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In this study, we developed a multi-degree-of-freedom (multi-DOF) ultrasonic scalpel
equipped with a superelastic alloy (NiTi) active blade that enables both tip bending and grasping
motions. The active blade features a strip-shaped localized flexible section to facilitate compact
bending, while a multistage hinge-based wire-driven mechanism achieves a bending range of
+60°. A blade-straddling single-moving-jaw grasping mechanism was also incorporated to
provide grasping capability within the limited 8 mm outer diameter without interfering with the
centrally routed active blade. The ultrasonic transducer can be easily detached from the active
blade and replaced. A prototype device was fabricated on the basis of an active-blade design
obtained by estimating the blade’s ultrasonic resonance using the finite element method, and its
fundamental performance was evaluated through excitation experiments and noncontact 3D
vibration measurements. In the straight, unloaded posture, the active blade exhibited a resonant
frequency of 57.5 kHz and a transducer current of 528 mA at a driving voltage of 25 V. Stable
ultrasonic resonance was maintained even in the bent state; however, vibration amplitude
attenuation and durability issues were identified as major challenges. In cauterization
experiments using an edible porcine meat sample, the grasping mechanism enabled effective
wide-area cauterization in the straight posture, whereas sufficient cauterization was not achieved
when the tip was bent.

1. Introduction

In recent years, the number of minimally invasive surgical procedures using endoscopes has
continued to increase annually. Furthermore, the proliferation of robot-assisted surgery
necessitates highly precise treatment techniques, making the development of multi-degree-of-
freedom (multi-DOF) surgical instruments a critical technological focus that is being actively
researched.(!™® An ultrasonic coagulation and incision device (ultrasonic scalpel) is a surgical
instrument that simultaneously performs coagulation and incision by applying ultrasonic
vibration to its treatment part (active blade), generating frictional heat within the tissue. This

*Corresponding author: e-mail: d.haraguchi@mech kindai.ac.jp
https://doi.org/10.18494/SAM6528

ISSN 0914-4935 © MYU K K.
https:/myukk.org/


https://doi.org/10.18494/SAM6528
https://myukk.org/

6402 Sensors and Materials, Vol. 38, No. 11 (2026)

frictional heat coagulates proteins, while the physical friction cuts the tissue. Compared with
electrocautery scalpels, ultrasonic devices are better suited for delicate procedures. Because they
allow surgeons to perform simultaneous incisions and coagulations rapidly and with minimal
blood loss,-%) ultrasonic scalpels have become indispensable energy devices in many surgical
procedures. Consequently, providing these devices with multi-DOF capabilities is strongly
desired to enable more precise and safer operations.

Many research groups have attempted to develop multi-DOF ultrasonic scalpels. Choi ef al.
developed a small transducer to miniaturize the instrument.(”) Ogura et al. and Khalaji et al.
developed 2-DOF ultrasonic scalpels by placing a miniature transducer at the tip of a bendable
joint.®9) Subsequently, Hasuo et al. added a grasping function to the device developed by Ogura
et al., and Ogura et al. later introduced a highly functional multi-DOF scalpel featuring both
2-DOF bending and grasping mechanisms.®1%-!1) Kobayashi et al. proposed an ultrasonic scalpel
with 1-DOF bending and 1-DOF rotation driven by an ultrasonic motor.!? In all these devices,
locating the miniaturized transducer at the movable joint’s tip helps maintain treatment
performance. However, their outer diameters are typically 10—13 mm or larger (compared with 5
mm for standard handheld instruments and 8 mm for standard robotic instruments), and their
bending sections are relatively long. This makes miniaturization difficult and renders them
unsuitable for precision surgery in confined spaces. Furthermore, placing the transducer inside
the patient’s body poses significant challenges regarding sterilization, cleaning, electrical safety,
and cost in practical use.

