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Abstract

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

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

Highlights

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

fusion.

e Critical evaluation of three leading device platforms (LigaSure™, Harmonic™, and Thunderbeat™) across surgical specialties and

performance metrics.

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

1 INTRODUCTION

have become one of the main engines of minimally invasive
surgery development [1, 2]. Over the past century, surgical

The history of surgical operations has gone hand in hand with practitioners have embraced traditional tissue closure tech-
the evolution of tissue closure and hemostasis methods, which niques such as sutures, staples, and clips as the most reliable
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Figure 1. Energy-based tissue fusion mechanism. (A) Energy application and mechanical compression; (B) Collagen denaturation; (C) Cooling

and sealing; (D) Tissue fusion. RF, radiofrequency.

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

Driven by the progress in biomedical engineering, energy-
based tissue fusion (EBTF) technology has been massively
transformed during the last three decades and has thus impact-
ed surgical procedures in a way hardly ever seen before. At its
core, this technology combines precisely measured energy
input, e.g., radiofrequency (RF), ultrasound, or laser, and
simultaneous mechanical compression resulting in tissue seal-
ing and cutting being achieved at the same time (as shown in
Figure 1). When energy is further applied, the temperature of
tissue rises to a critical level, which is generally between 60 °C
and 90 °C. At this level, the main structural protein, type I col-
lagen, is denatured: the triple-helix structure opens, allowing
the polypeptide chains to re-arrange [11]. Then, due to cooling
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and under pressure, these new collagen fibrils become inter-
twined with coagulated extracellular proteins, thus a strong
and enduring seal is formed, exhibiting considerable tensile
strength [12-14]. This mechanism of collagen denaturation and
subsequent cellular and tissue cooling into a “sticky coagulum”
may account for the success of EBTF [15]. Unlike conven-
tional electrocautery, which relies on thermal destruction of
tissue to achieve hemostasis, EBTF technology can form a
genuine molecular fusion. Su et al. were the first to use Raman
spectroscopy to study the characteristics of in vitro tissue
fusion. Through spectral analysis of fused porcine blood ves-
sels and small intestines, they demonstrated for the first time at
the molecular level that collagen denaturation and crosslink
reorganization occurred in the fused tissue [16]. The discovery
has provided a vital theoretical basis for the subsequent devel-
opment of EBTF technology. Nowadays, with the moderniza-
tion of medical science continuously increasing, the clinical
applications of EBTF have expanded on a large scale. Especially,
in minimally invasive and robotic-assisted surgeries, where it
is highly technical and time-consuming to suture, EBTF can
help make the procedure faster and more efficient.

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

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

2.1 RF energy

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

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

The history of using RF energy for tissue anastomosis dates
back to the early 1990s, when the Paton Welding Institute in
Ukraine was the first to conduct pioneering research uniting
the concept of tissue welding with controlled energy. In 1998, a
major breakthrough came when Kennedy et al. demonstrated,
for the first time, the application of RF energy to create an arte-
riovenous anastomosis, thus proving the possibility of such an
approach in vascular tissue [18]. Over the next ten years, the
technology went through rapid clinical adoption and develop-
ment. It was Lamberton et al. who conducted a landmark study
that shifted perceptions in 2008, when they compared four
laparoscopic vessel ligation devices [19]. Among the devices
tested, the RF energy-based system provided the best results in
terms of burst pressures and sealing times; therefore, it was
confirmed as the most effective for vessel sealing. The technol-
ogy was also subjected to extensive testing on large animal
models. For example, Pan et al. used a porcine model in 2020
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to compare RF tissue fusion with traditional suture methods for
intestinal anastomosis [20]. Histological examination showed
that the gaps in the muscularis layer at the anastomotic site in
the RF group were replaced by newly formed collagen fibers.
This demonstrates that the tissue was not only sealed but also
actively supported during the healing process, thus confirming
the method to be a practical and safe alternative.

