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Abstract: In this study, thermal denaturation sites in endovascular coagulation were evaluated using an

opposite-phase vibration type ultrasonic coagulation and dissection device capable of inducing both

longitudinal and bending vibrations. Since estimating thermal damage through temperature distribution is

an effective approach for assessing coagulation performance, a dedicated experimental system was

developed to capture the target temperature distribution. This enabled the visualization and analysis of the

thermal denaturation areas. Image analysis using ImageJ was employed to quantify the regions discolored

due to cumulative thermal exposure, indicative of protein denaturation.
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1. Introduction
Endoscopic surgery is a minimally invasive technique to
reduce the physical burden on patients undergoing
operations for malignant neoplasms, cardiovascular
diseases, and other conditions that currently represent
major causes of mortality. This research focuses on the
ultrasonic coagulation and dissection device, which is
frequently employed in surgical operations. In contrast to
conventional open surgery, which requires a large
abdominal incision, endoscopic surgery is performed
through several small incisions. The ultrasonic
coagulation and dissection device, employed in
endoscopic surgery, is designed to coagulate and dissect
tissue using ultrasonic vibration. The advantages of this
device are that it does not produce smoke, causes
minimal tissue injury, is safe for the surgeon and patient,
and facilitates dissection (Amaral, 1994).

The operating principle of the ultrasonic coagulation

and dissection device involves converting high-
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frequency electrical energy into mechanical ultrasonic
vibrations,  generating high-frequency ultrasonic
vibrations in the longitudinal direction. These ultrasonic
vibrations break the tertiary structure of proteins by
disrupting hydrogen bonds, causing the proteins to
denature into a sticky coagulum (Amaral, 1994). As a
result, blood vessels are sealed, achieving a hemostatic
effect. Additionally, the frictional heat generated as a
secondary effect further promoted coagulation. The
vibrational frequency of the blade was approximately
55,500 cycles/second. This causes a knife-like action of
the blade through tissue, with enough heating to create
coagulation of small vessels (Lee and Park, 1999).
Protein denaturation occurs at approximately 63°C, and
unlike electrocautery or lasers, this method does not
cause tissue carbonization or eschar formation (Dokiya,
2013). Although ultrasonic coagulation and dissection
devices are recognized for their safety and effective
coagulative performance, a standardized and widely
accepted quantitative method to assess the relationship

between thermal denaturation and temperature
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distribution in actual biological tissues has not yet been
fully established.

Therefore, this paper focuses on the development of
an ‘ultrasonic coagulation and dissection device’
combined with an ‘experimental setup for quantitatively
evaluating thermal denaturation (using non-contact
thermal imaging and tensile testing)’. This apparatus
offers extensibility and utility for experimental research
in this field. In previous studies, mechanical properties
such as tensile tests on biological tissues have been
evaluated; however, there are few reports on mechanical
evaluations of coagulated and adhered tissues.
Furthermore, this study aimed to evaluate the tissue that
has undergone thermal denaturation by an ultrasonic
scalpel, using tensile testing on the intimal layer of blood
vessels. Moreover, during the coagulation process, the
heat applied to the blood vessel was monitored using a
thermal camera, and the resulting temperature
distribution was recorded. By comparing this distribution
with the area of discoloration on the vascular
endothelium, the relationship between thermal exposure
and coagulative denaturation is investigated. Accurate
assessment of thermal denaturation in blood vessels is
challenging due to variations in the output of the
ultrasonic coagulation and dissection device as well as
individual differences in the vascular endothelium.
However, if denaturation can be consistently identified at
a specific temperature under controlled conditions,
regardless of differences in output or irradiation time, it
may be possible to establish a threshold for determining
the onset of denaturation. One method for measuring
tissue temperature is the contact method using a
thermocouple (Koch et al., 2003). In contrast, infrared
temperature measurement offers the advantages of non-
contact operation and the ability to quantitatively capture
two-dimensional temperature distributions (Ota, 2006).

In this study, a thermal camera (FLIR, T530 Macro)

was used to measure the temperature rise during the
application of the ultrasonic scalpel. As shown in Fig.1
(left), conventional temperature measurement with a
thermal camera focused on detecting the maximum
surface temperature of the vascular endothelium during
pressing experiments to evaluate heating performance
under anti-phase vibration. In this study, however, to
compare the vascular deformation with the temperature
distribution, the camera was aligned parallel to the vessel
surface, as shown in Fig.1(right). The covered region was
exposed using an ultrasonic scalpel, allowing more
precise measurement from a closer and perpendicular
position to the endothelium. Furthermore, by measuring
two overlapping vessels from the reverse side, we
examined the temperature required for both denaturation
and adherence.

