SVM 0.9164 0.9177 0.8902 0.9442 0.8934
ResNet34-SVM 0.9282 0.9299 0.9079 0.9495 0.9118
ResNet50-SVM 0.9020 0.9012 0.8569 0.9524 0.8545
Inception_v3-SVM 0.9398 0.9418 0.9295 0.9504 0.9340
MobileNet_v2-SVM 0.8982 0.8981 0.8588 0.9415 0.8583
MB-FusionMFCC-SVM 0.9626 0.9641 0.9594 0.9658 0.9625

Note: Acc, accuracy; Pre, precision; Se, sensitivity; Sp, specificity;
CNN, convolutional neural network; MFCC, mel-frequency cepstral
coefficient; SVM, support vector machine; MB-FusionMFCC,
multi-branch fusion mel-frequency cepstral coefficient.

Table 5. Performance comparison of different CNN-SVM models
on dynamic MFCC image features

Model F1 Acc Pre Se Sp

ResNet18-SVM 0.9604 0.9619 0.9522 0.9688 0.9555
ResNet34-SVM 09112 09116 0.8761 0.9496 0.8772
ResNet50-SVM 0.8910 0.8908 0.8513 0.9350 0.8506
MobileNet v2-SVM  0.9468 0.9484 0.9321 0.9621 0.9360
SE-ResNet18-SVM  0.9564 0.9577 0.9431 0.9702 0.9464
CA- ResNetl8-SVM  0.9643 0.9656 0.9564 0.9724 0.9594
Note: Acc, accuracy; Pre, precision; Se, sensitivity; Sp, specificity;

CNN, convolutional neural network; MFCC, mel-frequency cepstral
coefficient; SVM, support vector machine; SE-ResNet18, ResNet18

with Squeeze-and-Excitation module; CA-ResNet18, ResNetl8 with
Coordinate Attention module.

classification results of the MB-FusionMFCC and CA-ResNet18
models compared with several typical CNN models and their
improved variants.

In the classification tasks using dynamic MFCC features and
dynamic MFCC image features, the experimental results show
that CNNs and their improved variants can effectively extract
discriminative representations, though performance differenc-
es exist across architectures. For dynamic MFCC features, the
MB-FusionMFCC model outperforms the traditional ResNet
series, Inception_v3, and MobileNet v2 in both Fl-score and
accuracy, indicating that its multi-branch fusion structure
enhances the representation capability of MFCC features.

For dynamic MFCC image features, CA-ResNetl8 achieves
better performance than the original ResNetl8 and other at-
tention mechanisms (e.g., Squeeze-and-Excitation, Efficient
Channel Attention), demonstrating that the CA mechanism
helps capture both local and global dependencies in time—fre-
quency representations.

Next, we introduce an SVM classifier on top of the existing
models, where deep learning is used for feature extraction, and
SVM serves as a lightweight classifier for final decision-mak-
ing. The results are shown in Tables 4 and 5.
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Table 6. Classification performance comparison between fusion feature and single feature

models

Model

Feature type F1 Acc Pre Se Sp

MB-Fusion MFCC-SVM
CA-ResNetl18-SVM
Fusion-SVM (this paper)

Dynamic MFCC Features 0.9626 0.9641 0.9594 0.9658 0.9625
0.9643 0.9656 0.9564 0.9724 0.9594
0.9670 0.9682 0.9591 0.9751 0.9619

Dynamic MFCC Image
Dynamic MFCC Fusion

Note: Acc, accuracy; Pre, precision; Se, sensitivity; Sp, specificity; MFCC, mel-frequency
cepstral coefficient; SVM, support vector machine; MB-Fusion MFCC-SVM, multi-branch
fusion MFCC model with SVM classifier; CA-ResNet18-SVM, Coordinate Attention ResNet18
with SVM classifier; Fusion-SVM, fusion model with SVM classifier.

Table 7. Classification performance comparison between proposed and existing methods

Chen et al.

the benefits of multimodal feature
fusion for heart sound classification.

It can be seen from the survey results
that when these features are input into
Fusion-SVM, the combination of fea-
tures extracted from the two models
exceeds the single-modal use case. In
order to check the validity of the pro-
posed feature combination method, it
was compared with the existing mod-
els, which represent the cross-section
of the cardiac sound classification
model in the current literature. Table
7 summarises the performance of the
proposed model and the existing model
trained on the common public data set
(PhysioNet 2016 public dataset).

As shown in Table 7, our cardiac

Model Feature type Acc Se Sp

SVM [4] Gamma Spectrum Features 0.9336  0.9752  0.7560
CAFusionNet [15] MFCC+Mel-spectrogram 0.9665 0.9667 0.9665
MDN-MARNN [10] Raw Heart Sound Data 0.9541 0.9400 0.9681
ID-CNN+WST [11] WST+MFCC+STFT 0.9651 0.9660  0.9660
CTENN [12] Raw Heart Sound Data 0.9640 0.9287  0.9745
MobileNet+Densel121 [16]  Spectrogram 0.9567 09313 0.9821
This Study Dynamic MFCC+Image Features  0.9682  0.9751  0.9619

sound classification method uses dy-

Note: Acc, accuracy; Se, sensitivity; Sp, specificity; SVM, support vector machine; MFCC,
mel-frequency cepstral coefficient; CAFusionNet, Channel Attention fusion network;
MDN-MARNN, Multi-scale DenseNet—Multi-head Attention Recurrent Neural Network;
ID-CNN, 1D-convolutional neural network; WST, wavelet scattering transform; CTENN,
CNN-Transformer End-to-end Neural Network; STFT, short-time fourier transform.

As shown in Tables 4 and 5, after introducing the SVM
classifier, both MB-FusionMFCC and CA-ResNetl8 models
exhibit a significant improvement in classification perfor-
mance, with Fl-scores and accuracies exceeding 0.96. This
demonstrates that deep neural networks are highly effective in
extracting high-level representations, while the lightweight
SVM classifier enhances the discriminative capability and gen-
eralization performance of the overall system.

4.2 Heart sound classification based on dynamic MFCC
and dynamic MFCC image feature fusion

In the preceding sections, independent classification experi-
ments were conducted using MB-FusionMFCC-SVM and
CA-ResNet18-SVM for dynamic MFCC features and dynamic
MFCC image features, respectively. Both models show high
classification accuracy, which shows that they have strong fea-
ture representation and discrimination in both the time domain
and the time-frequency domain.

Heart sound samples are used to extract advanced feature vec-
tors through MB-FusionMFCC and CA-ResNetl8 models.
Each feature set is normalised before being connected together,
resulting in a fusion feature representation. Fusion feature vec-
tors are accessed by the SVM classifier for final classification.

Table 6 summarises the classification performance of the
fusion feature model and the single feature model, and shows
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namic MFCC characteristics and dy-
namic MFCC images to show very
high accuracy, sensitivity and speci-
ficity. The accuracy of the proposed
method reaches 0.9682, which is com-
parable to other recent methods (for
example, CAFusionNet, Acc=0.9665), demonstrating its com-
petitiveness in modern heart sound classification. Reference 4
was among the first to introduce gamma spectral features using
the SVM classifier, and achieves an accuracy of 0.9336. The
contribution of reference 4 lies in the design of features.
However, its low specificity (0.7560) may be due to class
imbalance. The models in MDN-MARNN and CTENN
takes fragments of the original heart sound, which allows them
to extract time characteristics globally [10, 12]. However,
potentially due to noise and dataset complexity, their reported
sensitivity or accuracy is low. The works in 1D-CNN+WST
and MobileNet+Densel2l also use convolutional spectral
features, achieving high accuracy and specificity, but their
sensitivity is slightly lower than that of our method [11, 16].
Finally, CAFusionNet integrates MFCC features and Mel
spectral map features to achieve accuracy (0.9665) and sensi-
tivity (0.9667) [15]. While its sensitivity is comparable, its
accuracy is slightly lower than our method’s (0.9682). The
authors note a limitation in the general detection of abnormal
heart sounds.

In this study, we propose a new hybrid framework, which uses
deep networks to extract advanced features, which are then
classified by an SVM. The main advantage lies in combining
the representational strength of deep learning with the robust-
ness of an SVM classifier, even in high-dimensional spaces
with limited sample sizes.
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Contrary to most studies using spectral images, we use dynam-
ic MFCC feature images instead. For example, static MFCC
image characteristics alone will lead to poor accuracy, but
dynamic MFCC images include a detailed representation of
short-term frequency distribution, which can better represent
time evolution and improve sensitivity to small changes in
heart sounds.

Finally, we also use medium-term fusion. Each feature type
extracts its characteristics separately before classification, so it
is confirmed that the fusion feature will be better than a single
feature model in terms of accuracy, sensitivity and specificity.
These results are expected and demonstrate the complementary
nature of the time-frequency characteristics of the image (or
feature) and the effectiveness of the medium-term fusion
process.

In summary, the results show that the proposed methods,
including dynamic MFCC feature images and mid-level feature
fusion, effectively capture both temporal and time-frequency
characteristics of cardiac sounds. The introduction of the SVM
classifier further enhances the discriminative capability and
generalization of the models. Overall, these findings demon-
strate the complementary nature of the fused features and set
the stage for the subsequent conclusion, which provides a com-
prehensive summary of the study’s main contributions and
performance.

5 CONCLUSION

In this study, we proposed a cardiac sound classification meth-
od based on the mid-fusion of dynamic MFCC features and
dynamic MFCC images. This method uses deep CNNs to
extract features, yielding an advanced representation of time-
frequency features, which can effectively detect the slight dif-
ference in heart sound signals between time and frequency. For
classification, an SVM replaces the traditional fully connected
layer, thus leveraging the robustness of a machine learning
classifier within the deep learning framework. For example,
SVM classifiers can improve robustness when learning from
limited samples and reduce the overfitting of high-dimensional
feature sizes.

Experimental results demonstrate that the proposed Fusion-
SVM model achieves an Fl-score of 0.9670, accuracy of
0.9682, sensitivity of 0.9751, and specificity of 0.9619 on the
PhysioNet 2016 dataset. These results outperform single-fea-
ture models and most existing methods, confirming the effec-
tiveness of mid-level feature fusion and the integration of deep
feature representation with SVM classification.

Although we have achieved commendable results, several limi-
tations exist. First of all, mid-term fusion is conceptually effec-
tive for integrating multi-source features, the increased dimen-
sionality leads to higher computational overhead during train-
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ing and testing. Therefore, future work could focus on selecting
features or reducing dimensions to delete redundant informa-
tion. Secondly, all experiments were conducted on the
PhysioNet 2016 dataset; further validation on clinical cardiac
sound data collected from multiple locations and conditions is
needed to assess generalisation. Finally, this study did not
explore all complementary acoustic features beyond dynamic
MFCCs and images. Future work may integrate multimodal
features to improve the robustness and adaptability of the
model.
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Abstract

Combat trauma hemostasis techniques are crucial for modern military medicine in ad-
dressing the challenges posed by high-energy destructive weapons. As reported, the in-
cidence of vascular injuries during the Vietnam War was approximately 2%, while that
during the Iraq War ranged from 4.4% to 8.2%. Meanwhile, massive hemorrhage caused
by various types of vascular injuries is the primary factor leading to acute death among
potentially survivable casualties during wartime. This paper provides a detailed explo-
ration of the research progress in combat trauma hemostasis, with a focus on analyzing
vascular injuries and uncontrolled bleeding caused by high-energy destructive weapons
in modern warfare. Starting from the pathophysiological characteristics of combat trau-
ma, it introduces the four-level priority treatment system established by North Atlantic
Treaty Organization and Committee on Tactical Combat Casualty Care, and emphasizes
the importance of the “Golden 1-Hour” principle in improving casualty survival rates.
The physiological mechanisms of blood coagulation are outlined, followed by an in-
depth analysis of both traditional and novel hemostatic techniques, including tourni-
quets, hemostatic dressings, and auxiliary hemostatic materials. Finally, the challenges
faced by combat trauma hemostasis technologies are discussed, along with future devel-
opment directions.

Keywords: Combat trauma, Hemostasis techniques, Physiological mechanisms, Hemo-
static materials

1 INTRODUCTION

treatment has confirmed that fatal massive hemorrhages caused
by various types of vascular injuries are the primary cause of

In the injury spectrum of modern warfare, explosive fragments
and gunshot wounds account for over 75% of battlefield casual-
ties, where uncontrollable hemorrhage is the primary patho-
logical factor leading to on-site fatalities among casualties [1].
Notably, with the continuous iteration and upgrading of high-
energy destructive weapons, the incidence of vascular injuries
has shown a significant upward trend. During the Vietnam
War, the occurrence rate of vascular trauma was merely 2% [2,
3]. During the Iraq War, this figure rose to 4.4%-8.2% [4, 5].
More recent analyses from conflicts in Afghanistan and Syria
have suggested that vascular injury rates can reach 9-12% in
conventional combat scenarios [6]. Research on combat trauma
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acute death among potentially survivable battlefield casualties,
with their pathological significance far exceeding that of other
trauma types [7].