2.2 Ultrasound

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

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

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

2.3 Laser

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

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

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

3 EBTF MEDICAL DEVICES

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

3.1 LigaSure™
From an engineering viewpoint, the fusion of tissues by means

of RF energy is based on two main electrode configurations (as
shown in Figure 2). The monopolar configuration uses only
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Table 1. Summary of key literature comparing three EBTF medical devices across various procedures

Surgical site/

Sample size/study

Key outcomes and clinical findings

Study Device evaluated e (e
Amirkazem et LigaSure™ vs. Spleen (traumatic

al. [33] Silk Suture splenectomy) trial
Akhtar et al. LigaSure™ vs. Hemorrhoids

[34] Milligan-Morgan (hemorrhoidectomy)

Vidal et al. LigaSure™ Small Jaw Thyroid

[35] vs. LigaSure™ Precise (total thyroidectomy)
Constant et al. LigaSure™ Kidney

[36] (donor nephrectomy)
Revelli et al. Harmonic Scalpel Thyroid surgery

(37] RCTs
Dong et al. Harmonic Scalpel vs. Breast

[38] Electrocautery (axillary dissection)
Waraich et al.  Harmonic Scalpel vs.  Esophagus

[39] Electrocautery (esophagectomy)
Abo-hashem et Harmonic Scalpel vs. Hemorrhoids RCT
al. [40] Bipolar (hemorrhoidectomy)
Kumar et al. Harmonic Scalpel Vascular surgery

[41] (SEPS)

Seehofer et al. Thunderbeat™ vs. Animal model

[42] Harmonic/LigaSure™

Liberman et al. Thunderbeat™ Thoracic (ex vivo

[43] pulmonary artery)

Milsom etal.  Thunderbeat™ Colorectal

[44] (laparoscopic)

Kuipers et al. ~ Thunderbeat™ vs. Head and neck RCT

[45] Electrocautery (neck dissection)

Suzuki et al. Thunderbeat™ vs. Head and neck

[46] traditional methods/  (neck dissection)
LigaSure™

Randomized clinical

70 patients

2,000 patients

124 patients
Meta-analysis of 21
23 patients (retrospec-
tive case-control study) lower drainage volume (177 vs. 272 mL), and shorter

142 patients
(retrospective study)

Observational study

Animal study

Ex vivo model

Prospective study

Retrospective study

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

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

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

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

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

Reduced intraoperative blood loss (33 vs. 90 mL),

drainage duration.

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

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

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

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

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

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

Shortened median operative time by approximately 50
min and reduced blood loss (210 vs. 431 mL).
Reduced operative time compared with traditional

methods (66 vs. 96 min); lower complication rate
(3.4%) compared with the LigaSure group (20%).

Note: EBTF, energy-based tissue fusion; VAS, visual analog scale; RCT, randomized controlled trial; SEPS, subfascial endoscopic perforator

surgery; IMA, inferior mesenteric artery.

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

https://doi.org/10.61189/7481011dqptn

To ensure safe surgical seals, many contemporary systems
integrate real-time tissue impedance monitoring with automat-
ed energy termination. The LigaSure™ system (Medtronic)
is a representative example of a closed-loop technology based
on tissue impedance monitoring and automated energy termi-
nation. Representative LigaSure™ instruments, including the
LigaSure Impact™ and LigaSure Atlas™, are shown in
Figure 3. As a leader in advanced bipolar vessel sealing,
LigaSure™’s main technological feature is its generator plat-
form (ForceTriad™), which contains the exclusive TissueFect™
sensing system [49]. As technical reports and experimental
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Figure 2. Two main electrode configurations. (A) Monopolar circuit; (B) Bipolar circuit. The figure is reproduced from [48].

