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Abstract Purpose: Image guidance is a key technology that can improve the
outcome of laparoscopic surgery. However, due to the large deformation caused
by digestive organs, a computer-aided navigation system based on preopera-
tive imaging data cannot indicate the correct target position of the lesion (e.g.,
liver tumors and vessels invisible from the organ surface). To overcome this
issue, we developed a laparoscopic ultrasound manipulator with two motor-
ized degrees of freedom at the tip, allowing for the performance of a dexterous
ultrasound scan in a confined laparoscopic surgical area.
Method: The developed manipulator consists of a compact and elastic struc-
ture using springs, enabling a safe ultrasound scan and avoiding excess force
on the inspected organs. The manipulator is a hand-held device equipped with
four buttons at the handle, which the surgeon directly grasps to send a motion
command to the tip structure. The tip of the manipulator was carefully de-
signed by considering the kinematic model and the results of the finite element
analysis. The developed prototype realizes two motorized degree of freedom
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motion at the tip within the size of 15.0 mm in diameter.
Results: To assess the prototype, accuracy and rigidity were measured by using
a motion processing microscope. The accuracy test showed that the proposed
device has a fairly accurate characteristic as a hand-held device. This was sup-
posedly caused by the nature of compliant mechanism, which does not have
mechanical play in motion. In addition, the intrinsic elastic structure (approx-
imately 2.0 N/mm in most of the range of motion) allowed the ultrasound
probe to adequately fit on the curved organ surface without extra effort of
manipulation during the inspection. In the in vivo experiment, the yaw mo-
tion was found to be effective for investigating the vascular network because
the manipulator allows the probe to be rotated while maintaining the same
position.
Conclusion: The mechanical evaluation and in vivo tests results showed high
feasibility of the prototype. We are currently working on further mechanical
improvement for commercialization and development of a real-time navigation
system that can perform three-dimensional reconstruction of ultrasonographic
images by implementing a magnetic position sensor at the tip of the manipu-
lator.

Keywords Laparoscopy · Laparoscopic Ultrasound · Robotic surgery ·
Handheld device

1 Purpose

Laparoscopic surgery requires surgeons to have high technical skills because of
the limitations of instruments (small range of instrument motion, lack of hap-
tic feedback, deteriorated eye-hand coordination, and poor depth perception).
Image guidance is a key technology that can improve the outcome of laparo-
scopic surgery. However, because of the large deformation and displacement
caused by the digestive organs, a computer-aided navigation system based on
preoperative imaging data cannot indicate the correct target position of a le-
sion. One such example is when a liver tumor or vessels are invisible from
the liver surface. Thus, image guidance can be a powerful tool for laparo-
scopic hepatectomy by ensuring visibility of the dissection area. However, the
liver becomes largely deformed and displaced, and the preoperative images
are no longer consistent with the intraoperative posture and position of the
liver. Therefore, most laparoscopic surgeries are generally performed without
a computer-aided navigation system and are thus largely reliant on the sur-
geon’s skill [2]. However, a navigation system can potentially be an effective
tool with which to improve the surgical outcome. To address this problem,
we developed a laparoscopic ultrasound (LUS) manipulator that can perform
dexterous motion with two motorized degrees of freedom (DOF), allowing for
intraoperative and real-time image acquisition in laparoscopy.

The use of ultrasound (US) in laparoscopy is increasing, and guidelines
for the use of LUS were provided by the Society of American Gastrointestinal
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and Endoscopic Surgeons (SAGES) in March 2009 [3]. In these guidelines, dif-
ferent levels of recommendations are provided depending on the target organ
(gastric cancer, esophagogastric cancer, adrenal surgery, biliary disease, gyne-
cologic procedures, kidney disease, liver disease, and pancreatic disease). As an
initial pilot study, we used the proposed device during liver surgery according
to the following recommendation: “LUS is useful for staging of hepatocellu-
lar and metastatic colon and rectal cancers and can help guide treatment or
avoid unnecessary open operations (Grade B) and detect metastasis from other
cancers (Grade C).”