This paper aimed to establish a method for
evaluating the performance of ultrasonic coagulation and
dissection devices by examining the relationship
between temperature distribution and tissue degeneration

based on the results of experiments using this method.
Ultrasonic . Thermos Camera
__SL_:itlpcl F_LIR T530 \ﬁiu
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Fig.1 Orientation of the ultrasonic scalpel and the direction of
the thermal camera in the previous study (left) and in the
current experiment (right).

2.Configuration of experimental setup

In this study, to evaluate the thermal coagulation
performance and adhesive strength of tissue using an
ultrasonic coagulation and dissection device, we
constructed an experimental setup that could consistently
perform heating, temperature measurement, and tensile

testing on the vascular endothelium.
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2.1 Equipment Overview and Design Concept

This section describes the overall structure of the
experimental setup constructed in this study and the
arrangement of each component. There are four main
features. Feature(D serves as the introduction section,
while Features@ through @ are described in detail
below.-Figure 2 shows a front view of the entire device,
showing the relative relationship between the load cell,
ultrasonic scalpel, and slide mechanism. As shown in
Figs.3-5, this apparatus primarily consists of the
following components: Fig.3 shows the vascular
fixation unit, and Figs.4 and 5 show the ultrasonic scalpel
holder and press mechanism, respectively. Fig.2 shows
the load cell (Yamaden, RE2-33005C) that measures the
pressing load, and the thermal camera observation part
that measures the temperature. An endovascular fixation
section was ble pressing and heating conditions.
mounted on the top of the device via an XY stage,
allowing fine adjustment in the X and Y directions to
precisely align the tip of the scalpel with the center of the
vascular endothelium. The design of this fixture allowed

for highly reproducibility.

Feature @
Observe the
temperature

Thermos
Camera

Ultrasonic
Scalpel

Feature@
Fix the
endometrium

} Stage
7 Part

Feature®
Hold the
ultrasonic
scalpel,
vertically
movable

~  Sliding
Mechanism
Part

Feature@
Apply a
constant load

Fig.2 Front view of experimental apparatus
The temperature increase was measured non-

contact by a thermal camera through an aperture in the

upper part of the device, and the two-dimensional
temperature distribution of the heated area was obtained.
The ultrasonic scalpel was mounted on a slide
mechanism below the device and could be moved
vertically. It was installed on a load cell to measure the

pressing load in real time.

2.2 Details of each part structure and function
2.2.1 Mechanism of vascular endometrial fixation
(Feature®)

As shown in Fig.3, the vascular endothelium is fixed by
a customized jig consisting of two parts: (1) the lower
part of the clamping plate, (2) the upper part of the
clamping plate. They were fabricated using a 3D printer
and designed to stably sandwich the endosteum from the
top and bottom. An aperture for temperature
measurement was provided at the center, which was
directly visible from the thermal camera. The entire
fixation mechanism is mounted on an XY stage, which
allows fine adjustment in the X and Y directions and is
designed to enhance the accuracy of alignment between
the vascular endothelium and the scalpel tip. The
adjustment mechanism is orthogonal to the working

direction (pressing direction), making it easy to ensure a

reproducible test position.

T Holding Part

Temperature
Measurement
Place

Fixed Plate
Upper Side

Fixed Plate
Lower Side

Fixation
Part

ZFixed Plate
Upper Side

Fig.3 Experimental apparatus (left: inner membrane fixation
part, center: temperature measurement part and fixation on the
stage, right: stage part)
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2.2.2 Ultrasonic scalpel holding mechanism and Slide
mechanism (Feature®)

The handle of an ultrasonic scalpel has an ergonomically
complex shape, and its retention requires components
tailored to the individual shape. In this study, the handle
of a scalpel was scanned using a 3D scanner, the shape
of the holding part was modeled in 3D, and a matching
holding fixture was created using a 3D printer (Figure 4,
right). This holding section was attached to a slide
mechanism and could move in a straight line in the
vertical direction. This enables experiments that also
consider changes in heat transfer and solidification area
depending on the pressing angle. As shown in Figure 5,
the slide mechanism uses a rail and bearing slider to

ensure stable vertical motion.

Die Cutting
and Create a
Holding Part

[ 3D Modeling |

[ Tandle Part ]

Bearing
Slider

Fig. 5 Slide mechanism part

2.2.3 Load measurement system (Feature@)

As shown in Fig.2, the holder and load cell were
integrated into the slider, and the load at the time of
pressing was measured with high accuracy by the load
cell under the holder. To confirm the reproducibility of

the pressing load, a small load cell (FS10:UCW2) was

installed in the vessel placement area, as shown in Fig.6,
before the experiment to measure the load in advance.