A

Figure 3. LigaSure™ instruments. (A) LigaSure Impact; (B) LigaS-
ure Atlas. The figure is reproduced from [52].

studies show, the TissueFect™ system measures tissue imped-
ance at a frequency of more than 3,000 measurements per
second [50]. The change in tissue impedance induced by the
release of intracellular water through vaporization and colla-
gen denaturation follows a typical nonlinear pattern during the
sealing cycle. The device continually adjusts voltage and cur-
rent based on these impedance changes, thus ensuring that the

https://doi.org/10.61189/7481011dqptn

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

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

LigaSure™, compared with traditional suturing or ligation
methods, can significantly shorten operative time and mini-
mize the amount of bleeding during the operation. In a clini-
cal RCT of traumatic splenectomy, the use of LigaSure™
reduced the average duration of the surgery significantly (12
vs. 21 min, P<0.05) and also considerably reduced the intraop-
erative blood loss (80 vs. 280 mL, P<0.05) as compared with
the conventional silk suture ligation [33]. Likewise, in a case of
hemorrhoidectomy for grade III/IV hemorrhoids, the device
achieved better outcomes than the traditional Milligan-Morgan
method as it was not only associated with lower blood loss and
shorter operative time but also postoperative pain scores, mea-
sured 624 hours postoperatively, were significantly lower
(P=0.001) [34].

Also, anatomically site-specific models of LigaSure™ have
further improved surgical outcomes. According to a retro-
spective review of 2,000 total thyroidectomy patients, the per-
formance of different generations of devices was compared,
and the LigaSure™ Small Jaw—specifically created for use in
tight spaces—was found to be better than the standard LigaSure
Precise™ [35]. The Small Jaw was capable of significantly
reducing the operative time (40 vs. 65 min, P=0.002), incision
size, and the amount of drainage needed without increasing the
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Figure 4. HARMONIC™ instruments. (A) Harmonic Ace for laparoscopic use; (B) Harmonic Focus for open use. The figure is reproduced

from [54].

risk of complications, thus confirming the clinical significance
of anatomic device design.

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

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

3.2 HARMONIC™

When working in limited anatomical areas or close to vital
structures, it is crucial to use surgical energy very precisely.
HARMONIC™ products are widely recognized as the leader
in the ultrasonic energy field (as shown in Figure 4). The
device’s principle of operation is radically different from that
of bipolar RF devices. Through the piezoelectric effect, a trans-
ducer in the handpiece converts electrical energy into mechani-
cal vibration, which causes the blade to oscillate longitudinally
at a frequency of 55,500 Hz. Such high-frequency vibration
leads to the intensification of molecular friction within tissues.
In this way, heat for protein denaturation is produced [49].
Since the heat is produced by internal friction and not by the
passage of external electrical current, the device’s temperature
is usually lower, and it is significantly lower than that of elec-
trosurgical devices. Moreover, the greatest characteristic of
HARMONIC™ is that it causes minimal lateral thermal dam-
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age. A lot of comparative studies involving both infrared (IR)
thermography and histopathology have demonstrated that the
lateral thermal spread resulting from the use of Harmonic is
usually only about 1-2 mm, which is much less than that of
monopolar cautery and some bipolar devices [53]. This feature
makes it an excellent tool for delicate dissection in areas with a
high concentration of nerves and blood vessels.

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

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

In particular, during major resections and glandular surgeries,
the instrument has been shown to consistently improve fluid
management and operative efficiency compared with tradition-
al methods. A meta-analysis of 21 RCTs in thyroid surgery
brought out such effectiveness, revealing that the Harmonic
Scalpel (HS) and Harmonic Focus notably reduced surgical
duration (by 25-26 min, P<0.0001) and reduced blood loss dur-
ing surgery (by ~30 mL, P<0.01) as compared to conventional
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Figure 5. Detailed view of three instruments. (A) LigaSure™; (B) HARMONIC™; (C)

Thunderbeat™. The figure is reproduced from [42].

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

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

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

In conclusion, HARMONIC™ is a unique system that not only
improves surgical efficiency but also results in better patient
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outcomes. The system minimizes tissue harm
and controls bleeding which benefits the patient
in two ways: on the one hand, it lowers the
physiological impact of surgery. As demon-
strated by reduced blood loss and drainage in
tumor cases. On the other hand, it accelerates
patients’ functional recovery, as shown in proc-
tological and vascular procedures.