Despite the expected improvement in outcomes, LUS is not widely applied
in liver surgery because of the limitations of commercially available instru-
ments. Two types of probes are currently available for LUS: tethered and ar-
ticulated probes. The tethered probe (e.g., UST-5418; Hitachi Medical, Tokyo,
Japan) is a compact US probe that can be inserted to the abdominal cavity
through a trocar and should be manipulated by conventional laparoscopic in-
struments, such as forceps. Therefore, the manipulation required for scanning
a curved organ surface is technically demanding. The articulated probe is a
laparoscopic tool equipped with one or more articulations and contains an
US probe at the tip. The articulated probe (e.g., UST-9150; Hitachi Medical)
has an advantage with respect to movement in multiple DOF within the ab-
dominal cavity. However, this movement is largely limited by the number of
articulations and location of the rotation center. Figure 1 shows the limitations
of the articulated probe compared with an US scan on a patient’s skin surface,
which is generally performed in the clinical setting. In an US scan performed
on the patient’s skin surface, the inspector generally pivots the probe while
maintaining contact with the skin, and the rotation center stays at the probe
contact point to keep the probe position in the area of interest (Figure 1 (a)).
The tip of the articulated probe moves mainly according to the movement of
the articulations, making it difficult to keep the probe within the area of inter-
est during inspection. This largely affects the usability of the probe because
the inspection becomes difficult and cumbersome (Figure 1 (b)). To overcome
these limitations, we developed a new LUS manipulator that can effectively
manipulate the US probe in laparoscopic surgery for wider use.

Fig. 1 (a) Ultrasound scan performed on the patient’s skin surface allows for ideal motion,
while (b) the articulated probe allows for only restricted movement due to the instrument
limitation, making the inspection difficult and cumbersome (b).
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2 Method

2.1 Technical requirements

One of the largest advantages of US as an image guidance modality in surgery
is its real-time image acquisition. Therefore, the manipulator was designed
as a handheld device that can be quickly introduced into the surgical area
and retracted in the same manner. As described in the previous section, the
largest limitations of the currently available LUS instruments are caused by
the kinematic design of the articulations. To resolve this issue, we developed
a new mechanism that ensures that the rotation center stays at the contact
point of the US probe.

The remote center of rotation (RCM) has been widely discussed in the field
of robotics. The RCM provides a remotely located rotation point, which is ben-
eficial in certain applications such as the use of surgical robots. For example,
the parallelograms implemented in the Da Vinci surgical robot provide a me-
chanical pivot point remotely located at the laparoscopic tool insertion point
[8]. However, implementation of an RCM point in a compact, tube-shaped sur-
gical instrument is challenging because of the size restriction. In addition, six
DOF are required to freely position the US probe in three-dimensional space.
Four DOF can be manually provided by the user’s handle motion (two-DOF
pivot, longitudinal, and rolling (twisting) motion); thus, two additional DOF
of rotation with the RCM at the tip are required.

Few LUS products are available in the current market [9], [10]. The size
of the US probe largely affects the image quality; thus, we choose an L43K
(Hitachi Medical) in our prototype implementation. The diameter of the probe
is 12.8 mm; thus, the manipulator should be less than 2.2 mm in thickness to be
fitted into the standard 15-mm trocar. This represents the greatest technical
challenge from the robotic aspect.

In LUS, the probe must be pushed against the inspected organ to obtain a
clear US image. Therefore, a certain amount of elasticity in the manipulator’s
structure is desired to prevent excess force on the organ surface. We determined
that the required stiffness of the manipulator was less than 10 N/mm, taking
into consideration the stiffness of the liver [11].

A list of requirements for the LUS manipulator is shown below.

– Handheld implementation
– RCM at the contact point of the US probe
– Two DOF at the tip of the manipulator
– Compact and low-profile tip mechanism design (<2.2 mm thick at the

thinnest part)
– An elastic structure is preferable to prevent damage (<10 N/mm in stiff-

ness)
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2.2 Prototype implementation

The prototype LUS manipulator is a hand-held device with a handle equipped
with four buttons that the surgeon directly grasps to send a motion command
to the tip mechanism (Figure 2). In the prototype implementation, a probe
with a 12.8-mm diameter (L43K; Hitachi Aloka Medical, Tokyo, Japan) was
used. The tip of the manipulator can be inserted through a conventional 15-mm
trocar. The tip consists of biocompatible materials (stainless steel and nickel
titanium) and can be detached by a snap-on mechanism (Figure 3). The handle
was designed with consideration of the user’s ergonomics [12]. Two motors
(DCX12L + GPX12 + ENX10; Maxon Motor AG, Sachseln, Switzerland) are
implemented in the handle part and driven by electric circuits implemented
in the external control unit. The control unit is equipped with motor driver
circuits, and a speed control dial and position initialization button are installed
at the front. The LUS manipulator is 572 mm long, 56 mm wide, and 193 mm
high, and the insertion part is 370 mm long and 15 mm in diameter. The
weight is approximately 800 g.