Conversely, Hashimoto ef a/. and Wakako and Hashimoto positioned the ultrasonic
transducer at the base of the instrument (outside the body) and utilized a superelastic alloy (NiTi)
wire as the active blade to transmit vibrations.(!3715) On the basis of this approach, they
developed an ultrasonic scalpel with a thin tip probe capable of 1-DOF bending on one side via a
linkage mechanism. However, this device featured only a simple probe without a grasping
mechanism, which is necessary for effective and wide-area tissue coagulation and incision.
Additionally, its bending link mechanism required substantial spatial clearance during flexion,
leaving issues to be resolved for broader surgical applications.

Recent studies have continued to address the miniaturization, articulation, and flexibility of
ultrasonic surgical devices for minimally invasive and robotic surgery. Cao et al. developed a
miniature Langevin ultrasonic transducer toward the aim of fabricating an ultrasonic scalpel for
single-port robotic surgery, indicating that the miniaturization of ultrasonic energy devices
remains an important issue in robotic surgical instrumentation.!®) Wang et al. modeled a
curved-waveguide ultrasonic scalpel to improve surgical flexibility for intricate procedures,
suggesting that ultrasonic wave transmission through a curved or articulated structure is still an
active research topic.17) In addition, Wu et al. reviewed recent progress in flexible ultrasonic
scalpels for minimally invasive surgery, further highlighting the continuing need for compact
and flexible ultrasonic devices.(!® However, most existing approaches still involve a trade-off
among maintaining ultrasonic vibration performance, achieving a compact articulated tip, and
incorporating a grasping function within a small outer diameter.

To resolve these issues, in this study, we adopt a configuration where the ultrasonic
transducer is placed outside the body (at the base of the instrument), utilizing a superelastic alloy
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active blade to enable a compact, flexible bending motion at the tip while incorporating a
grasping mechanism. In particular, experimental knowledge on how ultrasonic vibration
propagates through a bendable active blade under different bending postures remains limited.
Clarifying the three-dimensional vibration behavior of such a blade is important for identifying
the causes of performance degradation and for establishing design guidelines for future bendable
ultrasonic scalpels. We applied the design principles of a wire-driven flexible joint previously
developed by Zhou et al. to the scalpel’s tip mechanism and extended them to a compact
ultrasonic scalpel mechanism that integrates a bendable active blade and a grasping function.(1)
The novel aspects and contributions of this study are as follows.
(1) Development of a superelastic alloy active blade with a localized flexible section that enables
compact bending while transmitting ultrasonic vibration
(2) Development of a space-saving wire-driven tip mechanism that integrates both bending and
grasping functions around the centrally routed active blade within an 8 mm outer diameter
(3) Experimental clarification of the three-dimensional ultrasonic vibration behavior of the
active blade under different bending postures using noncontact 3D vibration measurements
The paper is organized as follows: Sect. 2 includes a description of the design of the wire-
driven multi-DOF mechanism for the ultrasonic scalpel. In Sect. 3, details of the design of the
superelastic alloy active blade, including the estimation of its ultrasonic resonance using the
finite element method (FEM) and experimental verification through vibration measurements,
are given. Section 4 concerns the ultrasonic excitation experiments using the assembled
prototype. Simple cauterization experiments using an edible porcine meat sample to evaluate the
basic treatment performance are described in Sect. 5. In Sect. 6, we discuss the findings,
followed by the conclusions in Sect. 7.

2. Design of Multi-DOF Mechanism for Ultrasonic Scalpel
2.1 Overview of device design

In previous attempts to achieve multi-DOFs, the following methods were primarily proposed:
(1) placing a miniature ultrasonic transducer at the tip to provide a 2-DOF system equipped with
a grasping mechanism) and (2) positioning the transducer at the base and utilizing a
superelastic alloy probe as an active blade to achieve a thin tip with 1-DOF bending on one side.
(14) In the former approach, it is easier to maximize device performance; however, placing the
transducer at the tip increases both the device diameter and the length of the bending section,
making it unsuitable for precision surgery in confined spaces. In the latter approach, while the
tip is successfully miniaturized and suitable for precision procedures, achieving multi-DOFs is
difficult. In particular, the lack of an established design method for integrating a grasping
mechanism remains a major challenge.