The evolution of modern warfare has further intensified the
complexity of combat casualty care. Under the three-dimen-
sional combat mode supported by sixth-generation communi-
cation technology and the application of new equipment such as
high-explosive munitions and thermobaric weapons, casualties
commonly exhibit the “four highs” characteristics—namely, a
high proportion of kinetic energy injuries (>68%), a high inci-
dence of combined injuries (41%), a high degree of tissue
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destruction, and a high risk of secondary hemorrhage [7, 8].
Taking a 70 kg healthy adult male as an example, the circulat-
ing blood volume accounts for approximately 7%-8% of body
weight (about 4,900 ml). When acute blood loss exceeds 30% of
the total blood volume (i.e., 1,470 ml), it can lead to decompen-
sated shock. Among battlefield fatalities, 56% are directly
attributed to uncontrolled bleeding, with this proportion rising
to as high as 83% in preventable prehospital deaths [9]. Clinical
big data analysis reveals that among fatal complications such as
multiple organ dysfunction syndrome and disseminated intra-
vascular coagulation following combat trauma, 61.2% of cases
involve uncontrolled progressive hemorrhage, with over 18% of
these deaths potentially preventable through early and effective
hemostatic intervention [10].

Given the unique pathophysiological characteristics of combat
injuries, domestic vascular surgery experts, based on the analy-
sis of outcomes from the management of vascular combat trau-
ma during years of military operations and training, propose
that the treatment of vascular combat trauma should adhere to
the “Three Rapid” principles: “rapid diagnosis, rapid hemo-
stasis, and rapid revascularization” [3]. The Committee on
Tactical Combat Casualty Care of North Atlantic Treaty
Organization has established a four-tier priority management
system: Immediate, Delayed, Minimal, and Expectant [11].
These principles and systems operate within a framework
constrained by three major contradictions in combat casualty
care: 1) the contradiction between the probability of mass casu-
alties and limited medical resources; 2) the contradiction
between complex environments (such as high-altitude hypoxia
and high humidity in maritime areas) and the effectiveness of
hemostatic materials; 3) the contradiction between multi-eche-
lon evacuation (including three levels of care: tactical zone,
operational zone, and strategic zone) and the continuity of
hemostatic measures. Under this challenging framework, the
“Golden Hour Rule” emphasizes that for every 10-minute
reduction in the time window from injury to definitive hemo-
stasis, the survival rate of casualties increases by 7.3% [12].
This stringent timeliness requirement arises directly from the
need to overcome these contradictions. Therefore, the develop-
ment of a dual-mode hemostatic technology system that com-
bines “rapid response in frontline first aid” with “compatibility
and scalability for rear surgical procedures” has become a stra-
tegic priority in 21st-century military medical research.

2 OVERVIEW OF THE PHYSIOLOGICAL MECHA-
NISMS OF HEMOSTASIS

Hemostasis on the battlefield involves a combination of
mechanical occlusion, biochemical coagulation, and thermal
method, all ultimately relying on the body’s intrinsic coagula-
tion cascade. Vascular occlusion primarily relies on physical
methods, with compression being the main hemostatic approa-
ch at body junctions [13]. For instance, after bleeding occurs,
rapid hemostasis is achieved by using fingers to compress the
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superficial area of an artery overlying a bony surface (proximal
end), thereby blocking blood flow. This method is simple to
perform and suitable for hemostasis in areas such as the head,
neck, shoulders, and limbs, but it is difficult to maintain for
extended periods. Other tools like tourniquets and hemostatic
forceps can also be employed to swiftly cut off blood flow at the
bleeding site for rapid hemostasis. Blood coagulation involves
multiple physiological regulatory levels, including key steps
such as platelet activation, the coagulation cascade, and fibrin
formation. When blood vessels are damaged, initial vasocon-
striction occurs, slowing blood flow to reduce blood loss.
Platelets at the injury site become activated, adhere to the dam-
aged area, and aggregate to form an initial platelet plug—a pro-
cess known as primary hemostasis, which provides only tem-
porary hemostatic effects [14]. The secondary hemostasis is
formed by the combination of fibrin polymers and platelet
plugs, creating a firm and durable thrombus that occludes the
wound for an extended period to achieve hemostasis.

The entire coagulation cascade consists of two main pathways:
the intrinsic pathway (contact activation) and the extrinsic
pathway (tissue factor). Both pathways initiate the common
pathway by activating Factor X. Activated thrombin converts
soluble fibrin into insoluble fibrin, which then binds to platelet
plugs to form a stable thrombus, effectively halting blood flow
[15].

The hemostatic principle of electrocautery in surgical proce-
dures is primarily based on thermal effects, achieving hemo-
stasis by heating tissues. During surgery, the electrocautery
device delivers high-frequency electrical currents or laser waves,
which act on the target tissue and cause a rapid localized tem-
perature increase. Specifically, the high temperature evapo-
rates water within tissue cells, leading to cellular desiccation
and coagulation as moisture is lost. This process not only
directly disrupts cellular structures but also induces contrac-
tion of surrounding vascular smooth muscle, reducing blood
flow and enabling rapid hemostasis. Simultaneously, the ther-
mal effect activates the coagulation cascade, promoting platelet
aggregation and activation to form thrombi, further sealing the
wound. Crucially, this thermal coagulation method offers high
precision, effectively controlling bleeding without damaging
adjacent healthy tissues. The use of electrocautery in surgery
significantly reduces intraoperative blood loss, shortens ope-
rative time, and enhances procedural safety and efficacy.
Consequently, electrocautery is widely employed in various
surgical interventions, such as tumor resection and visceral
organ surgeries, to ensure smooth procedures and favorable
postoperative recovery outcomes.

Additionally, advancements in temperature control technology
for surgical electrocautery continue to improve, minimizing
excessive thermal damage during hemostasis and further
enhancing safety and effectiveness. For instance, modern el-
ectrocautery devices may incorporate intelligent temperature
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monitoring systems that track real-time temperature fluctua-
tions and automatically adjust power output to maintain opti-
mal hemostatic conditions. Such high-tech applications not
only improve hemostatic performance but also reduce compli-
cation risks, thereby elevating the overall success rate of surgi-
cal procedures.

3 TRADITIONAL HEMOSTATIC TECHNIQUES

Traditional hemostatic methods for combat trauma primarily
include direct manual pressure, mechanical compression devic-
es like tourniquets, and passive hemostatic dressings. Digital
pressure hemostasis is a method where, after bleeding occurs,
fingers are used to compress the relatively superficial portion
of an artery above a bony surface (proximal end) to block blood
flow and achieve rapid hemostasis. This technique is operation-
ally simple and suitable for hemostasis in areas such as the
head, neck, shoulders, and limbs, but it is difficult to maintain
for extended periods [16]. Traditional hemostatic equipment
such as hemostatic gauze and hemostatic cotton (subtypes of
hemostatic dressings) is primarily used for packing and com-
pression, with limited hemostatic effects and lacking other
hemostatic mechanisms, thus making them difficult to meet the
hemostatic demands of traumatic massive hemorrhage.

Among mechanical devices, the tourniquet, as a cornerstone
technique for controlling massive hemorrhage in combat trau-
ma, has a history of application dating back to the Hippocratic
era of ancient Greece. Modern war medicine data indicate that
standardized use of tourniquets can reduce mortality from
extremity arterial injuries from 23.8% to 4.1%, with individual
soldier compliance rates exceeding 92% [17]. The core mecha-
nism lies in completely blocking distal arterial blood flow
through mechanical compression (pressure threshold >250
mmHg), creating an “ischemia-hemostasis time window”. The
Tactical Field Assessment, as a standardized procedure for
hemorrhage identification, requires systematic visual and tac-
tile examination of 12 key anatomical points such as the neck,
axilla, and groin to promptly identify life-threatening bleeding
signs. These include traumatic limb amputation, arterial pulsa-
tile bleeding, blood saturation of clothing (>500 ml/m?), and
compensated shock manifestations (altered mental status, sys-
tolic blood pressure <90 mmHg). This assessment system
incorporates tourniquet application timeliness into the golden
treatment standard: completing “High-and-Tight” binding with-
in 1 minute of contact with the casualty achieves optimal out-
comes, with a 7.3% survival rate decrease for every 10-minute
delay [12].

Based on the anatomical characteristics of the injury, tradi-
tional hemostatic devices are classified into four major catego-
ries: 1) extremity tourniquets: these devices employ a dual-
loop windlass design (e.g., Combat Application Tourniquet
Generation 7), achieving self-locking pressure via nylon self-
adhesive straps, and are suitable for controlling proximal
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humerus/femur hemorrhage; 2) junctional tourniquets: this cat-
egory includes devices such as the SAM® Junctional Tourniquet
(SJT), which utilizes rigid pressure plates to apply trans-soft-
tissue compression on the iliac artery; 3) hemostatic dressings:
these comprise materials like chitosan gauze (Celox®) and
kaolin dressing (QuikClot®), which achieve wound hemostasis
through charge adsorption or coagulation factor activation; 4)
auxiliary hemostatic materials: these are substances such as
hemostatic powder (WoundStat®) and fibrin glue (Tisseel®),
used for supplementary hemostasis in specialized wound types
[18].

Taking extremity tourniquets as an example, their technologi-
cal evolution has undergone three generations of innovation: 1)
the first generation (simple cloth bandage): it was widely used
during the Vietnam War, with a secondary injury rate as high
as 34%; 2) the second generation (elastic rubber tourniquet): it
was deployed during the Gulf War, increasing hemostasis suc-
cess rate to 79%; 3) the third generation (composite self-locking
bandage): it was popularized after the Iraq War, utilizing poly-
ester/nylon composite webbing and ratchet buckle, achieving a
hemostasis success rate >96% and limb salvage rate of 89%
[19].

However, traditional hemostatic techniques still exhibit signifi-
cant limitations: 1) the time-efficacy-injury paradox: tourniquet
use exceeding 2 hours can lead to nerve damage (incidence rate
of 19.7%) and rhabdomyolysis; 2) anatomical blind zones: this
refers to the inefficient control of subclavian artery and pelvic
hemorrhage, with a success rate below 65%; 3) environmen-
tal sensitivity: dressing adhesion decreases by 37% in high-
humidity environments, while low temperatures reduce throm-
bin activity by 52% [20].

4 NEW HEMOSTATIC MATERIAL

The rapid development of materials science has driven the
innovation of hemostatic dressings, progressively replacing
traditional hemostatic powders with advanced forms like
hemostatic sponges and gels. Hemostatic materials can be
roughly divided into three categories: polysaccharides, inor-
ganic minerals, and proteins, each represented by various
advanced formulations [21]. Polysaccharide-based materials,
particularly chitosan, are widely explored. Chitosan is a natu-
ral polysaccharide extracted from shrimp and crab shells, pos-
sessing biocompatibility, biodegradability, non-toxicity, and
antibacterial properties [22]. These characteristics make it an
ideal absorbable hemostatic material, capable of reducing
immune responses, minimizing complications, avoiding infec-
tions caused by long-term retention, and promoting wound
healing. The XStat hemostatic injector is a 3 cm diameter
polycarbonate syringe containing a hemostatic sponge. The
XStat injectable hemostatic device achieves hemostasis through
the rapid expansion mechanism of chitosan-coated cellulose
sponges (Figure 1), providing a novel solution for addressing
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Figure 1. XStat hemostatic injector. The device consists of a syringe
(for delivering sponges) and chitosan-coated cellulose sponges (core
hemostatic component). The sponges expand rapidly after contact
with blood to form a pressure matrix.

deep non-compressible hemorrhage. This device developed
by the U.S. military injects 92-100 chitosan-coated cellulose
sponges (9 mm diameter x 4.5 mm height) into the wound cav-
ity, which expands 12-fold within 12 seconds to form a three-
dimensional pressure matrix. The preclinical trial of XStat was
conducted using the U.S. military standard porcine femoral
artery injury model (creating a 6 mm diameter hole in the por-
cine femoral artery), comparing its hemostatic effect with that
of standard hemostatic dressings [23]. The results showed: In
terms of time required to complete hemostasis, the XStat 30
group [(1.1£0.3) min] was significantly shorter than the conven-
tional standard wound dressing group [(4.6£0.5) min]; regard-
ing the amount of blood loss (measured from 45 seconds after
creating the femoral artery hole until the end of the 6-hour
observation period), the XStat group [(21.7+17.5) ml] had sig-
nificantly less blood loss than the conventional standard wound
dressing group [(28.3+18.1) ml] [6, 10]. In both groups, all trial
pigs achieved 100% hemostasis and 100% survival. These
results indicate that both XStat and standard hemostatic dress-
ings have good hemostatic effects, but the former achieves
hemostasis more rapidly.