The tip of the manipulator is associated with notable features and technical
challenges. A detailed description of this is provided in the following section.

Fig. 2 The prototype consists of a handheld laparoscopic ultrasound manipulator and an
ultrasound control box. A commercialized laparoscopic ultrasound probe (L43K; Hitachi
Medical) can be attached to the tip of the manipulator.

Fig. 3 Two motors are implemented in the handle part and driven by the electric circuits
implemented in the control box. The tip part consists of biocompatible materials (stainless
steel and nickel titanium) and can be detached by a snap-on mechanism.



6 Jumpei Arata et al.

2.3 Mechanism design

A newly developed spring-based elastic mechanism at the tip performs rota-
tional motion in two degrees of freedom (pitch and yaw as shown in Figure
4). Two rigid links that are independently actuated along the long axis are
connected to the flat springs by passive rotational joints. The other ends of
the springs are attached by passive joints to a circular plate that rotates along
with a yaw axis guided by sliding bearings. The pitch axis is guided by a me-
chanical hinge implemented at the tip. The movement of the two flat springs
in the same direction is converted to pitch motion, and differential movement
is converted to yaw motion. Figure 5 shows the motion performed by the
prototype.

A notable feature of the proposed mechanism is the elastic elements em-
bedded in the mechanical frame. These elements largely deform in motion to
transmit and transform the input motion to output motion. This substantially
contributes to simplification of such mechanical instruments [5], [6]. A previous
study [4] showed that rotational motion with the probe contact plane centered
at the probe contact point (yaw axis) is effective in LUS, although the mo-
tion cannot be performed using the conventional LUS articulated probe. In

Fig. 4 (a) The mechanism performs rotational yaw and pitch motion in two degrees of
freedom through transfer of the two linear movements by the elastic mechanism at the tip.
(b) The thinnest part of the mechanism is 2.2 mm, allowing it to be fitted to a conventional
15-mm trocar.

Fig. 5 (a) The pitch motion is performed by moving the two spring blades in the same
direction. (b) The yaw motion can be performed by moving the two spring blades in different
directions.
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addition, based on the ideal approach angle reported for US inspection [7], we
determined that the required working range is ±90 degrees in the yaw axis
and 0 to 90 degrees in the pitch axis (0 degrees in both pitch and yaw when
the tip is straightened). Notably, the yaw motion is only allowed at a pitch
angle of equal or larger than 20 degrees to avoid a physical collision between
the fixture notch on the US probe and the manipulator.

The spring was designed to fulfill the design criteria for maximization of
the working area. Figure 6 shows the three conditions taken into account for
the design, considering the yaw motion. First, (a) the two spring blades must
not collide with each other while in motion. Second, (b) the singularity point
regarding the kinematic model must be avoided. Finally, (c) because the pitch
rotation axis is located below the two spring blades, elastic parts must remain
on the axis, allowing rotation by deformation of both spring blades. We also
performed a series of finite element analyses (FEAs) with the model meshed by
a hexahedron using FEMAP Ver. 10.0.2 (Siemens PLM Software, Plano, TX,
USA). As a representative example, FEA was performed by DAFUL Ver. 5.0
(Virtual Motion, Seoul, Korea.). The optimized spring is shown in Figure 8.
The spring should be designed to not exceed the yield strain of the material (7
%) to prevent damage that may cause breakage. We simulated the position in
which the springs were strained at maximum with different spring thicknesses.
The results revealed that the maximum strain appeared to be 6.46 % when the
spring thickness was configured at 0.2 mm (9.16 % and 14.7% when the spring
thickness was 0.3 mm and 0.4 mm, respectively). Therefore, we determined
that a spring thickness of 0.2 mm that was ideal for the prototype design
because the maximum strain was smaller than the yield strain.