Assuming the use of the multi-DOF ultrasonic scalpel within a robot-assisted surgical
system, we prioritize the advantages of a miniaturized and slim device tip and thereby adopted
the method of placing the transducer at the base. We developed a novel superelastic alloy active
blade that enables the bending motion of the device tip while successfully implementing a
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grasping mechanism, which had not been realized in previous base-transducer designs. Figure 1
shows an overview of the designed ultrasonic scalpel [Fig. 1(a)] and a schematic of the multi-
DOF wire-driven mechanism [Fig. 1(b)]. To match current robotic surgical forceps, the device’s
outer diameter is specified as 8 mm, and the tip features a 1-DOF flexure joint and a grasping
mechanism. Bending and grasping are actuated by a total of four driving wires that operate
independently without mutual interference. The design also ensures that they do not interfere
with the active blade routed through the center of the device. The ultrasonic transducer utilizes a
commercial component from a conventional portable ultrasonic scalpel, Sonicision™. The active
blade made of the superelastic alloy NiTi can be directly screwed into this transducer, allowing it
to be completely separated from the multi-DOF mechanism for easy attachment, detachment,
and replacement. The active blade is supported at only three points—before and after the flexure
joint, and at the base of the shaft—using soft silicone tubes to prevent metal-to-metal contact.

2.2 Tip bending and grasping mechanism

The tip mechanism was designed with an § mm outer diameter to suit precision procedures,
making it the slimmest multi-DOF ultrasonic scalpel among those in previous studies. Figure 2
shows the mechanical design of the tip [Fig. 2(a)] and a photograph of the prototype [Fig. 2(b)].
The prototype achieves a bending range of £60° at the flexure joint and a maximum grasping
angle of 30°. A total of four twisted stainless-steel wires (0.35 mm outer diameter) were used for
actuation, with stainless-steel pipes crimped at the ends to prevent loosening.

For the bending motion, a four-stage hinge mechanism forms the flexure joint, providing
1-DOF bending perpendicular to the grasping direction. Bending is actuated by antagonistically
driving a pair of wires (green) routed through both sides inside the joint. Since the hinge

410mm
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] | 1T 1-DOF
@ 1““.' : r\'jbending
) Outer shaft ®8mm Bending
Ultrasonic joint Gripper
transducer
- Drive wires for Drive wires for
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(b) /
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y

Fig. 1. (Color online) (a) Overview of the ultrasonic scalpel and (b) schematic of the multi-DOF wire-drive
mechanism.
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Fig. 2. (Color online) (a) Mechanism design of the ultrasonic scalpel tip and (b) photograph of the prototype.

mechanism components are rigid bodies, unintended deformation outside the bending plane is
minimized, and the direct tension load of the driving wires is prevented from being applied to
the active blade inside the joint. Furthermore, the superelastic-alloy active blade is flattened into
a strip where it passes through the joint, providing localized flexibility in the bending direction
while maintaining out-of-plane rigidity to ensure structural strength.

To enhance the device performance, a single-moving-jaw grasping mechanism was integrated
into the tip. Drive wires (red) are attached above and below the gripper rotation axis, allowing
the jaw to open and close through antagonistic wire actuation. To avoid interference with the
bending motion, these grasping wires pass directly under the rotation axis of the joint hinge
mechanism. In addition, to generate sufficient grasping torque within the limited 8 mm outer
diameter, the gripper component was designed with a clearance hole through which the centrally
located active blade passes. This blade-straddling arrangement allows the grasping mechanism
to utilize a larger portion of the outer diameter of the instrument, positioning the wire attachment
points near the outer periphery and thereby increasing the effective moment arm about the
gripper rotation axis.