The effectiveness of the experimental setup was
confirmed by setting the pressurization conditions for the

reproduction experiment.

Small load cell
(diameter 6{mm])

Placed under the
holding part

Connected load
measuring jig at the tip

Load measuring
jig

Fig. 6 Small load cell and load measuring jig

3. Experimental Methods

This study involved developing an experimental setup to
evaluate the thermal coagulation performance and
adhesive strength of an ultrasonic coagulation and
dissection device. This system facilitates the integrated
heating, temperature measurement and tensile testing of
vascular endothelium. This chapter outlines the materials
employed, the testing process, and the conditions applied.

3.1 Previous studies on mechanical

characterization of biological tissues

Uniaxial compression and tensile tests are widely used to
evaluate the mechanical properties of biological tissues.
The effectiveness of tensile tests, particularly for
vascular tissues, has been demonstrated in numerous
studies. (Camasio and Mantovani, 2021 ; Qi et al.,

2018 ; Kasyanovetal., 2011 ; Laterreuretal., 2014 ;
Huh et al., 2019 ; Butlin et al., 2020) Burst and ring
tensile tests have also been used to evaluate the structural
strength of vessel walls (Laterreur et al., 2014), and in

particular, Huh et al. performed uniaxial tensile tests on
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porcine aorta to determine deformation behavior and
fracture characteristics (Huh et al., 2019).

Although all of these studies were conducted on
untreated biological tissues, there have been very few
quantitative evaluations of the mechanical strength of
adhesively bonded tissues by thermal coagulation.

In this study, we performed tensile tests on bovine
endothelium coagulated using an ultrasonic scalpel in

order to evaluate adhesion formation and strength.

3.2 Preparation of Specimens and Experimental
Setup

As shown in Fig.7(a), frozen bovine aortas were thawed
and the inner membrane, which was approximately 1 mm
thick, was peeled off. The amount of water, which affects
the stability of adhesion, was adjusted by injecting 0.02
mL of water between the inner membranes, and the
experiments were conducted under constant wetting
conditions. This is intended to promote cavitation and
maintain constant heating efficiency by ultrasonic waves.
(Payne Jr., 1994 ; Hachiya et al., 2012) As shown in
Fig.7(b), the inner membrane was clamped from the top
and bottom by a special fixing plate and placed in the
experimental setup in a precisely aligned position. Prior
to the solidification experiment, it was confirmed in
advance that the pressing load reached each condition
using the small load cell (FS10:UCW?2) described in the

previous chapter.

3.3 Coagulation and heating experiments and
tensile testing

As shown in Fig.7(c), the ultrasonic coagulation and
dissection device was pressed vertically toward the
endothelium of the vessel from below the stage. The
pressing speed was 0.1 mm/s. When a predetermined
load was reached, a current of 0.3 A was applied for 30
seconds for coagulation. For the 2 N condition, an

additional heating time of 40 seconds was also set.

(a)

Cattle Aorta

(b)
= = ' | — E
Target = > Z '. 3 __.l
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S @ ’
(c)

Thermos Camera

-
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' Direction

n

5

l % !
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Fig. 7 The left figure in (a) shows the intimal portion of a
Cattle aorta, cut into approximately 0.5 mm thicknesses. (b)
shows the fixation panel that clamps the target vessel, (A)
shows how to clamp a 0.6mm vessel, and (B) shows how to fix
the vessel clamped using (A). (c) shows the ultrasonic scalpel
being pressed against the stage section from the bottom.

Ultrasonic Scalpel

The temperature distribution during heating was
measured by a thermal camera in a non-contact manner.
After coagulation, a uniaxial tensile test was performed.
The upper fixture was connected to the tensile jig of a
creep meter, and the tensile load was measured by
moving the lower load cell at a constant speed. The
tensile speed was 0.1 mm/s.