Two flat springs (0.2 mm in thickness) were fabricated from nickel titanium
alloy to allow a high degree of deformation. Notably, the deformation of the
two flat springs is guided by two mechanical hinges attached at the tip on each
DOF; thus, each spring adequately deforms as precalculated in the FEA. The
working range is 20 to 90 degrees in the pitch axis and +90 to −90 degrees in
the yaw axis, also as precalculated in the FEA.

Fig. 6 These images show the three conditions taking into account the spring design in
terms of yaw motion. (a) The two spring blades must not collide with each other when
in motion. (b) The singularity point regarding the kinematic model must be avoided. (c)
Elastic parts must remain on the pitch rotation axis.
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2.4 Kinematic modeling

To adequately control the manipulator’s posture at the tip, an inverse kine-
matic model is required to compute the positions of the linear motors according
to the desired angles in the pitch and yaw axes.

In pitch motion, the spring blades are largely deformed, and this deforma-
tion affects the kinematic model. When the two spring blades are moving in
the same direction, pitch motion is generated at the tip. We thus performed
an FEA analysis and obtained the inverse kinematic model by approximation
using the fifth-degree equation because the coefficient of correlation between
the FEA and the approximated model - R2 was converged to 1.000 by the
fifth-degree equation.

Lp = −4θ5 × 10−10 + 7θ4 × 10−8 − 6θ3 × 10−6 + 3θ2 × 10−4 + 3.36θ × 10−2 (1)

where Lp is the displacement of linear motor from the initial position (pitch
angle θ is 0 degrees when Lp is 0 mm).

The yaw angle is obtained by the geometric conditions of the two spring
blades. When the two spring blades move in different directions, the mechanism
performs a yaw motion. First, from the angles β and γ as shown in Figure 9,
the following equations are derived:

cosβ =
Lyl +

√
l2 + h2 − (s− r cos δ)2 + r sin(δ − ϕ)− r sin δ − r sin δ√

l2 + h2
(2)

Fig. 7 This figure shows a representative example of the finite element analysis results. The
motion of the pitch and yaw axes can be performed by simulating the spring deformations.

Fig. 8 The dimensions of the spring were determined by a series of finite element analyses.
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sinβ =
s− r cos(δ − ϕ)√

l2 + h2
(3)

cos γ =
−Lyl +

√
l2 + h2 − (s− r cos δ)2 + r sin(δ + ϕ)− r sin δ − r sin δ√

l2 + h2
(4)

sin γ =
s− r cos(δ + ϕ)√

l2 + h2
(5)

where Lyr and Lyl are the displacements of the right and left linear motors
from the initial position (yaw angle ϕ is 0 degrees when Lyr and Lyl are 0 mm),
respectively. Other parameters are shown in Figure 9. By sum of squares of
equations (2), (3) and (4), (5), we obtain:

l2 + h2 = {Lyl +
√

l2 + h2 − (s− r cos δ)2 + r sin(δ − φ)− r sin δ}2 + {s− r cos(δ − φ)}2 (6)

l2 + h2 = {−Lyr +
√
l2 + h2 − (s− r cos δ)2 + r sin(δ + φ)− r sin δ}2 + {s− r cos(δ + φ)}2 (7)

From Equations (6) and (7), the displacement of springs Lyl and Lyr for
performing the yaw axis motion with the angle ϕ is obtained as follows:

Lyl = −
√

l2 + h2 − (s− r cos δ)2)− r{sin(δ − ϕ)− sin δ}+
√

l2 + h2 − {s− r cos(δ − ϕ)}2 (8)

Lyr =
√
l2 + h2 − (s− r cos δ)2) + r{sin(δ − ϕ)− sin δ} −

√
l2 + h2 − {s− r cos(δ − ϕ)}2 (9)

Note that Lyl and Lyr are symmetrical because the differential motion of Lyl

and Lyr produces the yaw motion.
Finally, the target positions of Ll and Lr for performing the pitch and yaw

motion with the angles of θ and ϕ are derived as follows:

Ll = Lp + Lyl (10)

Lr = Lp + Lyr (11)

Note that the kinematic model is derived from the pitch and yaw axes
independently. Because a high pitch angle increases the deformation of both
springs, the yaw motion is influenced by the pitch motion. This is examined
and discussed in the following section.
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Fig. 9 This figure shows the parameter definitions used in the kinematic modeling.
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2.5 Evaluations

We conducted a series of mechanical experiments to evaluate the accuracy and
rigidity of the prototype. In addition, an in vivo experiment was performed on
a pig to evaluate the overall utility.