However, the cellulose matrix of this device is non-degradable,
and delayed removal will increase the incidence of granuloma
formation to 17%, while high humidity environments reduce its
expansion rate by 29% [19, 20].

Inorganic minerals, such as kaolin dressings, accelerate coagu-
lation through the factor XII contact activation pathway but are
limited by increased risk of failure in patients with trauma-
induced coagulopathy [24]. This technical difference highlights
the need to strike a balance in the development of hemostatic
materials between the selectivity of coagulation mechanisms
(factor-dependent/independent), material degradability, and
environmental adaptability. The physical hemostatic function
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of kaolin is similar to that of zeolite-based materials, as both
belong to aluminosilicate minerals capable of absorbing mois-
ture from blood, concentrating clotting factors, and rapidly
initiating the coagulation system [25]. Since kaolin primarily
functions by activating the endogenous coagulation pathway,
its hemostatic effect significantly diminishes when massive
blood loss leads to substantial depletion of coagulation factors
and secondary coagulation dysfunction [26]. The self-devel-
oped emergency chitosan hemostatic sponge, through positive
charge-mediated erythrocyte aggregation and combined with
the super absorbency (water absorption ratio >40 g/g) of poly-
acrylic resin dressings, can synergistically control deep lacera-
tion bleeding [27]. The rapid hemostatic powder “Blood Shield”
uses modified zeolite as its core component. Through a dual
mechanism of calcium ion release and wound charge adsorp-
tion, it achieves control of arterial and venous bleeding within
30 seconds (hemostatic efficacy rate >94%). It has been stan-
dardized as essential individual first-aid equipment [28].

Protein-based materials like fibrin glue (Tisseel®) are also used
(See Table 1). Furthermore, composite materials combining
different mechanisms are promising. The military transforma-
tion potential of traditional Chinese medicine hemostatic mate-
rials is gradually becoming evident. For instance, based on
research guided by traditional medical theories, a hemostatic
agent composed of Bletilla striata and zeolite was developed
by optimizing the components. The formulation combines
Bletilla striata lyophilized powder (the non-polysaccharide
fraction of the 80% ethanol extract of Bletilla striata) with
nano-zeolite at a 3:7 ratio, reducing coagulation time to
1.8+0.3 minutes. Additionally, coating the zeolite with Bletilla
striata polysaccharides lowered the peak heat generation (AT
decreased from 42 °C to 31 °C), resulting in a reduction of burn
incidence from 28% to 6% [31]. Meanwhile, the 37-Chitosan
synergistic system demonstrates advantages in multi-target
regulation. Panax notoginseng saponins (R1+Rgl>8%) can
activate platelet GPIIb/IIla receptors, and synergize with chito-
san to promote fibrin cross-linking, thereby achieving signifi-
cant effects in combat wound repair. Animal experimental
results indicate that the wound healing rate is 37% faster than
that of traditional dressings [30, 32].

Our military has achieved a series of breakthroughs in the field
of hemostatic material development, establishing a multidi-
mensional technical system that encompasses physical occlu-
sion, biochemical activation, and composite mechanisms. The
independently developed emergency chitosan hemostatic
sponge induces red blood cell aggregation through positive
charge mediation, while the superabsorbent polyacrylic resin
dressing (water absorption ratio >40 g/g) synergistically con-
trols deep cavity bleeding [27].

Another notable advancement is the ultrafast self-gelling/wet-

state powdered adhesive developed by the research team of
Bian Liming at The Chinese University of Hong Kong. It has
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Table 1. Intergenerational comparison of hemostatic material technologies for combat trauma

Index Traditional hemostatic techniques Novel hemostatic techniques Improvement extent/ Literature
(2010-2018) (2019-2024) innovative mechanism support

Representative Hemostatic gauze; Blood shield zeolite powder; Material compositing [17] vs [28]

equipment hemostatic cotton; Self-gelling adhesive; (biological + synthetic);

Core mechanism

Hemostasis time

CAT Gen7 tourniquet;
QuikClot kaolin dressing

Mechanical compression-induced
FXII-dependent coagulation activa-
tion

Limb tourniquet: 45-90 s;

Kaolin dressing: 2.3+0.4 min

Bletilla-zeolite composite;
SafeNing granules (gauze);

XStat sponge syringe;
Fibrin-based materials

Charge adsorption/self-adhesion;
Non-coagulation factor-dependent
mechanisms

Zeolite powder: <30 s;

Self-gelling: <60 s

Compound agent burn rate: 6%;
Self-gelling agent: no thermal damage

Self-gelling seawater adhesion >85%);
Composite agent plateau CT <2.1 min

A self-gelling system (<85 cm?®) with
intelligent pressure maintenance (+2

Secondary injury  Tourniquet nerve injury: 19.7%;
rate Kaolin deep failure: 43%
Environmental High humidity failure rate (137%);
adaptability Low-temperature coagulation activ-

ity (152%)
Individual Tourniquet volume >200 cm?;
adaptability Requirement of pressure re-check

mmHg)

Cost (USD/piece)  Tourniquets: $45-50;

Kaolin dressing: $75-80

Self-gelling adhesive: $15-20;
Compound agent: $35-40

Functional integration
(hemostasis + repair)

Reduced risk of TIC failure
(13.2-fold)

Timeliness improvement
(58%-75%)
Histocompatibility optimi-
zation (167%)

Extreme condition stability
(189%)

Portability (158%); Op-
erational fault tolerance
(173%)

Unit cost reduction (}67%-
83%)

[27] vs [28]

[17] vs [28] [29]
[18][19] vs [30]

[19] vs [29] [31]

[19] vs [29]

[19] vs [29]

Note: CAT Gen7, Combat Application Tourniquet, Generation 7; FXII, Coagulation Factor XII; TIC, Trauma-Induced Coagulopathy; CT, Co-

agulation Time; USD, United States Dollar.

broken through the limitations of traditional formulations,
exhibiting superior wet-state adhesion that achieves a bonding
strength exceeding 50 kPa within one minute on hydrated
wound surfaces. Simultaneously, its excellent topological
adaptability enables effective filling of irregular wound cavi-
ties, with a compatibility rate exceeding 92%. Additionally,
this material demonstrates significant cost advantages, with
the production cost per unit dose being only 17% of commer-
cially available hemostatic agents [29]. After undergoing tacti-
cal environment simulation tests, the material maintained sta-
ble hemostatic efficacy under seawater immersion and high-
altitude low-pressure conditions.

This evolution in technical approaches highlights the critical
need for balancing selectivity in coagulation mechanisms (fac-
tor-dependent vs. independent), material degradability, and
environmental adaptability in the development of next-genera-
tion hemostatic materials. Table 1 summarizes the advantages
and disadvantages of different generations of hemostatic mate-
rials for combat trauma.

SINTELLIGENT HEMOSTATIC DEVICE

Currently, the cuff-inflated pneumatic tourniquet is considered
the optimal choice with high hemostatic efficiency, optimal
patient comfort, and the lowest complication rates. It consists
of an inflatable balloon, a pressure-release valve, and a self-
adhesive inflatable cuff. Its primary drawback is skin injury.

https://doi.org/10.61189/368729kpldnv

Throughout the entire application process of the tourniquet,
any minor issue leading to improper use can result in skin
damage, such as redness, bruising, or necrosis. Additionally,
the device’s susceptibility to damage, low reusability, and the
difficulty for non-medical professionals to accurately control
cuff pressure have prevented its widespread frontline deploy-
ment. During the research and development process, if intelli-
gent elements could be integrated, such as enabling a “one-
touch” automatic pressurization function and utilizing ultra-
sound or tactile sensors to automatically assess arterial com-
pression, it would not only ensure distal blood supply while
achieving hemostasis but also automatically calculate hemosta-
sis duration and prompt timely release [33]. In this way, mili-
tary medical personnel can allocate more time to rescuing other
casualties.

The intelligent design has endowed this device with immense
imaginative potential. In the future, inflatable hemostatic
devices could be pre-assembled in junctional areas such as the
neck, axillae, and groin of combat uniforms or protective gear,
without interfering with soldiers’ tactical movements during
operations. In the event of major limb hemorrhage, a “high
and tight” hemostatic effect can be achieved by triggering a
switch; for junctional zone bleeding, effective compression of
the bleeding area can be realized. Beyond mechanical function,
research suggests integrating casualty identification systems
and BeiDou positioning systems onto new-generation tourni-
quets [34]. The integration of intelligent elements will enable
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Figure 2. Combat ready clamp. 1, T-shaped threaded adjustable rod;
2, Fixing belt; 3, C-shaped steel bracket; 4, Plastic compressor.

Figure 3. iTClamp hemostatic clamp. 1, Four pairs of opposing nee-
dle set; 2, Ergonomic clip body; 3, Anti-slip contact surface.

tourniquets to play an even more crucial role in modern
warfare.

Traditional emergency hemostatic methods often require medi-
cal personnel to dress wounds in hazardous environments,
undoubtedly increasing the risks of on-site rescue operations
and even potentially endangering the safety of the rescuers
themselves. Consequently, employing unmanned rescue equip-
ment such as robotic arms to replace manual intervention holds
critical significance for saving lives, alleviating the workload
pressure on medical staff, and mitigating personnel shortages
in healthcare. Several other widely used hemostatic devices
and methods currently in practice are introduced below.

The combat-ready hemostatic clamp (Figure 2) weighs approx-
imately 700 g and consists of a C-shaped steel support frame
and a plastic pressure disk, serving as a clamp-type hemostatic
device. This apparatus can directly apply pressure to wounds or
junctional areas, compressing blood vessels to achieve effective
hemostasis, making it particularly suitable for amputated limb
hemorrhage control [35]. The combat ready clamp is the first
junctional hemorrhage control device issued to foreign mili-
tary forces, demonstrating relatively ideal hemostatic efficacy.
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However, it requires considerable time for assembly and is
prone to detachment during transport [16].

The iTClamp hemostatic clamp (Figure 3) is manufactured
by the Canadian company iTraumaCare. Its appearance resem-
bles that of a common clip, weighing 37.1 grams, and is suitable
for hemostasis in limbs, armpits, groin, and head/neck regions.
Compared to traditional instruments, this hemostatic device
employs an innovative approach by approximating wound
edges to form an internal hematoma, thereby compressing
damaged blood vessels and effectively controlling bleeding
[36]. Unlike conventional hemostatic methods, the iTClamp
design not only simplifies the operational procedure but also
enhances comfort at the wound site, preventing excessive pain
caused by traditional approaches for patients. In 2019, the
updated U.S. Tactical Combat Casualty Care guidelines still
recommended iTClamp for controlling major hemorrhage [34].
The iTClamp approximates wound edges through four pairs of
opposing needles, utilizing the hydrostatic pressure generated
by the hematoma to further control bleeding [16]. This hemo-
static method not only does not increase pain at the wound site,
but it also does not cause tissue necrosis even with prolonged
use. Shang Z et al. employed a robotic arm to manage limb
hemorrhage in casualties, where under the constraint of an
external rigid structure, effective hemostasis was achieved
through radial deformation of the airbag to compress the limb
[37].

The junctional emergency treatment tool (JETT) (Figure 4)
consists of a pelvic belt and two T-shaped handles with pres-
sure pads, enabling bilateral compression hemostasis. By rotat-
ing the T-shaped handles to apply pressure and secure them,
rapid hemostasis can be achieved in a short time (average 15
seconds). However, proficient operation is required; otherwise,
it may result in inadequate hemostatic effects or equipment
damage [33]. In addition, JETT can also be used for the fixation
of pelvic fractures.

The SJT (Figure 5) is manufactured by the American company
Sam Medical Products. It resembles the JETT in appearance,
weighs 450 grams, and differs from the JETT in that the SJT is
equipped with two inflatable cuffs. It can also be used for pelvic
fractures, with a maximum usage duration of 4 hours [38]. The
SJT was designed with ergonomic considerations, allowing it
to fit snugly against the injured limb during use to ensure effec-
tive hemostasis. Its operation is simple, requiring medical per-
sonnel only to inflate the cuff using the accompanying air pump
device to quickly achieve hemostasis. Additionally, the SJT is
equipped with a pressure monitoring system that can track cuff
pressure in real time, ensuring stable pressure during hemosta-
sis and preventing tissue damage from excessive compression.