3.3 Thunderbeat™

Thunderbeat™ is a hybrid energy system that
combines ultrasonic and bipolar RF technolo-
gies in one device. Such a design addresses the
complementary limitations of each modality:
ultrasonic instruments are fast in cutting but
have relatively limited hemostasis, whereas
bipolar devices, although slower in dissection,
provide strong coagulation [49]. As shown in
Figure 5, the innovative jaw design of this instrument, consist-
ing of a central ultrasonic probe enclosed by bipolar electrodes,
enables the device to operate in two main modes: ‘Seal & Cut’
for simultaneous cutting and sealing, and ‘Seal’ for dedicated
coagulation. Preclinical studies in porcine models showed that
Thunderbeat™ was able to achieve significantly shorter dissec-
tion times than Harmonic Ace, LigaSure V, and EnSeal when
working with vessels of various sizes (2-7 mm, P<0.01).
Moreover, this device was given a top versatility rating, thus
recognizing its ability to streamline surgical procedures
through less frequent instrument changes [57].

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

There are three key surgical parameters that the existing litera-
ture mainly focuses on: the impact of integration on operative
speed, the consistency of burst pressure for large vessels, and
the efficiency of a single-instrument workflow. Through pre-
clinical studies, the biophysical characteristics of this hybrid
technology have been thoroughly defined on a theoretical le-
vel, and its dual action of ultrasonic cutting and bipolar coagu-
lation has been demonstrated.
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In an animal study, Seehofer et al. found that the device per-
formed cutting operations at a faster rate than single-modality
ultrasonic or bipolar devices, yet it was still able to maintain an
average burst pressure of 734 mmHg for vessels of 5-7 mm
diameter [42]. The sealing capacity was taken to the limit in a
model of the lung artery ex vivo by Liberman et al. [43]. Their
findings showed that the device was able to close pulmonary
branches with an average burst pressure of 875 mmHg, thus
demonstrating its potential applicability in the high-pressure
vasculature of the chest.

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

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

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

3.4 Laser-based tissue fusion systems

Unlike RF and ultrasonic devices that rely on mechanically
compressive jawed instruments, LTF or laser tissue soldering
(LTS) primarily utilizes non-contact fiber-optic delivery sys-
tems combined with precise optical and thermal sensors. The
fundamental engineering challenge in laser-based equipment is
temperature regulation. The success of laser fusion depends
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entirely on maintaining the tissue surface temperature within a
very narrow therapeutic window (typically 60 °C to 65 °C for
optimal collagen denaturation). Overheating causes irrevers-
ible thermal necrosis and tissue vaporization, while underheat-
ing leads to insufficient protein cross-linking and weak tissue
bonds.

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

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

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

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

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

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

At present, the majority of EBTF devices use simple imped-

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

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

4.2 Integration with robotic surgical systems

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

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

5 CONCLUSION

In short, tissue closure technology has seen a drastic change
from traditional mechanical anastomosis to EBTF, which is
nowadays regarded as a significant paradigm shift in surgical
practice. The article has deeply discussed the mechanism of
EBTF, which uses controlled thermal energy to cause collagen
denaturation and molecular rearrangement, thus avoiding the
major problems of sutures and staplers still commonly used
today, such as foreign body reactions and technical difficulties
in minimally invasive surgeries. It does not really matter if the
tissue is heated through Joule heating by RF energy, through
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the mechanical friction of ultrasonic vibrations, or through the
photothermal effect of laser energy; biologically, all these
methods target the same outcome: a strong, self-healing tissue
seal. Taken to clinical practice, these concepts have led to the
development of revolutionary medical devices. A good exam-
ple of this is the LigaSure™ system which uses a real-time
impedance feedback technology to continuously and accurate-
ly seal tissues. The HARMONIC™ system relies on ultrasonic
vibrations to precisely cut tissue while effectively limiting lat-
eral thermal damage. The Thunderbeat™ system is a hybrid of
the two techniques that offers the speed of ultrasound com-
bined with the safety of bipolar sealing. The large amount of
clinical data presented in this paper demonstrates that these
techniques are not only effective in achieving hemostasis but
also, through their associated medical devices, greatly facili-
tate the surgeon’s work, reduce the duration of the operation,
and minimize blood loss. On top of that, they have such a wide
range of application in basically every specialty that they can
be used in procedures ranging from simple vessel ligation to
digestive, endocrine, and urological surgeries.

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