3. Design of Bendable Ultrasonic Active Blade
3.1 Shape of superelastic-alloy active blade

Figure 3 illustrates the geometry of the designed superelastic-alloy active blade. The total
length (317 mm) was determined via FEM analysis (described in the next section). The proximal
shaft has an outer diameter of 4.0 mm—the maximum allowable size within the § mm outer
sheath that avoids wire interference—ensuring efficient ultrasonic propagation. The proximal
end is threaded for direct attachment to the vibration horn, minimizing vibration loss and
allowing easy connection, disconnection, and replacement. The distal tip is slightly thinned (2.8
mm outer diameter) to amplify the vibration amplitude, while a 0.7-mm-thick strip section
provides localized flexibility. This plate-like flexible section allows the active blade to bend
smoothly and compactly to achieve multi-DOFs. The leading edge of the blade (treatment
section) is longer than a half-wavelength of ultrasonic wave propagation (approximately 28 mm)
to ensure that a vibration antinode is reliably generated in this section.
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Fig. 3. (Color online) Shape of the superelastic-alloy active blade.

3.2 Estimation of ultrasonic resonance using FEM

To determine the precise dimensions and shape of the active blade, the modal analysis of its
FEM model was performed using Ansys software. In this study, because longitudinal resonance
is critical and analyzing other areas is difficult owing to fixture constraints, the analysis was
focused on resonance frequencies, wavelengths, and total length. Table 1 shows the material
properties and analysis results. The total blade length was adjusted so that the longitudinal
vibration eigenmodes align with the transducer’s 55-56 kHz resonant frequency. Figure 4 shows
the longitudinal wave resonance mode shapes and corresponding stress distributions. A vibration
node (where displacement is negligible) appears approximately 10 mm from the blade tip; it is
desirable for this point to be as close to the blade root as possible. Because the plate section has
the lowest stiffness, the vibration amplitude is maximized in this area, resulting in high stress
concentrations.

The validity of the FEM results can be verified using the fundamental equation for the speed

1 [E
A=— |=, 1
S\ p 0

where / is the wavelength, f'is the frequency, £ is Young’s modulus, and p is the density. Using

of sound in a medium:

Eq. (1), the theoretical wavelength at the resonant frequency is calculated to be approximately
52.4 mm, which closely matches the 56.5 mm wavelength derived from the FEM analysis. Given
that the simplified Eq. (1) assumes a simple rod shape, this value is reasonably close to the FEM
result, confirming the validity of the analysis. This accuracy is further supported by the
experimental verification described in the next section.

3.3 Verification of ultrasonic resonance of the active blade

The designed active blade was connected to the transducer, and ultrasonic excitation was
performed in an unconstrained state to measure its resonant frequency and verify the design.
The experimental setup is shown in Fig. 5. A bolt-clamped Langevin-type transducer (BLT)
controller (M-5107W, MESS-TEK Co., Ltd.) equipped with a resonance tracking circuit was
used to apply a sinusoidal voltage to the transducer. The driving voltage and current can be
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Table 1
Material parameters and FEM settings and results for the active blade.
Material NiTi
Densit Y ’? 1 Poi ti
Physical characteristics ensity i oung’s modulus oisson ratio
6500 kg/m 55 GPa 0.34
Natural frequency 55.286 kHz
. Wavelength 56.5 mm
FEM 1
settings and results Mosh size 10 mm
Number of nodes 44140

16588 Max
147 45
129.02
110,59
92,162
73,734
55.304
36,875
18.446

QI1EE Min
Stress [MFa)

Fig. 4. (Color online) FEM analysis of ultrasonic resonance modes and stress distribution in the active blade.

Active blade Transducer

Ni-Ti)

(55kHz)

BLT

Oscilloscope  jumm
P Controller

e Amplifier

Fig. 5. (Color online) Equipment configuration for ultrasonic vibration.

monitored using an oscilloscope. Because the current correlates with vibration velocity, it serves

as an evaluation index for vibration amplitude at a constant frequency.