High-frequency electrocoagulation technology is a minimally
invasive technique that utilizes the heat generated by high-fre-
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2

Figure 4. Junctional emergency treatment tool. 1, Nylon waist-
band; 2, Two T-shaped adjustable handles with pressure pads.

4

S

Figure 5. SAM® junction tourniquet. 1, Pressure pad expander; 2,
Auxiliary Frenulum; 3, Pressure pad; 4, Pressure regulator; 5, Inflat-
able balloon.

quency current to coagulate tissues, thereby achieving thera-
peutic purposes such as cutting, hemostasis, and ablation. Due
to its minimally invasive, safe, and effective characteristics, it
has been increasingly widely applied in clinical practice.
However, existing high-frequency electrocoagulation devices
adopt a structure combining a main unit with a handpiece,
which is bulky, accessory-intensive, and cumbersome to use.
Common electrocoagulation handpieces also have a limited
hemostatic area and low efficiency. Consequently, current high-
frequency electrocoagulation hemostasis techniques cannot
meet the demands of combat trauma care, such as large-area
traumatic bleeding, mass casualty treatment, and time-sensi-
tive emergency scenarios.
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As a representative of our military’s new hemostatic equip-
ment, the portable field high-frequency hemostatic device
achieves rapid hemostasis through the thermal coagulation
effect of high-frequency current (2 MHz). Its core innovation
lies in the tactical adaptation of traditional high-frequency
electrosurgical technology. The device employs a bipolar coag-
ulation mode, where precision forceps electrodes with a spac-
ing of <3 mm act precisely on the bleeding site, raising local
tissue temperature to 80-100 °C within 10-15 seconds to induce
vascular closure. Simultaneously, the depth of thermal damage
is controlled within 1.2 mm, significantly reducing the risk of
tissue necrosis. The total weight of the unit is <1.5 kg, equipped
with a lithium-ion battery and direct current/alternating cur-
rent conversion module, enabling continuous operation for 45
minutes in environments without a mains power supply, and
adaptable to complex battlefield conditions such as high-alti-
tude, humid, and hot climates. Clinical tests demonstrate an
88% control rate for deep non-compressible hemorrhage, mak-
ing it particularly suitable for irregular wounds such as shrap-
nel embedding injuries [39]. However, the device still requires
operation by professionals, and its cost is much higher than tra-
ditional tourniquets. In the future, the integration of impedance
sensing and artificial intelligence positioning modules could
further enhance individual soldier adaptability.

6 CHALLENGES AND FRONTIER DIRECTIONS IN
HEMOSTASIS FOR COMBAT TRAUMA

The core challenge faced by battlefield trauma hemostasis
technology lies in striking a balance between efficiency, safe-
ty, and battlefield adaptability. Although traditional hemostatic
methods such as tourniquets and kaolin dressings are widely
used in combat settings, they struggle to overcome several crit-
ical limitations. For instance, mechanical compression may
lead to nerve injuries, with an incidence rate as high as 19.7%.
Meanwhile, the failure rate for deep wound hemostasis can
reach 43%. Additionally, the performance degradation of these
conventional methods in low-temperature or high-humidity
environments cannot be overlooked. Research indicates that
coagulation activity may decrease by up to 52%.

Although the novel high-frequency electrocoagulation technol-
ogy can achieve rapid hemostasis through thermal effects, with
the entire process taking only 8-12 seconds, it still faces chal-
lenges such as thermal damage control (thermal damage depth
<1.5 mm), bulky equipment (weight exceeding 5 kg), and high
costs (unit price approximately $1,200) [33]. Furthermore,
extreme battlefield environments (such as high-altitude hypox-
ia or high-salt fog in maritime areas) impose even more strin-
gent requirements on the stability of hemostatic materials.
Current technologies have yet to fully meet the demands for
mass casualty treatment across diverse scenarios and varying
injury types.
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7 FUTURE TRENDS

Under the current circumstances, innovative concepts such as
intelligence, integration, lightweight design, miniaturization,
recyclability, high comfort, strong stability, and low cost will
provide significant reference value for the development of
novel hemostatic medical devices. The future trend of hemo-
static technology may focus on the application of electromag-
netic induction principles—for instance, utilizing non-contact
energy transfer to achieve safe and efficient new hemosta-
tic equipment. Such devices can achieve complete isolation
between the human body and the power source, fundamentally
eliminating risks that traditional hemostatic methods may pose
to both patients and medical staff. In contrast, traditional surgi-
cal electrocautery relies on human impedance as part of the
circuit, employing high-frequency, high-voltage currents. This
not only increases the risk of electric shock and burns for
patients but also exposes them to direct electric shock in case of
equipment failure.

Specifically, the new equipment will adopt an innovative safety
design aimed at ensuring hemostatic efficiency while improv-
ing operational safety. This not only reduces surgical risks but
also enhances applicability in extreme battlefield environ-
ments, better meeting the demands of modern warfare for
hemostatic technology. With continuous technological advan-
cements, future hemostatic devices will evolve toward greater
intelligence, portability, and efficiency. For example, the devel-
opment of nanotechnology enables micro-robots to perform
precise hemostatic operations within the human body. In the
future, nanorobots may be utilized to repair damaged blood
vessels and control bleeding or achieve localized drug release
to promote wound healing and hemostasis. Progress in bio-
printing technology makes it possible to print tissues with vas-
cular systems, which holds significant implications for hemo-
static treatment and tissue repair in combat-wounded patients,
providing more reliable solutions for battlefield medical care.

8 DISCUSSION AND CONCLUSIONS

The advancement of battlefield trauma hemostasis technology
represents a pivotal component of modern military medicine
for addressing the challenges posed by high-energy destruc-
tive weapons. From the mechanical compression of traditional
tourniquets to the precise thermal effects of high-frequency
electrocoagulation, and from portable intelligent hemostatic
devices for individual soldiers to the integration of unmanned
rescue systems, hemostatic technologies have progressively
transcended single-function limitations, ushering in an era
of intelligent multi-mechanism synergy and multi-scenario
adaptability.

Currently, military innovation in hemostasis technology must

not only resolve the balance between efficiency and safety but
also overcome performance degradation in extreme environ-
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ments, resource constraints in mass casualty care, and the pro-
hibitive costs hindering large-scale deployment. This techno-
logical leap will not only save more lives on the battlefield but
also reshape the medical support system, providing strategic
reinforcement for sustaining combat readiness.

Ultimately, only through deepening civil-military integration
and strengthening international collaboration can we surmount
the challenges of cost and large-scale application, truly achiev-
ing the transition of hemostasis technology from “passive
response” to “active defense”.
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Abstract

Cardiac hypertrophy represents a complex pathological condition characterized by ven-
tricular wall thickening, with diverse etiologies and substantial challenges in clinical
differential diagnosis. In recent years, rapid advances in artificial intelligence (AI) tech-
niques for CMR image analysis have provided novel technical approaches for the precise
diagnosis of cardiac hypertrophy. This paper systematically reviews the research prog-
ress of CMR-based Al technologies in the diagnosis of cardiac hypertrophy, including
Al diagnostic methods based on Cine-MRI sequences, T1/T2 Mapping sequences, late
gadolinium enhancement (LGE) sequences, and multi-sequence fusion strategies. The
review further explores the technological evolution from traditional machine learning to
deep learning and their applications in differentiating normal from hypertrophic hearts,
as well as in the fine classification of cardiac hypertrophy with different etiologies. Fur-
thermore, this paper elucidates the application value of natural language processing
(NLP)-based MRI report automatic parsing technology in large-scale case screening and
discusses the existing challenges and potential future directions of Al in this field.

Keywords: Cardiac hypertrophy, Cardiac magnetic resonance, Artificial intelligence,
Deep learning, Multi-sequence fusion

Highlights

e This review systematically summarizes the research progress of artificial intelligence technologies in the diagnosis of cardiac
hypertrophy based on cardiac MRI, with a focus on Al diagnostic methods utilizing Cine-MRI, T1/T2 Mapping, late gadolinium
enhancement (LGE), and multi-sequence fusion strategies.

e This review highlights the application potential and current limitations of natural language processing-based automated MRI
report parsing technology for large-scale case screening and phenotypic stratification.

e This review analyzes existing challenges in Al diagnosis, including data quality, annotation consistency, and model generalization,
and discusses future directions such as multicenter collaboration, multimodal data fusion, and clinical translation.

1 INTRODUCTION

fested as a significant increase in left ventricular (LV) wall
thickness. The etiologies of cardiac hypertrophy are diverse

Cardiac hypertrophy is a pathological condition characterized and may arise from both physiological and pathological mech-
by abnormal thickening of the ventricular wall, typically mani- anisms, including athletic cardiac remodeling, hypertensive
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heart disease (HHD), aortic stenosis (AS), hypertrophic car-
diomyopathy (HCM), infiltrative cardiomyopathies, and vari-
ous storage or metabolic disorders such as cardiac amyloido-
sis (CA) and Anderson—Fabry disease (AFD) [1]. Cardiac
hypertrophy is associated with increased risk of heart failure,
arrhythmia, cardiovascular mortality, and sudden cardiac
death. Early recognition and accurate determination of the
underlying etiology can substantially improve clinical out-
comes, particularly in patients under 60 years of age [2].
However, the wide spectrum of causes, clinical manifestations,
and disease progression make accurate diagnosis and risk strat-
ification a persistent clinical challenge.

Imaging plays a central role in the diagnostic workflow of car-
diac hypertrophy. Conventional echocardiography is broadly
accessible but is operator-dependent and provides limited
quantification of myocardial tissue characteristics. Cardiac
computed tomography (CT) provides excellent anatomical
visualization but involves ionizing radiation and lacks dyna-
mic functional assessment. In contrast, cardiac magnetic res-
onance (CMR) provides superior soft tissue resolution, pre-
cise and highly reproducible measurements (including myo-
cardial wall thickness, chamber size, hypertrophy patterns,
and systolic function), and multiparametric imaging capabili-
ties, such as T1 mapping anPlr3 ladolinium enhancement
(LGE). These advantages have established CMR as the “gold
standard” for assessing the etiology of cardiac hypertrophy,
the degree of fibrosis, and functional impairment, making it
the most valuable imaging modality for evaluating LV hyper-
trophy [3].

With the growing demand for cardiac imaging and the continu-
ous advancement of technology, CMR analysis faces several
challenges associated with image acquisition, data quality,
annotation, and concerns regarding patient privacy, data shar-
ing, and institutional standardization. Moreover, conventional
analysis methods often struggle to accommodate patients with
complex or atypical pathological conditions [4]. Against this
background, the rapid development of Al-based medical imag-
ing analysis presents a promising solution that provides new
approaches for improving the accuracy, standardization, and
efficiency of cardiac MRI interpretation [5].

Although significant advances has been made in Al-assisted
diagnosis of cardiac hypertrophy, existing studies are frag-
mented and rarely provide a comprehensive overview focused
on CMR, the “gold standard” imaging modality. Therefore,
this review systematically examines the research progress of
CMR-based Al technologies in diagnosing cardiac hypertro-
phy and explores the current challenges and future directions
of Al in intelligent diagnostic support for cardiac hypertrophy
disease.
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2 RESEARCH PROGRESS IN AI-ASSISTED DIAGNO-
SIS OF CARDIAC HYPERTROPHY BASED ON CMR
MODALITIES

2.1 Al Diagnosis of cardiac hypertrophy based on cine-
MRI

Cine-CMR acquires continuous dynamic images throughout
the cardiac cycle using the steady-state free precession (SSFP)
sequence, which enables detailed observation of morphological
changes of heart with high temporal and spatial resolution.
Cine-CMR has become the gold standard for cardiac structural
and functional assessment. For the diagnosis of cardiac hyper-
trophy diseases, Cine-MRI can precisely identify the location,
extent, and pattern of ventricular wall thickening, distinguish
physiological from pathological hypertrophy, differentiate
myocardial lesions caused by different etiologies, and assess
the hemodynamic impact of the disease through cardiac func-
tion parameters, providing critical information for clinical
decision-making.

2.1.1 Detection and identification of cardiac hypertrophy

In deep learning applications, Budai et al. developed an ensem-
ble model based on 3D ResNet for automated detection of left
ventricular hypertrophy (LVH) in CMR [6]. The study involved
428 LVH patients and 234 healthy controls. The ensemble
model simultaneously processed short-axis and long-axis car-
diac images, yielding highly precise binary classification
between LVH and normal hearts, with a recall rate of 97%,
demonstrating exceptional ability in identifying suspected
cases. A key innovation was the introduction of image nor-
malization through long-axis superimposition to mitigate direc-
tional noise, significantly enhancing model performance.