After coagulation, the inner membrane was
wrapped in Kimwipes to keep it moist and retain

moisture until testing. In the tensile test, adhesion was
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considered successful as cases where the initial value at (a)

S
S
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=4
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software for the RE2-33005C load cell, exceeded 0.03N.
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3.4 Organization of experimental conditions
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. 0
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Timel[s]
Pressing speed: 0.1 mm/s b)
. 350
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22300
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4.1 Maximum temperature measurement results (c)

The results of the maximum temperature obtained in the
experiment are shown in Figs.8(a)-(d) for each condition
of pressing load and current application time. The
maximum temperature values were extracted and plotted

from the temperature trends recorded by the thermal

Maximum Temperature[°C]

camera during the heating process. Fig.8(a) shows the

results under a 2N load with a current applied for 30 @

0
Q
IS)

seconds, while Fig.8(b) shows the same load with a 40-

w

second current application. Fig.8(c) shows 3N and 30

o
4

53
S

seconds, and Fig.8(d) shows 4N and 30 seconds. As
shown in Fig.8(a), the temperature peaked at

approximately 150°C under the 2 N, 30 s condition. On

Maximum Temperature[°C]

the other hand, Fig.8(b) confirms that extending the 0 10 40 50

20 30
Timel[s]

current application time to 40 seconds at the same 2 N Fig. 8 The results in (a) and (b) correspond to the time

load resulted in a temperature increase to between 250°C variation of the maximum temperature for the experiments
performed at 2N for 30 seconds and 2N for 40 seconds,
and 300°C. In Fig.8(c) (3N, 30 sec) and Fig. 8(d) (4N, 30 respectively. The results in (c) and (d) correspond to the time

variation of the maximum temperature for the experiments

sec), the temperatures reached higher than 250°C in both performed at 3N and 4N, respectively.

cases. These results indicate that the heating temperature

tends to increase significantly when the pressing load is 4.2 Comparison of discolored areas and

high, or the electric current duration is long. A total of 28 cumulative temperature

. . Among the 28 experimental datasets obtained, thermal
datasets were obtained across four experimental

. . . discoloration of the vascular endothelium—used as a
conditions, serving as a robust foundation for subsequent

. . . visual indicator of protein denaturation—was clearl
evaluations of thermal denaturation behavior. P Y

observed in 14 cases. These 14 datasets were selected for
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further analysis of cumulative temperature distributions
along the denaturation contours. To investigate the
relationship between thermal denaturation and
cumulative temperature, the cumulative temperature
values (°C-s) were extracted along the contours of the
discolored areas for each of the 14 cases. These contours
were obtained by drying the samples for two days after
coagulation, during which the denatured regions
appeared as white discoloration. As shown in Fig.9, the
post-drying images were binarized using Imagel to
extract the contours of the discolored regions. Based on
these contours, cumulative temperature maps were
generated by integrating the pixel-wise temperature data
obtained from thermal imaging over a 50-second period
during the heating process.

To illustrate the measurement and analysis
procedure, one representative result was selected from
each of the four experimental conditions—(a) 2N-30s,
(b) 2N—40s, (c) 3N-30s, and (d) 4N-30s—and analyzed
in detail. In each representative case, five or six points
were selected along the contour (excluding extremely hot
areas, such as those directly under the blade tip), and the

corresponding cumulative temperatures were extracted.

After
Experimentation

After
Drying

Discolored

Image
Processing

Fig.9 Post-experimental vascular intima after drying. The
image was captured two days after the experiment, and the
thermally discolored regions were extracted by binarization
using image processing.

Fig.10 shows the binarized images of discolored
regions (left column) and the corresponding cumulative
temperature maps (right column), while the extracted
cumulative temperatures are summarized in Table 1. In
the temperature maps, white to yellow indicates high
temperature ranges and blue to purple indicates low
temperature ranges. The selected points are annotated

with numbers. Furthermore, to statistically evaluate the

(b)

(d)

Fig.10 Representative results for each condition: 2 N-30 s (a),
2N-40s (b), 3 N-305s (c), and 4 N-30s (d). In each panel, the
left image shows the binarized discoloration region after drying,
and the right image shows the corresponding cumulative
temperature map obtained from thermal imaging.

Table.1 Cumulative Temperature

IN-30s

Samples 2N-30s | 2NH40s 4N-30s
1 4095 | 4602 4074 4764
2 3646 5416 4067 5048
3 3296 4978 4618 4597
4 3546 4565 4735 4946
5 395 4296 4656 4713
6 | —| —| @8 | —
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Fig.11 Box-and-whisker plots of cumulative temperature
values along the discoloration contours under each load
condition (2 N-30s, 2 N-40s, 3 N-30s, and 4 N-30 s). T-tests
and F-tests were performed to assess statistical differences.

cumulative temperature distribution across all 14
samples, the minimum, maximum, median, and
interquartile range of the cumulative temperatures along
the contours were analyzed for each condition.