The measured resonant frequency was 57.5 kHz, with a transducer current of 528 mA at a
driving voltage of 25 V. Although the frequency slightly deviated from the FEM prediction
(approximately 55.5 kHz), the baseline characteristics generally met the design targets. The
design accuracy can be further enhanced by updating the material parameters of the FEM model
on the basis of these experimental results. For comparison, the commercial Sonicision™ device
exhibited a resonant frequency of 55.5 kHz and a current of 482 mA at 25 V. Although a
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comprehensive evaluation of vibration transmissibility is necessary because of the different
blade materials (titanium alloy for Sonicision), our NiTi active blade baseline vibration
performance in a straight, unloaded state is considered reasonable and valid.

3.4 Measurement of vibration state at ultrasonic resonance

Next, the vibration state of the active blade at resonance was measured. The experimental
setup is shown in Fig. 6(a). A noncontact 3D vibration measurement system consisting of three
scanning laser Doppler vibrometers (PSV QTec, Polytec GmbH) enables simultaneous
multipoint measurement. As shown in Fig. 6(b), the base of the active blade (transducer and
connection) was fixed in a jig, and sleeves were attached before and after the flexible plate
section. The tip was flexed by pulling a wire to evaluate changes in resonance across different
bending angles. In the coordinate system, the longitudinal direction corresponds to the Y-axis.
Flexion was oriented obliquely upward to facilitate laser beam irradiation.

Table 2 shows the measured resonance frequencies and triaxial vibration displacements
(maximum value of the resonance component) at bending angles of 0, 15, and 30°. In this

Laser Doppler 4
| Vibrometers |

@)

(b)

Fig. 6.  (Color online) Experimental apparatus for noncontact 3D measurement of ultrasonic vibration.

Table 2
Results of three-dimensional ultrasonic vibration measurement with tip bending of the active blade.
Applied . Natural Tip Tip Tip
voltage Bend(g;gg;l ngle frequency Current (mA) displacement X' displacement ¥ displacement Z
™) (kHz) (m) (nm) (m)

0 62.6 256 0.01 1.5 0.01
20 15 62.6 184 0.02 1.2 0.01

30 62.2 120 0.2 0.7 0.4
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experiment, the resonant frequency shifted to 62—-63 kHz, deviating significantly from the
nominal frequency of 57.5 kHz. Notably, the constrained straight configuration already exhibited
a resonant frequency of 62.6 kHz, and the frequency remained within 62.2—62.6 kHz as the
bending angle increased to 30°. This indicates that the frequency shift was caused primarily by
the mounting conditions rather than by blade bending or increased wire tension. Unlike the
approximately unconstrained condition in Sect. 3.3, the holder jig and sleeves introduced finite-
width mechanical constraints that did not necessarily coincide with the longitudinal vibration
nodes. These constraints provided an additional stiffness path to the stationary frame and altered
the coupled resonance of the transducer—blade system. Accordingly, the specific resonance of
62—-63 kHz is considered dependent on the present experimental fixture. Even under the
constraint conditions, stable ultrasonic resonance was maintained across all bending angles, and
the frequency remained nearly constant. Regarding the tip displacement, the longitudinal
amplitude (Y-axis component) decreased as the bending angle increased.

Conversely, transverse displacements (X and Z components) increased, indicating that the
propagation direction of the longitudinal vibration shifted along the blade’s curve. However, as
reflected by the decrease in transducer current, the longitudinal wave amplitude attenuates with
flexion. For instance, the 3D displacement vector magnitude at 30° bending was calculated to be
approximately 0.83 um, indicating a marked attenuation from the straight state.

Figure 7 displays the displacement distribution in the forward portion of the blade. The
silhouette of the active blade is emphasized for clarity. The amplitude reaches its maximum at
the flexible plate section, suggesting that high stress concentrations occur at the adjacent
vibration nodes. Additionally, a node is observed near the leading edge of the blade, which aligns
well with the FEM predictions. Similarly to the resonant frequency, the relative distribution of
anti-nodes and nodes remains nearly constant regardless of the angle, though the local
amplitudes decrease significantly as the overall blade flexion increases.