To address the limitation of traditional single-frame or single-
branch deep learning models in adequately capturing cardiac
dynamic features, You et al. proposed an innovative solution
based on a dual-branch neural network integrating static mor-
phology and dynamic motion information [7]. The architecture
combined static and dynamic features and innovatively intro-
duced a multi-task learning mechanism, where the primary
task performed cardiomyopathy classification and the auxiliary
task quantified cardiac motion amplitude by comparing stan-
dard deviations of images at identical positions in static and
dynamic branches. On a dataset containing 78 training se-
quences and 26 test sequences, this method achieved 96.79%
accuracy and 95.24% sensitivity for binary classification of
hypertrophic obstructive cardiomyopathy (HOCM) versus nor-
mal hearts, representing improvements of 10.11% and 12.02%
over ResNet50 and DenseNet, respectively. More importantly,
the loss curve basically converged after 100 epochs, and the
training efficiency was approximately twice that of the tradi-
tional single-branch network.
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Ma et al. further explored the potential application of radiomics
for early HHD diagnosis, enrolling 132 patients [8]. A total of
1,521 radiomics features were extracted from the end-diastolic
(ED) and end-systolic (ES) phases of cine sequences, and three-
class classification models were built using machine learning
(ML) algorithms such as random forest, support vector machine
(SVM), and naive Bayes. The SVM model based on the ED-ES
feature subset achieved the highest accuracy (83.3%), with a
macro-AUC of 0.941, and the AUCs for HHD, hypertension
with normal cardiac structure and function (HWN), and
healthy subjects were 0.967, 0.876, and 0.963, respectively.

In addition to the morphological classification models, auto-
matic analyses of cardiac strain parameters have shown
unique diagnostic value. Abramoff et al. used commercial Al
software (SuiteHEART) for fully automated LV global longi-
tudinal strain (GLS) analysis in 111 CMR examinations (70
AS, 41 healthy controls) [9]. The results showed that the
Al-driven CMR GLS measurements were strongly associated
with echocardiographic GLS and exhibited smaller standard
deviations, indicating higher accuracy and reproducibility.

2.1.2 Differentiation of cardiac hypertrophy phenotype from
other cardiomyopathies

Studies in this domain employ multi-class classification frame-
works to position cardiac hypertrophy within the broader spec-
trum of cardiomyopathies, utilizing both traditional radiomics-
based machine learning (ML) and deep learning approaches to
achieve phenotypic differentiation. Zhang et al. analyzed 283
patients from two public databases (ACDC and M&Ms) to
establish a multi-classification model based on radiomics fea-
tures [10]. The research team extracted 21 feature subsets from
ED-ES images of the LV, right ventricle, and myocardium, test-
ing nine ML algorithms, including random forest, SVM, and
logistic regression. Among 90 model combinations, the ran-
dom forest model using the minimum redundancy maximum
relevance (nNRMR) feature selection achieved optimal perfor-
mance, with a three-class classification accuracy of 91.2% and
a macro-average AUC of 0.947. Class-specific AUCs were
0.938, 0.966, and 0.936 for healthy controls, dilated cardiomy-
opathy (DCM), and HCM, respectively. Five-fold cross-valida-
tion demonstrated an average accuracy of 83.0%, sensitivity of
80.4%, and specificity of 90.6%.

The development of deep learning technologies has enabled
end-to-end analysis of Cine-MRI images, automatically learn-
ing hierarchical representations and mapping raw images to
diagnostic outcomes. Germain et al. retrospectively analyzed
534 patients (209 normal, 175 HCM, 150 DCM) to evaluate the
performance of several pre-trained convolutional neural net-
works (CNNs) for cardiomyopathy classification [11]. Trans-
fer learning strategies employed VGG16, ResNet50V2, In-
ceptionResNetV2, and DenseNet201 pre-trained on ImageNet
as backbone networks, with final layers fine-tuned to adapt to
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cardiac imaging. The result shows that the dual-input VGG
model achieved 98.2% accuracy in six-fold cross-validation,
substantially higher than the accuracy of single-frame input
model. Grad-CAM heatmap analysis revealed that over half of
misclassifications were due to the network focusing on extra-
cardiac structures rather than the LV region, indicating that
cardiac region segmentation preprocessing could improve
model robustness.

Guo et al. systematically evaluated the performance of com-
mercial Al software in quantitative LV function analysis in 388
patients (123 HCM, 130 DCM, 135 healthy controls) [12].
Al-based automatic analysis performed best in HCM patients,
with correlations exceeding 0.901 between all four LV function
parameters and manual measurements, while performance sig-
nificantly declined in DCM patients, with the correlation coef-
ficients for ejection fraction (EF) and stroke volume (SV) drop-
ping to 0.776 and 0.645, respectively. Receiver operating char-
acteristic (ROC) curve analysis indicated that, at optimal cut-
off values, Al-derived EF parameters identified DCM patients
with 92.31% sensitivity and 82.96% specificity, whereas HCM
identification showed 78.05% sensitivity and 54.07% specific-
ity, suggesting that LV volume parameters are more informa-
tive in DCM diagnosis, whereas EF is more suitable for HCM
differentiation.

In small sample learning scenarios, few-shot learning (FSL)
provides an innovative solution for alleviating the data scarcity
problem in medical imaging. Wibowo et al. proposed a two-
stage approach combining segmentation and few-shot classifi-
cation using the MICCAI 2017 ACDC dataset [13]. A “2D
Thickness Algorithm” was designed to convert multi-layer
short-axis slices from U-Net segmentation outputs into com-
pact 2D representations, directly extracting morphological
information from segmentation results. The EfficientNetB5-
UNet segmentation model achieved LV Dice Score of 96.24%
ED and 89.92% ES, and the integrated few-shot classifier
reached 92% accuracy on the test set, which is comparable to
the traditional random forest models based on derived features.
This study demonstrated the feasibility of constructing dis-
ease-specific representations from segmentation outputs, pro-
viding a lightweight solution for fast screening under data-lim-
ited conditions, with potential expansion to long-axis data and
other cardiac disease subtypes.

2.1.3 Etiological differentiation of cardiac hypertrophy

Following the identification of the hypertrophic phenotype,
clinical priority shifts towards precise etiological characteriza-
tion, which is critical given the distinct therapeutic strategies
required for different pathologies. However, differentiating
between etiologies with substantial phenotypic overlap—such
as HCM, HHD, and cardiac amyloidosis (CA)—remains a
diagnostic challenge. Conventional visual assessment and stan-
dard quantitative metrics often lack the sensitivity to detect
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subtle morphological differences. Consequently, this section
focuses on the application of Al in the fine-grained differential
diagnosis of cardiac hypertrophy with similar macroscopic
presentations.

Jiang et al. systematically applied texture analysis combined
with machine learning in a single-center study of 251 patients
[14]. They extracted 275 radiomics features from four-chamber
view images rather than traditional short-axis frames, achiev-
ing objective differentiation between CA and HCM. Among
various machine learning models, SVM achieved the highest
validation accuracy of 85.2%. Gray-level non-uniformity was
identified as the most discriminative single feature, reflecting
greater microstructural heterogeneity in HCM myocardium
due to myocyte disarray and fibrosis.

Liu et al. expanded this approach, not only extracting features
from the myocardium but also, for the first time, systematically
introducing 3D radiomics features of papillary muscles, to
improve left ventricular hypertrophy (LVH) detection and
HCM versus HHD differentiation [15]. The study enrolled 345
subjects, and 2,632 original features were extracted, selecting
the six most discriminative features. For LVH detection, myo-
cardial (MYO) features alone achieved an AUC of 0.966 with
90.4% accuracy. For HCM versus HHD differentiation, the
MYO combined with papillary muscle features (MYO+PM)
achieved an AUC of 0.935 (87.0% accuracy, 85% specificity),
significantly superior to MYO alone (AUC=0.875) and models
based solely on CMR parameters. This study demonstrated that
papillary muscle morphology differs between etiologies, with
concentric hypertrophy in HCM and pressure-driven hypertro-
phy in HHD, and that these differences are captured by shape-
based radiomics features.

Chuah et al. first introduced the use of a personalized
3D+temporal LV model together with traditional ML for phe-
notypic analysis between HHD and HCM [16]. Based on 44
subjects, dynamic LV models were created, extracting multipa-
rametric features including wall thickness, strain, and systolic
synchrony. Statistical classification identified the most discrim-
inating features, such as maximum end-diastolic wall thick-
ness, longitudinal strain, and mass-to-volume ratio. SVM
achieved 77% classification accuracy, improving to 94% after
excluding subgroups with phenotypic overlap.

Similarly, Eckstein et al. utilized myocardial strain parameters
from both atria and the right ventricle for differentiating CA,
HCM, and healthy controls [17]. An SVM model achieved
90.9% accuracy and an AUC of 0.996, underscoring the diag-
nostic value of myocardial biomechanical features in etiologi-
cal differentiation.

In deep learning applications, Diao et al. proposed a fully auto-

mated framework for segmentation and multietiology classifi-
cation in 302 LVH patients [18]. Three classification models
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were tested: (1) Model 1 with 2D patches, (2) Model 2 with
ROI-based input, and (3) Model 3 with binary myocardium
masks. Model 3 performed the best and most stable, with a
three-class accuracy of 77.4% in the external validation.
Notably, simple binary masks performed better than raw imag-
es for generalization, suggesting that structural representations
of inputs may enhance model robustness under limited data
conditions.

Chen et al. focused on distinguishing HCM from Fabry cardio-
myopathy, an important clinical challenge [19]. Using 215 data-
sets, they trained a 3D ResNetl8 model on short-axis Cine
images. Internal testing yielded an AUC of 91.4%, with exter-
nal validation across different hospitals achieving an AUC of
0.918, indicating strong generalizability.

In a cohort of 119 CA patients and 122 LVH patients of other
causes, Germain et al. employed a dual-channel VGG16 model
to distinguish CA from other LVH etiologies [20]. The model
analyzed diastolic and systolic cine images, significantly out-
performing three experienced imaging physicians at both
frame-level (AUC: 0.824 vs. 0.630) and patient-level (AUC:
0.895 vs. 0.727) classification.

Beyond differentiating common morphological diseases, deep
learning based on Cine-MRI can further reveal genotype-relat-
ed information. Zhou et al. pioneered the use of four-chamber
view cine sequences to predict genetic mutation status in HCM
patients [21]. They combined InceptionResNetV2 for image
feature extraction with long short-term memory (LSTM) net-
works for temporal dynamics analysis, achieving an AUC of
0.80, superior to traditional clinical scoring systems. This work
suggests that subtle myocardial structural and motion patterns
embedded in Cine-MRI may correlate with underlying genetic
defects, providing a new perspective for non-invasive genetic
risk stratification. Summaries of representative studies are pre-
sented in Table 1.

2.2 Al diagnosis of cardiac hypertrophy based on T1/T2
mapping sequences

T1 and T2 mapping are standardized CMR quantitative tissue
characterization sequences that reflect microscopic changes
in the myocardial extracellular matrix and water content.
Compared with conventional morphological indicators, these
sequences provide earlier and more sensitive pathological
information [22]. T1/T2 mapping can detect subclinical lesions,
such as diffuse fibrosis and edema in a contrast-free or low-
dose contrast environments, making them excellent candidates
for Al diagnosis: quantitative parameters are objective and
reproducible, while texture analysis of parameters can further
explore tissue heterogeneity at microscopic level. In recent
years, the application of deep learning and radiomics to T1/T2
mapping have demonstrated improved accuracy in the differen-
tial diagnosis of cardiac hypertrophy of varying etiologies [23].
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Table 1. Al-assisted diagnosis of cardiac hypertrophy based on cine-MRI
Ref. Al method Sample size (S‘;:l)s'tlwty (S‘,Boe)aﬁﬂty zt/coc)uracy AUC
Zhang et al. [10] ML HCM: 48, DCM: 52, NOR: 123 80.40 90.60 91.20 0.936
Eckstein et al. [17] ML CA: 43, HCM: 20, NOR: 44 85.67 92.33 90.90 0.996
Ma et al. [8] ML HHD: 42, HWN: 46, NOR: 44 83.30 98.90 97.20 0.967
Germain et al. [11] Dual VGGNet+MLP NOR: 395, HCM: 411, DCM: 394 - - 98.20 -
Guo et al. [12] CNN (U-Net) HCM: 123, DCM: 130, NOR: 135 92.31 82.96 88.60 0.932
You et al. [7] CNN-+two LSTM-based branches HOCM: 48, NOR: 30 95.24 - 96.79 -
Jiang et al. [14] ML CA: 85, HCM: 82, NOR: 84 85.00 85.00 85.00 0.890
Liu et al. [15] ML HCM: 158, HHD: 72, NOR: 115  77.00 83.00 83.00 0.870
Budai et al. [6] 3D ResNet HCM: 346, CA: 45, AFD: 11, 96.00 - 91.00 -
EMF: 16, AS: 10, NOR: 234
Germain et al. [20] VGGNet CA: 119, other LVH: 122 85.70 77.60 82.50 0.895
Diao et al. [18] CNN-+RNN+SVM CA: 53, HCM: 82, HHD: 56 - - 77.40 -
Zhou et al. [21] InceptionResnetV2 HCM gene positive: 98, gene 85.71 69.57 84.31 0.840
negative: 100
Chen et al. [19] 3D ResNet18 AFD: 176, HCM: 70 - - 90.90 0.910

Note: AFD, Anderson—Fabry disease; AS, Aortic Stenosis; AUC, area under the curve; CA, cardiac amyloidosis; CNN, convolutional neural net-
works; DL, deep learning; DCM, dilated cardiomyopathy; EMF, endomyocardial fibrosis; HHD, hypertensive heart disease; HCM, hypertrophic
cardiomyopathy; HOCM, hypertrophic obstructive cardiomyopathy; LVH, left-ventricular hypertrophy; ML, machine learning; NOR, normal

person.