Fig.11 presents the box-and-whisker plots of these
distributions under the four conditions. The overall
results show that cumulative temperatures at the
discolored contours generally ranged from 3500 to
5500°C-s, with relatively stable variation between
conditions. The analysis of the 14 samples revealed that
the average cumulative temperature along the
discoloration contours was 4310°C-s, with a 95%
confidence interval of =+14.53°C-s, indicating a
relatively consistent threshold for thermal denaturation
under controlled experimental conditions. This result
suggests that cumulative temperature can serve as a

reliable indicator of tissue denaturation.

5. Discussion

The results presented in Section 4.2 demonstrated that
the average cumulative temperature along the
discoloration contours was 4310°C-s with a 95%
confidence interval of =+14.53°C-s, indicating a
relatively consistent threshold for thermal denaturation
under controlled conditions. However, it should be noted
that this threshold was derived from the visible edges of
the discolored regions and is therefore not necessarily the

minimum value required to initiate denaturation. In fact,

several data points within the full set of 14 samples
exhibited cumulative temperatures approaching
5500 °C-s along the contours, suggesting that, depending
on the thermal environment and experimental conditions,
a significantly higher cumulative temperature may be
required to induce denaturation. This highlights the
importance of considering variability in tissue response
and spatial temperature gradients when using cumulative
temperature as an indicator for protein denaturation.
Furthermore, while the use of discoloration contours
provided a practical and reproducible method for
assessing the extent of thermal denaturation, this
approach inherently relies on visual changes in tissue
appearance, which may not fully capture the molecular
or structural transitions occurring at a microscopic level.
The threshold derived from visual observation, though
statistically consistent across controlled samples, may
not universally represent the onset of protein
denaturation across different tissue types or under
varying hydration and mechanical conditions. In this
context, the cumulative temperature should be regarded
as a practical but empirical indicator that reflects the
thermal history of the tissue rather than a strict
biochemical threshold. The observed variation—ranging
from approximately 3500 to 5500°C-s—may be
attributed to several factors, including slight differences
in tissue thickness, initial water content, contact angle of
the blade, and local variability in thermal conductivity.
These elements collectively influence the heat
distribution and, consequently, the point at which visible
denaturation occurs. In addition, although the
experimental setup enabled consistent control of pressing
force and heating time, the spatial resolution of thermal
imaging and the accuracy of image binarization could
influence the extracted contour positions and the
corresponding cumulative temperature values. It is
therefore essential to validate the reliability of image-

derived thresholds through additional methods, such as
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histological staining or molecular markers, which can

independently verify the occurrence of protein
denaturation. Finally, for practical application in clinical
or device design contexts, the integration of quantitative
thermal evaluation with mechanical performance
metrics—such as tensile strength or sealing efficacy—
will be crucial. Establishing a comprehensive framework
that connects cumulative temperature, tissue
denaturation, and mechanical adhesion will facilitate the
development of optimized ultrasonic treatment protocols

that are both safe and effective.

6. Conclusion

In this study, we developed an experimental setup for the
quantitative evaluation of thermal denaturation induced
by a novel opposite-phase vibration ultrasonic
coagulation and dissection device. By integrating non-
contact thermal imaging with tensile testing, we
successfully measured the temperature distributions
during ultrasonic heating and assessed the corresponding
tissue adhesion and denaturation effects. Through
experiments conducted under four different loading and
heating conditions, a total of 28 datasets were obtained,
of which 14 showed clear thermal discoloration
indicative of protein denaturation. This result, with a
mean cumulative temperature of 4310 °C-s and a 95%
confidence interval of £14.53 °C-s, indicates a relatively
consistent threshold for protein denaturation under the
specified experimental conditions. However, variability
in the observed cumulative temperatures—ranging from
approximately 3500 to 5500 °C-s—underscores the
influence of local tissue properties and environmental
conditions on the heat-induced denaturation process.
While the results confirm the utility of cumulative
temperature as a practical indicator of thermal
denaturation, they also highlight the limitations of
relying solely on visual indicators, such as discoloration

contours. To enhance accuracy, future studies should

incorporate biochemical or histological validation.
Furthermore, combining thermal distribution data with
mechanical evaluation—such as tensile strength and
adhesion integrity—will be essential for establishing
comprehensive performance metrics for ultrasonic
surgical devices. The experimental framework
developed in this study provides a robust foundation for
optimizing device parameters and treatment protocols.
This study also opens the door to future exploration of
tissue-specific thresholds and real-time thermal control,
with the ultimate goal of improving the safety, efficacy,
and predictability of ultrasonic coagulation in minimally

invasive surgery.
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