Bent state { 30° )

Fig. 7. (Color online) Displacement distribution of ultrasonic resonance (longitudinal wave component).
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4. Vibration Experiment of Assembled Ultrasonic Scalpel

The developed active blade was integrated into the multi-DOF mechanism to evaluate
resonance during wire-driven bending (Fig. 8). The driving wire was secured to a tensioner, and
its tension was manually adjusted to flex the joint, followed by ultrasonic excitation using the
configuration in Fig. 5.

The results (Table 3) show that a bending state of up to 60° was achieved, and the resonant
frequency remained constant and stable across all angles. However, owing to the mounting-
dependent resonance shift described in Sect. 3.4, the resonant frequency remained higher than
the unconstrained value of 57.5 kHz. The transducer current decreased markedly as the bending
angle increased. These results indicate that current compensation via the drive circuit is
indispensable in ensuring consistent surgical performance regardless of the blade’s posture.

Wire
tensioner

Fig. 8. (Color online) Experimental setup for ultrasonic scalpel excitation.

Table 3
Ultrasonic resonance of the assembled scalpel with tip bending.
Applied voltage (V) Bending angle (deg)  Natural frequency (kHz) Current (mA)
0 62.5 282
10 62.5 240
20 62.5 190
20 30 62.5 186
40 62.5 166
50 62.5 154

60 62.5 130




Sensors and Materials, Vol. 38, No. 11 (2026) 6411

5. Cauterization Experiment Using Edible Porcine Meat Sample

To evaluate the basic treatment performance of the prototype, cauterization experiments were
conducted using an edible porcine meat sample (cured ham). This experiment was intended as a
simple model of tissue coagulation and incision achieved using the grasping mechanism of an
ultrasonic scalpel. Using the setup shown in Fig. 8, the sample was grasped between the active
blade and the gripper, and a driving voltage of 45 V was applied to the transducer at the resonant
frequency of 62.5 kHz for 10 s. The thermal denaturation of the grasped region was then visually
inspected. Cauterization was tested with two tip postures: a straight tip posture and a 30°-flexed
posture [Fig. 9(a)].

Figure 9(b) shows the cauterized regions after the experiment. In the straight posture, the
treated area became blackened, indicating that sufficient heat was generated at the contact region
between the blade and the sample. The grasping mechanism enabled a relatively wide contact
area to be cauterized along the active blade. The transducer current during this experiment was
460 mA. In comparison, the commercial Sonicision™ device exhibited a transducer current of
473 mA under the same driving voltage of 45 V. These results suggest that the developed
superelastic-alloy active blade has a baseline vibration performance comparable to that of a
commercial ultrasonic scalpel in the straight, unloaded posture.

Conversely, when the tip was flexed at 30°, only slight white coagulation was observed in the
treated region and the transducer current decreased to approximately 300 mA. The cured ham
used in this experiment contained less moisture than living biological tissue, which may have
made white denaturation difficult to observe. Nevertheless, the substantial decrease in
transducer current and the limited cauterization observed in the flexed posture indicate that the
longitudinal vibration of the blade was strongly attenuated by bending. In addition, after several
repeated cauterization trials in the flexed posture, the active blade fractured at the flexible
section. Therefore, both the vibration performance and durability of the blade in the bent state
remain important issues to be addressed.

Cauterization with
the straight tip

rization wi
 tip bent at 30°

@ ©)

Fig. 9.  (Color online) Cauterization experiment of edible pork (cured ham).
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6. Discussion

The design and experimental results obtained in this study provide several important findings
regarding the feasibility and limitations of a bendable ultrasonic scalpel with a superelastic-alloy
active blade.