To address multi-etiology differentiation in cardiac hypertro-
phy, Antonopoulos et al. proposed a machine learning classifi-
cation framework based on T1 mapping radiomics [24]. 850
radiomics features were extracted from 149 subjects. Following
feature stability assessment and removal of highly correlated
features, a total of 84 features were selected for multinomial
logistic regression modeling using a random forest algorithm
for feature importance ranking. The model achieved a multi-
class AUC of 0.753 in distinguishing normal, LVH, HCM, and
CA, with performance notably superior to the traditional native
T1 mean values across all categories. Similarly, Shi et al. per-
formed a systematic comparison, simultaneously assessing the
discriminative power of T1 and extracellular volume (ECV)
mapping texture analysis for differentiating HCM, HHD, and
healthy controls, compared to functional strain parameters
[25]. In a cohort of 145 patients, 271 texture features were
extracted from T1 and ECV maps. ECV texture analysis
achieved better diagnostic performance (AUC 0.894) compared
to T1 texture for distinguishing between HCM and HHD, while
performance was similar for patients versus healthy controls.
These findings indicate that standardized ECV characteristics
provide advantages in etiological differentiation.

Traditional T2-weighted imaging is often used to detect myo-
cardial edema, but interpretation is subjective. Huang et al.
applied texture analysis to T2-weighted CMR for differentiat-
ing CA from HCM [26]. In 317 patients, a total of 837 texture
features were extracted from short-axis T2 STIR sequence,
with 7 optimal features selected, achieving an AUC of 0.842;
accuracy dropped to 79.2% on an independent test set of 90
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patients. Notably, the texture model did not differ significantly
from quantitative LGE in its performance for diagnosis, sug-
gesting that contrast-free T2 texture analysis could serve an
alternative to LGE, especially in CA patients with compro-
mised renal function.

Beyond diagnostic value, Al-derived parameters from map-
ping sequences have demonstrated significant prognostic
potential. Hwang et al. used Myomics-Q deep learning algo-
rithm for fully automated native T1 and ECV measurements,
where they found that ECV effectively differentiated CA from
other LVH etiology (AUC=0.946) and provided prognos-
tic prediction for AL-CA patients [27]. The study identified
ECV>40% as an independent risk factor for the composite end-
point of cardiovascular death or heart failure hospitalization in
AL-CA patients. Integrating automated ECV into the updated
Mayo staging system greatly enhanced patient risk classifi-
cation, with Integrated Discrimination Improvement (IDI)
increasing by 27.9% and Net Reclassification Index (NRI)
increasing by 13.8%.

2.3 Al diagnosis of cardiac hypertrophy based on LGE
sequences

LGE imaging is the standard CMR technique for myocardial
tissue characterization. By visualizing the retention patterns of
gadolinium-based contrast agents in the myocardial intersti-
tium, LGE can intuitively reflect the distribution of myocardial
pathological remodeling, making it an important tool for distin-
guishing etiologies of cardiac hypertrophy [28]. However, tra-
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ditional visual assessment is limited by the experience of ob-
servers, variability in the scanning parameters, and it is diffi-
cult to detect lesions in the early stage. In recent years, Al tech-
nologies have enabled automatic identification of pathological
patterns from LGE images, providing more objective judg-
ments and improving early detection rates.

Martini et al. developed a CNN model for the end-to-end anal-
ysis of LGE images in 206 patients with suspected CA, using
raw short-axis, two-chamber, and four-chamber LGE views
[29]. The model achieved a high AUC of 0.982 in the test set.
This study showed that deep learning models could automati-
cally capture complex image patterns of CA, including myo-
cardial enhancement, early darkening of the blood pool, and
even extracardiac features such as pericardial fluid, with results
comparable to those of expert radiologists, but with higher effi-
ciency. Notably, the deep learning model did not significantly
outperform CMR features-based machine learning models,
indicating that in the case of limited data, the superiority of
end-to-end deep learning over feature engineering may have
been exaggerated.

To address the limited information extracted from single-
sequence LGE, Zhou et al. employed high-throughput radiomics
to analyze LGE images of 200 biopsy-confirmed AL-type
amyloidosis patients [30]. A total of 1,906 features representing
texture, shape, and signal intensity distribution were extracted.
An XGBoost-based diagnostic model demonstrated excellent
performance in both internal and external multicenter valida-
tion. The radiomics model of the LV basal segments achieved
the highest external validation AUC of 0.92, significantly supe-
rior to traditional visual assessment (AUC=0.75). More impor-
tantly, the radiomics score moderately correlated with CA dis-
ease severity, suggesting that LGE-based radiomics features
can be used not only for diagnosis but also for assessing disease
burden and prognosis.

Al-based LGE diagnostic methods have demonstrated good
diagnostic performance in specific myocardial diseases, espe-
cially amyloidosis. However, comparisons of Al paradigms
with similar diagnostic performance but different approaches
indicate that, on small-scale datasets, the absolute advantage of
deep learning over carefully designed feature-based models
may be limited. To advance Al applications of LGE imaging in
the differential diagnosis of cardiac hypertrophy, larger-scale
multicenter annotated databases, multi-sequence data fusion
strategies, and rigorous external validation are required, along-
side evaluation of clinical implementability.

2.4 Al diagnosis of cardiac hypertrophy based on multi-
sequence CMR fusion

Single-sequence image analysis often fails to fully characterize

the essential features of cardiac hypertrophy, as different CMR
sequences provide complementary pathological information.
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Cine-MRI captures dynamic cardiac function and morphologi-
cal changes, LGE sequences display spatial distribution of
fibrosis, and T1/T2 mapping provides quantitative tissue char-
acterization. Multi-sequence CMR data fusion integrates com-
plementary information from different sequences (e.g., cine
imaging, LGE, and strain analysis) to construct more discrimi-
native feature sets, thereby achieving more precise diagnostic
classification and risk assessment of myocardial diseases.

Zhang et al. extracted 1,409 radiomics features from Cine and
LGE sequences in 621 patients [31]. After rigorous feature
screening and multivariate logistic regression optimization, 40
optimal features were selected to establish a combined model,
achieving AUCs of 0.979 and 0.981 in the training and valida-
tion cohorts, respectively, with sensitivities of 95.2% and
86.3%. This demonstrates that fusion of deep image informa-
tion beyond human visual discrimination can greatly improve
model diagnostic accuracy, highlighting the potential of high-
precision diagnostic assistance systems.

Kong et al. employed principal component analysis (PCA)
to project highly correlated parameters such as left ventricu-
lar ejection fraction (LVEF), left ventricular end-systolic vol-
ume index (LVESVI), left ventricular end-diastolic volume
index (LVEDVI), maximum left ventricular wall thickness
(MLVWT), and global circumferential strain into an orthogo-
nal principal component space, developing an Integrated
Algorithm (IntA) [32]. In Phase I (148 patients: 75 HCM, 33
HHD, 40 controls), IntA achieved an AUC of 0.900 (83% sensi-
tivity, 91% specificity) in LGE-positive patients and an AUC
of 0.947 (100% sensitivity, 82% specificity) in LGE-negative
patients. Phase II external validation of 71 patients maintained
good performance (LGE-positive AUC of 0.857, LGE-negative
AUC of 0.846), demonstrating robust generalization. PCA
effectively addressed multiparameter collinearity through di-
mensionality reduction without information loss, preserving
over 90% of original variance.

With the widespread application of Al in medical image pro-
cessing, enhanced automated feature extraction and fusion
capabilities have enabled high-resolution myocardial pheno-
type characterization. Lu et al. utilized deep convolutional neu-
ral networks (DCNN) for automated CMR segmentation, gen-
erating 216 fine-segment LV thickness features [33]. Logistic
regression, SVM, and multilayer neural networks were used
for adverse event prediction in cardiac sarcoidosis patients.
Features obtained from automated processing improved
machine learning model accuracy compared with manually
delineated features: logistic regression from 0.75 to 0.78, SVM
from 0.74 to 0.78, and multilayer perceptron (MLP) from 0.76
to 0.77.

Three-dimensional myocardial deformation analysis (3D-

MDA) achieved more refined multi-sequence fusion through
cross-modal standardization. Satriano et al. reconstructed 3D
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dynamic meshes from Cine-MRI multi-planar images using
optical flow registration, calculating 917 structural and defor-
mation parameters per American Heart Association (AHA)
segment, including peak strain amplitude, strain rate, and dia-
stolic thickness [34]. In a multi-classification study of 163
patients (85 HCM, 30 AFD, 30 HHD, 18 CA), the 3D-MDA
neural network model achieved an AUC of 0.94 (92% sensitiv-
ity, 90% specificity) in five-fold cross-validation, far superior to
traditional threshold-based methods (regional wall thickness
alone: AUC=0.75), demonstrating that combined structural and
deformation analysis adds diagnostic information.

In deep learning approaches, Weberling et al. enrolled 400
patients from multiple centers and vendors (95 AL amyloidosis,
116 ATTR, 94 HCM, 95 healthy controls) from 56 medical
institutions [35]. Employing a three-stage cascaded AutoML
framework, the first stage distinguished healthy from patients
with an AUC of 1.0; the second stage differentiated HCM from
amyloidosis with an AUC of 0.99; and the third stage distin-
guished AL from ATTR with an AUC of 0.92. Agibetov et al.
analyzed LGE, T1-mapping, and Cine sequences in 502 patients
using VGGI16 transfer learning to diagnose CA [36]. The study
systematically compared the performance of three learning
strategies across different sequences. LGE achieved the highest
AUC of 0.96 with 94% sensitivity and 90% specificity, MOLLI
sequence achieved an AUC of 0.93, and Cine sequence only
0.90, although multi-sequence fusion offers complementary
value. Paciorek et al. employed DenseNet-161 architecture to
develop a binary classification model on 200 patients (137
pathological, 63 healthy controls), comparing diagnostic per-
formance between T1-mapping and LGE PSIR sequences [37].
The PSIR model achieved 88% accuracy and 100% sensitivity
(38% specificity), while the T1-mapping model achieved an
accuracy of 70%, a sensitivity of 78%, and a specificity of 54%.

With the evolution of deep learning architectures, multi-
sequence fusion has progressively improved. Cockrum et al.
employed a spatial-temporal Vision Transformer (ViT) model
for three-class classification tasks in 807 patients (252 CA,
290 HCM, 265 others), integrating Cine and LGE sequences
for differential diagnosis between CA and HCM [38]. The
model achieved 84.1% accuracy and 0.954 AUC in the internal
test set, maintaining 82.8% accuracy and 0.957 AUC perfor-
mance in external validation cohorts. Notably, the ViT model
maintained 61.1% accuracy on cases with low physician diag-
nostic confidence or human errors. After exclusion of image
quality, the accuracy in this subgroup increased to 79.1%,
demonstrating that advanced deep learning models based on
multi-sequence fusion hold promise as valuable clinical deci-
sion support tools, particularly providing critical assistance in
diagnostically challenging cases.

To systematically test the effectiveness of multi-sequence

fusion, Wang et al. developed a two-stage diagnostic paradigm
in a large-scale study of 9,719 patients (8,066 cardiovascular
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disease patients with 11 disease categories, 1,653 healthy con-
trols) [39]. The first stage used Cine sequences for abnormality
screening, while the second stage integrated Cine and LGE for
specific disease classification. Multi-sequence fusion improved
performance over single modality: class-weighted AUC in-
creased by 1.9% and F1 score by 6.8% compared to short-axis
Cine.

In cardiac amyloidosis subtype differentiation, Germain et al.
applied VGG16 models to classify Cine and LGE images of 120
patients (70 AL, 50 ATTR) [40]. Cine-based model achieved
75.0% accuracy and AUC 0.839, outperforming LGE-based
models (accuracy =61.1%, AUC=0.679) and CNN models
(accuracy =84.5%, AUC=0.752), exceeding performance of
three experienced physicians. Summaries of representative
studies are provided in Table 2.

3 AI-BASED DIAGNOSIS OF CARDIAC HYPERTRO-
PHY FROM MRI REPORTS

CMR reports represent the final textual output of clinical diag-
nostic decision-making, integrating expert interpretations of
imaging findings with key quantitative measurements. The
application of Natural Language Processing (NLP) techniques
to automatically extract structured information from these
unstructured text reports provides an efficient pathway for
large-scale case screening, phenotypic classification, and clini-
cal research.

Dewaswala et al. conducted pioneering work to develop an
NLP system capable of automatically and precisely extracting
HCM diagnoses along with phenotypic features from free-text
CMR reports [41]. The study used a rule-based two-tier NLP
method. In the first tier, the determined whether a report con-
tained an HCM diagnosis. In the second tier, 9 key categorical
concepts and 5 numerical concepts were extracted from the
diagnosis-positive reports. Using a dataset of 391 CMR reports,
the system demonstrated excellent performance, achieving an
accuracy of 0.99 in extracting HCM diagnosis (sensitivity of
0.98 and specificity of 1.00). For phenotypic feature extraction,
most categorical concepts achieved accuracies between 0.92
and 0.99, while numerical variables (such as LVEF and LV
mass) achieved even higher accuracies of 0.96 to 0.99.

Sundaram et al. further explored a machine learning approach
for automatically detecting HCM using CMR reports [42]. In
their study, NLP techniques were applied to extract features
from the “Impression” section of CMR reports and train an
interpretable machine learning model to classify patients as
“HCM-Yes”, “HCM-No”, or “HCM-Possible”. Researchers
first applied unsupervised NLP to extract high-frequency co-
occurring noun-adjective phrases from the text as candidate
features, followed by training and predicting with random
forest classifiers. In a data set with 1,835 reports, the resulting
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Table 2. Al-assisted diagnosis of cardiac hypertrophy based on multi-sequence CMR fusion

Ref. Al method Sample size i:rut‘:;MRI (S;Ss't'“ty (S‘,Bo‘;c‘ﬁ“ty ?,/coc)“mcy AUC

Zhang et al. [31] ML HCM: 421, HHD: 200 Cine, LGE 95.2 88.3 95.3 0.979

Kong et al. [32] ML HCM: 131, HHD: 48, Cine, LGE, Native T1 - - - 0.906
NOR: 40 mapping

Satriano et al. [34] ML HCM: 85, HTNcm: 30,  Cine, LGE 92.0 90.0 91.0 0.940
AFD: 30, CA: 18

Weberling et al. [35] ML HCM: 94, AL CA: 95, Cine, LGE, Native T1  96.0 96.0 - 1.000
ATTR CA: 116, NOR: 95 mapping, T2 mapping

Agibetov et al. [36] Fine-tuned VGGNet CA: 82, other: 420 LGE, MOLLI (T1 map- 94.0 90.0 - 0.960

ping), CINE

Paciorek et al. [37] DenseNet-161 HCM, CA, AL, NOR T1 mapping, LGE PSIR 100.0 38.0 88.0 0.839

Cockrum et al. [38] ViT CA: 303, HCM: 339, Cine, LGE - - 84.1 0.945
Other: 322

Wang et al. [39] VST HCM: 2327, HHD: 402, Cine, LGE 100.0 98.6 99.1 0.991
NOR: 1250

Germain et al. [40] VGG16 AL: 70, ATTR: 50 Cine, LGE - - 75.0 0.839

Note: AFD, Anderson—Fabry disease; AL, light chains; ATTR, transthyretin; AUC, area under the curve; CA, cardiac amyloidosis; CNN, convo-
lutional neural networks; DL, deep learning; DCM, dilated cardiomyopathy; EMF, endomyocardial fibrosis; HCM, hypertrophic cardiomyopa-
thy; HHD, hypertensive heart disease; HTNcm, hypertensive cardiomyopathy; LVH, left-ventricular hypertrophy; ML, machine learning; NOR,

normal person; ViT, Vision Transformer; VST, Video Swin Transformer.

models achieved an overall classification accuracy of approxi-
mately 85%.

To conclude, Al-assisted diagnostic research based on CMR
reports demonstrates that NLP and ML can accurately iden-
tify cardiac hypertrophy from unstructured report text, partic-
ularly in the automatic detection and phenotypic stratification
of HCM. However, text-based models remain constrained by
variability in report-writing styles and potential class imbal-
ance within datasets, with limited capability for subtle differen-
tiation between HCM and other hypertrophy types. Future
work should consider integrating report-level NLP with multi-
sequence imaging data to establish unified Al diagnostic sys-
tem that combine textual and imaging information, thereby
improving model generalizability and facilitating clinical
translation.

4 CONCLUSION

This review systemically summarizes recent advances in the
application of Al in diagnosing cardiac hypertrophy based
on CMR imaging. It provides a comprehensive overview of
Al diagnostic methods utilizing Cine-MRI sequences, T1/T2
mapping sequences, LGE sequences, and various multi-se-
quence fusion strategies. In addition, the technological devel-
opment from traditional machine learning to deep learning is
discussed, along with their applications in distinguishing nor-
mal from hypertrophic hearts and in the etiological classifica-
tion of cardiac hypertrophy. Furthermore, this review high-
lights the emerging role of NLP-based automatic parsing of

https://doi.org/10.61189/569607adnpiw

CMR reports in facilitating large-scale case identification and
phenotypic stratification.

Despite these advances, several challenges remain. Data qual-
ity and annotation problems are major constraints to AI model
performance. Most current studies are based on single-center
datasets with relatively small sample sizes and potential class
imbalances, thereby limiting generalizability of the developed
models. Additionally, further development of Al technology
still requires richer data support, including fusion of multimod-
al data and integration of clinical data. Combining information
from genomics, proteomics, and other fields may enable a
more comprehensive understanding of underlying mechanisms
of cardiac hypertrophy, thereby enhancing the diagnostic and
predictive accuracy of Al models. Moreover, with the further
development of Al-based intelligent diagnostic technology,
how to realize multi-center data sharing and model coopera-
tion under the premise of protecting patients’ privacy is also
an important problem for the promotion of AI clinical
application.

Looking forward, the application of Al in CMR-based diagnos-
tic assistance for cardiac hypertrophy is promising. With the
continuous evolution of deep learning algorithms and increas-
ing computational capacity, Al models are expected to achieve
higher levels of diagnostic accuracy and predictive capability.
Strengthened interdisciplinary collaboration among medical
imaging specialists, Al researchers and clinicians will be
essential to guarantee that technological developments effec-
tively address real clinical needs. With ongoing development
in technology and accelerating clinical implementation of Al,
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these approaches are expected to play an increasingly impor-
tant role in the precision diagnosis and individualized manage-
ment of cardiac hypertrophy, thereby improving patient out-
comes and quality of life.
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With the evolution of traditional direct laryngoscopes into video-assisted laryngoscopes,
the viewing angle provided by video laryngoscopes has been substantially enlarged,
enabling more intuitive and clearer visualization of pharyngeal structures and the glot-
tis. However, the design of video laryngoscopes generally retains the relatively bulky
blade carrier of traditional direct laryngoscopes. During routine use, this design may still
limit the field of view, necessitating significant jaw elevation to obtain a clear view [1, 2].
To address this limitation, our team developed a slim exquisite easy-exposing video
laryngoscope (SEE-VL), a slender and refined device designed to facilitate easier glottic
visualization (Registration Certificate No.: Su Xie Zhun 20252082044).

The most significant difference between SEE-VL and traditional video laryngoscopes
(e.g., UESCOPE® video laryngoscope) lies in the optimized cross-sectional design of
blade carrier. While ensuring adequate exposure of the laryngeal structures, SEE-VL
minimizes additional trauma to the oral cavity and larynx, providing more intraoral
space for establishing an artificial airway. Additionally, SEE-VL is equipped with a
high-resolution display, enabling clearer visualization of the laryngeal structures and
glottis (Figure 1).

Beyond routine airway establishment, the slim blade design of SEE-VL is particularly
suitable for patients with anticipated difficult airways, including those with limited
mouth opening, restricted head and neck mobility, or missing teeth—conditions com-
monly observed in patients with maxillofacial trauma, temporomandibular joint disor-
ders, cervical spine surgery, or obesity). This novel SEE-LV may broaden the clinical
applicability of video laryngoscopy in challenging airway scenarios.
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Figure 1. Schematic diagram of the bade carrier in the SEE-VL and its comparison with a conventional video laryngoscope (UESCOPE®
video laryngoscope). SEE-VL, Slim Exquisite Easy-exposing Video Laryngoscope.
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Abstract

Currently, the pharmaceutical manufacturing industry faces problems such as low accu-
racy in detecting metal foreign objects due to product effects. To address this issue, this
paper proposes a metal detection algorithm based on phase rotation and time-frequency
analysis. Phase rotation suppresses product effect interference, and smoothed pseudo-
Wigner-Ville distribution (SPWVD) is used to acquire time-frequency images, iden-
tifying significant differences representing metal foreign objects and achieving metal
detection under strong product effect interference. To ensure computational efficiency
meets industrial real-time requirements, an embedded software system with a dual-core
CPU and CLA working in tandem is employed, improving algorithm efficiency through
hardware improvements. Test results show that the system achieves a detection accuracy
exceeding 98% for 0.8 mm ferromagnetic metals and 1.2 mm non-ferromagnetic metals,
with a single detection cycle completed within 10 ms.

Keywords: Medicine, Metal detection, Time-frequency analysis

1 INTRODUCTION

Metal contaminants may be introduced during the pharmaceu-
tical manufacturing process. These contaminants typically
originate from various production stages, such as equipment
damage, human error, and product packaging. Even with all
preventative measures, it is difficult to completely eliminate
these metal contaminants [1, 2]. Therefore, integrating metal
foreign object detection into the pharmaceutical manufacturing
process has become a mandatory procedure. Failure to do so
could harm those purchasing the drugs and cause significant
economic losses to pharmaceutical companies [3, 4].

Currently, among the metal foreign object detection devices
used by many industrial companies, those based on the princi-
ple of electromagnetic induction are the most popular type.
These metal detectors generate a constantly changing magnetic
field. Metal foreign objects within this area generate a second-

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
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ary magnetic field due to the eddy current effect, which inter-
feres with and cancels out the original magnetic field. By
detecting changes in the magnetic field, the presence of metal
contaminants can be identified [5, 6]. However, metal detection
in pharmaceuticals is often affected by the product itself. When
water-containing or electrically saturated pharmaceuticals are
placed in an alternating magnetic field, they generate product
signals that are similar to those generated by metals. The ampli-
tude of these product signals may mask weak metal signals,
making it difficult to detect small metal particles during phar-
maceutical metal detection [7]. To address this issue, this study
proposes a metal detection method based on time-frequency
analysis. This method utilizes a lock-in amplifier circuit to sep-
arate the real and imaginary parts of the measurement signal,
and then employs a time-frequency analysis algorithm to pro-
cess and analyze the signal in the time-frequency domain. This
enables the detection of minute metal contaminants even under
strong product effect interference.
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Figure 1. Metal detection system framework.
2 METAL DETECTION SYSTEM DESIGN

The overall structure of the metal detection system designed in
this paper is shown in Figure 1, including a signal generator, a
balanced coil sensor, a signal processing circuit, a main control
chip TMS320F28377D, and a host computer.

The experimental method is as follows. Firstly, test samples
were prepared, using an oral liquid with high product efficacy
as the test drug. According to the national standard GB/T
25345-2010, the metal detector must be able to detect ferromag-
netic materials with a diameter of 1.2 mm and non-ferromag-
netic materials with a diameter of 1.5 mm. Therefore, iron
samples with diameters of 1.2 mm, 1.0 mm, and 0.8 mm, and
stainless steel and copper metal samples with diameters of 1.5
mm, 1.2 mm, and 1.0 mm were selected for the test. These
metal samples were placed under the drug to simulate metal
contaminants.

Next, the frequency and amplitude of the excitation signal were
set via the host computer. The host computer transmits control
commands to the main control chip via serial port. After decod-
ing the commands, the main control chip controls the direct
digital synthesizer to output corresponding sinusoidal excita-
tion signals. These signals drive the excitation coil to generate
corresponding alternating magnetic fields.