First, the results indicate that an active blade with a localized flexible section can be designed
by estimating its longitudinal resonance behavior using FEM. The threaded connection between
the blade and the transducer horn provided stable ultrasonic resonance and also allowed the
active blade to be easily attached, detached, and replaced. This modular configuration is
advantageous for practical use because the active blade and the multi-DOF tip mechanism can
be treated as separate components.

Second, the cauterization experiments also showed that the combination of the active blade
and the grasping mechanism functioned effectively in the straight posture. Although the
prototype blade tip had a simple round cross section, the treated area was broadly cauterized
through contact with the grasped sample. Therefore, further improvement in treatment
performance can be expected by optimizing the distal tip geometry, for example, by introducing
a blade-like cross section suitable for ultrasonic coagulation and incision.

On the other hand, the reduction in vibration amplitude and the durability of the active blade
in the bent posture remain major challenges. The decrease in vibration amplitude during bending
can be attributed to two main factors: (1) energy loss associated with the change in the
propagation direction of the longitudinal vibration along the curved blade and (2) vibration
suppression caused by increased mechanical constraints at the blade supporting and bending
mechanisms. Although the former is inherent to ultrasonic wave propagation through a
continuously deformed structure, the latter can be mitigated by reducing the contact area of the
blade supports, avoiding the axial loading of the blade during bending, and designing a housing
that supports the transducer and shaft so as to minimize mechanical constraints. The mounting
position should also be selected so that the transducer or shaft is supported as close as practicable
to a longitudinal vibration node. Nevertheless, even with these measures, a mounting-dependent
shift in resonant frequency may occur after integration into a robotic instrument, as indicated by
the results in Sect. 3.4. Therefore, the drive circuit of a practical system should track the actual
resonant frequency of the assembled system.

The fracture of the blade is considered to have been caused by stress concentration in the
flexible section during ultrasonic excitation in the bent posture. Bending can excite transverse
vibration components in addition to the intended longitudinal vibration, and regions where the
blade stiffness or curvature changes abruptly tend to become vibration nodes. Such regions are
therefore susceptible to local stress concentration. In the present prototype, the plate-like flexible
section was designed to be as short as possible to prioritize compact bending. However,
improving durability will require a longer flexible section with a larger radius of curvature,
which would allow the blade to deform more gradually under a smaller constraint force. In
addition to these geometric improvements, material-level approaches should also be investigated
to improve the fatigue life of the NiTi active blade. In particular, the optimization of the heat-
treatment conditions and the application of appropriate surface-finishing processes, such as
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mechanical polishing or electropolishing, may reduce surface defects and suppress fatigue-crack
initiation under combined bending and ultrasonic cyclic loading.

6.1 Limitations

This study was focused on the design of the active blade and the compact tip mechanism, as
well as on the fundamental verification of ultrasonic resonance and cauterization performance.
The drive or operation unit for the multi-DOF mechanism was not implemented as a specific
system because various configurations are possible, including fully manual operation, a
motorized actuator unit, or a detachable instrument for a surgical robot. In addition, the
noncontact 3D vibration measurements described in Sect. 3.4 were limited to bending angles of
up to 30° because the optical alignment of the laser beams became difficult at larger bending
angles. Despite these limitations, the results demonstrated the basic feasibility of a multi-DOF
ultrasonic scalpel using a superelastic-alloy active blade.

7. Conclusions

We demonstrated the feasibility of a bendable multi-DOF ultrasonic scalpel featuring a
superelastic-alloy active blade. A plate-shaped local flexible section enabled compact wire-
driven bending, and an integrated grasping mechanism allowed wide-area cauterization in the
straight posture. Although stable ultrasonic resonance was maintained during bending, reduced
cauterization performance due to vibration amplitude attenuation and blade durability were
identified as key challenges. Future work will focus on improving the active blade geometry,
developing a bending mechanism with lower constraint loads, refining the holding structure, and
integrating an appropriate drive unit to enhance the overall performance of the ultrasonic
scalpel.
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