The system first needs to operate under no-load conditions
without any samples passing through. Ideally, the balancing

https://doi.org/10.61189/4471591jktza

coil structure will cancel the induced electromotive force in
the two receiving coils, making the system output approxi-
mately zero [8]. However, in practice, the two receiving coils of
the system cannot be perfectly synchronized and need to be
adjusted based on the output signal during no-load operation.

Subsequently, the test sample was allowed to pass through the
system, breaking the original magnetic field balance, and the
balancing coil will output a detection signal. After the detec-
tion signal was quadraturely demodulated by the lock-in ampli-
fier, it would generate an in-phase signal (I) and a quadrature
signal (Q). The main control chip synchronously acquires these
two signals and uses an algorithm to detect metallic foreign
objects. Finally, the detection results are uploaded to the host
computer for display via serial communication.

3 METAL DETECTION ALGORITHM DESIGN
3.1 Signal preprocessing

In metal detection, electromagnetic interference introduces
high-frequency noise into the signal, while the effective signal
is typically concentrated in the low-frequency range. To sup-
press high-frequency noise while preserving the waveform
characteristics of the effective signal, this study employs a
Butterworth low-pass filter for preprocessing the original sig-
nal. This filter exhibits maximum flat amplitude characteris-
tics within its passband. The specific design parameters of
this filter are shown in Table 1.
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Table 1. Low-pass filter parameters

Parameter Sampling rate/Hz Cutoff frequency/Hz Order
Value 150 10 2

—_

A x10°
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Amplitude(V)
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Samples
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Figure 2. Signal before and after low-pass filter. (A) Raw signal;
(B) Filtered signal.

Figure 2 shows a comparison of the time-domain waveforms
of the signal before and after filtering, obtained using actual
measurement data. The original signal shown in Figure 2A
contains a large amount of superimposed high-frequency noise.
The filtered signal shown in Figure 2B effectively suppresses
these high-frequency noise components, resulting in a smooth-
er waveform, while also preserving the main characteristics of
the original signal.

3.2 Phase rotation

In metal detection of pharmaceuticals with high moisture
content, interference from the “product effect” is frequently
encountered. This means that the product itself generates a sig-
nal under the influence of eddy currents, and this product signal
is typically much stronger than the metal signal, interfering
with metal detection.

Figure 3A shows the 1Q component diagrams of metals (iron
(Fe), stainless steel (SUS), and brass (Nofe)), and Figure 3B
displays the IQ component diagrams of metal-pharmaceutical
mixtures. It can be observed that the phases of different metals
and pharmaceutical materials differ. However, when a pharma-
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ceutical is mixed with a metal, its phase is very close to that of
the individual pharmaceutical material, making direct differen-
tiation difficult. Therefore, this study employs a phase rotation
algorithm to suppress interference from product effects by
rotating the phase of the detection signal, thereby improving
the ability to identify metal signals.

Figure 4 shows the IQ component plot of the pharmaceutical
data and the fitted line obtained by the least squares method.
Based on this fitted line, the characteristic phase of this type of
pharmaceutical can be calculated. Then, this characteristic is
used to rotate the detection signal. Figure 5 presents a com-
parison of the signals before and after phase rotation.

Figure S5A shows that the Q component of the pharmaceutical
detection signal is significantly suppressed after phase rotation.
However, Figure 5B shows that the Q component of the detec-
tion signal containing the metal mixture still exhibits signifi-
cant fluctuations after the same phase rotation.

3.3 Time-frequency analysis

Metal detection signals are typical non-stationary signals, with
their frequency components changing dynamically over time.
Traditional Fourier analysis can only analyze the global fre-
quency domain information of the signal and cannot capture
its time-varying spectral characteristics [9, 10]. This study
introduces time-frequency analysis techniques, selecting three
methods, the Short-Time Fourier Transform (STFT), Wigner-
Ville Distribution (WVD), and Smooth Pseudo-Wigner-Ville
Distribution (SPWVD)—to process the acquired actual metal
detection signals. Through comparative analysis, the method
most suitable for the application scenario of this study was
selected. The time-frequency representations obtained by the
three methods are shown in Figure 6.

STFT uses a sliding technique to divide the signal into win-
dows to obtain the local time-frequency characteristics of the
signal [11, 12]. However, this method has limited time-frequen-
cy resolution, making it difficult to meet the high-precision
analysis requirements for transient and steady-state features
[13]. As shown in Figure 6A, although the background of the
STFT time-frequency representation is clean, its time-frequen-
cy resolution is the lowest, and the energy distribution is rela-
tively dispersed, which is not conducive to the accurate extrac-
tion of subsequent subtle features.

WVD exhibits the best time-frequency clustering, but when
the signal contains multiple frequency components, there will
be spurious responses between these components without
physical meaning, leading to severe cross-term interference
[14-16]. As shown in Figure 6B, WVD time-frequency repre-
sentation achieves the highest energy concentration, yet the
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severe cross-term interference complicates the interpretation

of genuine signal components, posing a significant challenge
to subsequent classification tasks.
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SPWVD, based on WVD, applies window functions for
smoothing in both time and frequency dimensions [17, 18].
As shown in Figure 6C, SPWVD time-frequency representa-
tion achieves the best balance between time-frequency concen-
tration and cross-term suppression. It inherits the energy con-
centration advantage of WVD while filtering out most cross-
terms through a smoothing window, ultimately yielding a clear
and accurate time-frequency representation [19].

Practical testing has proven that SPWVD is the most suitable
method for analyzing non-stationary signals such as metal
detection signals. Therefore, this study adopts SPWVD as the
core algorithm for time-frequency analysis.

3.4 Metal discrimination algorithm

Product signals containing metal foreign objects (positive sam-
ples) and product signals without metal foreign objects (nega-
tive samples) exhibit stable and quantifiable response differ-
ences in the time-frequency domain. Based on this phenome-
non, this study proposes a metal detection algorithm based on a
time-frequency difference template. The metal detection algo-
rithm consists of two parts: “region learning” and “classifica-
tion and recognition”. The algorithm flow is shown in Figure
7. In the “region learning” stage, five sets of positive samples
and five sets of negative samples are collected respectively. The
average time-frequency maps of the positive and negative sam-
ples are used to obtain the significantly different regions that
highlight the metal features. In the “classification and recogni-
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Figure 6. Time-frequency analysis spectrogram. (A) STFT spectrogram; (B) WVD spectrogram; (C) SPWVD spectrogram. STFT, Short-Time
Fourier Transform; WVD, Wigner-Ville Distribution; SPWVD, Smoothed Pseudo and Smooth Pseudo-Wigner-Ville Distribution.

tion” stage, the response values of the test sample’s time-fre-
quency map and the average time-frequency map of the nega-
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tive samples in the significantly different regions are com-
pared, and then compared with a preset threshold to complete
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can perform computational tasks independently of
the CPUs. Signal acquisition, data processing, and
metal detection algorithms are all implemented on
this microcontroller.

. _ preprocessing o .
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¢ ¢ amplitude The test results indicate that the multiple real fast
phase phase calculation Fourier transforms (RFFTs) in the SPWVD algo-
rotation rotation * rithm are the most time-consuming part of the
‘ i entire process. From the algorithm principle, the
amplitude amplitude SPWVD SPWY]? calculation can be diVilde.d into t(;zv?{ r;lla:lilfl
calculation calculation * st.eps. lnsta.lntaneous agtocorre ation an .

: Since multiple sets of instantaneous autocorrela-

¢ ¢ difference . . .
: tion data are independent of each other, their

normalized : '

SPWVD SPWVD RFFT calculations can be processed in parallel.

+ Therefore, this study proposes a hardware accel-

¢ ¢ regional eration scheme for the algorithm based on a dual-
average core CPU and CLA. The overall block diagram of
average average this scheme is shown in Figure 8. A single set of

[ I threshold detection data will be divided into two parts,
judgment which will be processed jointly by CPUI and

__¥ CPU2. The most time-consuming RFFT calcula-

dlﬂ'erepce tion task will be offloaded to the CLA for execu-

normalized end tion [20]. While the CLA is executing the RFFT

¢ calculation task for the current data block, the

difference CPU can simultaneously execute the instanta-
¥i neous autocorrelation calculation task for the next

region

Figure 7. Metal discrimination flowchart. (A) Region learning; (B) Classification

recognition.

Table 2. Computational time of algorithm modules

data block, thereby improving computational effi-
ciency. Finally, CPU1 synthesizes the metal dis-
crimination results to determine whether there is a
metal foreign object.

The parallel processing scheme based on dual-
core CPU and CLA involves data communication
between the dual-core CPUs and between the
CPU and the CLA. To ensure effective and coor-

Module Low pass Amplitude SPWVD  RFFT Overall dinated data transmission, this paper proposes a
filtering
data exchange and management scheme. CPU1
Clock Cycles 737,093 19,524 2,236,384 1,616,905 3,043,692 . o
: and CPU2 achieve data access synchronization
Runtime/ms ~ 3.685 0.098 11.182 8.085 15.218

through IPC, and achieve efficient data transmis-

the classification judgment, thereby realizing the detection of
metal foreign objects.

4 EMBEDDED SYSTEM ALGORITHM DEPLOYMENT

The main control chip used in this system is the Texas
Instruments TMS320F28377D microcontroller. This micro-
controller integrates two CPUs with a clock frequency of 200
MHz and two programmable law accelerators (CLAs), which

https://doi.org/10.61189/447159fjktza

sion between the dual-core CPUs using Global
Shared RAM (GSRAM). The CPU and CLA achieve data
access synchronization through Task Driver Management.
This mechanism differs from the traditional interrupt-driven
mode, does not involve interrupt overhead, and can achieve
efficient data transmission between the CPU and the CLA
through Local Shared RAM (LSRAM).

To test the performance of the optimization scheme, this study
measured the running time of the detection algorithm under
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5 RESULTS

This study selected an oral liquid with a strong
product effect as the test product to verify the
detection system’s ability to detect different met-

CPU2.CLA

als. The metal foreign objects used for testing were
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Figure 8. Hardware acceleration flowchart.

Table 3. Performance comparison of different implementation
schemes

Scheme Single-Core Single-Core  Dual-Core

CPU CPU+CLA CPU+CLA
Clock Cycles 3,043,692 2,493,186 1,894,567
Runtime/ms 15.218 12.466 9.473
Speedup Ratio/% - 18.100 37.700
Table 4. Statistical results of metal detection
Contaminant Dimensions/mm Accuracy/%
None - 100
He 1.200 100

1.000 100

0.800 98
SUS 1.500 100

1.200 100

1.000 86
Nofe 1.500 100

1.200 100

1.000 82

three different implementation methods through actual testing.
The test results are shown in Table 3 below. Test results show
that compared to a single-core CPU solution, the combination
of a single-core CPU and CLA reduces computation time by
approximately 18.1%. Meanwhile, the dual-core CPU and CLA
processing solution reduces time by approximately 37.7% com-
pared to the single-core CPU solution. The dual-core CPU and
CLA acceleration algorithm improve the system’s real-time
processing performance, and the reduced detection time allows
for further increases in production line transmission speed,
thereby improving production line efficiency.

https://doi.org/10.61189/447159fjktza

standard test sample cards placed inside plastic
cards, containing three types of particles: iron,
stainless steel, and brass. The test sample set con-
sisted of positive samples containing some metal
contaminants and negative samples without met-
als. Each sample was tested 50 times in the detec-
tion system, and the relevant statistical data are
shown in Table 4.

The test results show that the system can stably

detect ferromagnetic metals with a diameter of 1.2

mm and non-magnetic metals with a diameter of

1.5 mm, meeting the detection accuracy require-

ments of GB/T 25345-2010 for metal detectors.
However, the detection accuracy of the system for metal-con-
taining samples gradually decreases as the metal size decreas-
es. For metal samples of the same size but different materials,
the detection accuracy of ferromagnetic metals is much higher
than that of non-ferromagnetic metals. Compared with other
detection systems in other studies, this system has the same
detection accuracy for ferromagnetic metals and can stably
detect ferromagnetic metals as small as 0.8 mm, while the
detection sensitivity for non-ferromagnetic metals has been
improved to 1.0 mm, which significantly improves the detec-
tion performance for non-ferromagnetic metals [21].

6 CONCLUSION

This study implements an embedded metal detection system
using a time-frequency analysis algorithm. Under strong prod-
uct effect scenarios, the system can stably detect ferromagnetic
metals of 0.8 mm and non-ferromagnetic metals of 1.2 mm. At
the same time, a collaborative task processing structure based
on a dual-core CPU and CLA was designed, which shortens the
single-frame data processing time to about 37%, and controls
the detection time to within 10 ms, meeting the requirements of
industrial real-time detection.
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