2.5.1 Position accuracy test

Because the device is hand-held, its position accuracy largely affects its utility,
especially in terms of repeat accuracy (e.g., the device is expected to accurately
return to the original position when the surgeon gives the motion command).
The test was performed in the both DOF (pitch and yaw motion).

Figure 10 shows the experimental setup for the mechanical evaluation. The
prototype was firmly fixed onto the experimental rig while image markers were
attached at the tip. The motion was performed while the tip was monitored
by a motion processing microscope (VW-6000; Keyence Corporation, Osaka,
Japan), and the recorded image was further processed as a trajectory. All
motions were measured three times at a sampling rate of 250 frames per second.
The accuracy of the measurement system employed in the experiment was
50 µm. The pitch and yaw motion were independently performed for each
measurement. The pitch motion was performed from 0 (straightened) to 90
degrees. The yaw motion was performed in the range of ±90 degrees, while
the pitch angle varied (20, 45, and 90 degrees). Note that yaw motion was only
allowed when the pitch angle was larger than 20 degrees to avoid mechanical
collision between the manipulator and US probe.

2.5.2 Rigidity test

The proposed device manipulates the LUS probe to scan the organ surface.
Thus, some degree of softness is needed to avoid damaging the organs. Few
studies have been performed to assess the most appropriate force to be applied
against the organs in LUS; however, we determined that the most desirable
device rigidity for appropriate performance of LUS ranges from 1 to 10 N/mm,
taking into account previously published work [11], [13].

Fig. 10 Experimental setup for accuracy and rigidity tests.
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The rigidity of the proposed device varies according to the motion caused
by the spring deformations. We therefore measured the rigidity with the pro-
totype in different postures (pitch angle varied from 20 to 90 degrees, while
yaw varied at 0, ±30, ±60 and ±90 degrees). The rigidity was computed from
the displacement observed while a 1.5-N load was applied at the tip. The mea-
surements were performed using the same setup used in the accuracy test,
and the load was applied by a force gauge. The measurements were performed
three times in each position.

2.5.3 In vivo experiment

As a preliminary evaluation, we conducted an in vivo experiment on a pig. The
prototype was inserted to the abdominal cavity, and a liver scan was performed
while observing the surgical area with a laparoscope. The experiment was per-
formed by experienced laparoscopic surgeons, and the ethical code for animal
experimentation established by Kyushu University was strictly observed.

3 Results

3.1 Position accuracy test

The measured pitch and yaw motion trajectories are shown in Figure 11, and
computed error regarding the rotational center from the trajectory is shown
in Table 1. The pitch motion showed high accuracy with a mean error of 0.289
degrees, while the error in yaw motion increased as the pitch angle increased.
This tendency was clearer for the larger angles of the yaw axis. These findings
suggest that large deformation of the springs causes discordance between the
kinematic model and actual deformation. However, the accuracy is generally
good in compliant mechanisms because it does not contain conventional me-
chanical elements (e.g., pins and bearings) that cause mechanical play. The
experimental result shown in Figure 11(b) supports this fact. This error can
be further reduced by including this result in the kinematic model; however, as
a hand-held device, the error seems to be sufficiently small. Repeat accuracy
is expected to be a key factor for the utility of LUS because the user directly
handles the device during the procedure. This issue is further evaluated and
described in the in vivo experiment.

Table 1 Results of accuracy test

Motion Angular mean error [deg] Range of Motion [deg]
Pitch 0.289 from 0.453 to 90.0

Pitch20deg/Yaw±90deg 1.09 from -88.4 to - 89.6
Pitch45deg/Yaw±90deg 1.44 from -88.8 to - 88.2
Pitch90deg/Yaw±90deg 2.05 from -83.9 to 89.5
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3.2 Rigidity test

The experimental results regarding the pitch and yaw axes are shown in Figure
12. The rigidity increased as the pitch angle increased, as shown in Figure
12(a). This was in accordance with the nature of a compliant mechanism;
i.e., a large spring deformation increases the rigidity. The variation in the
rigidity according to the yaw motion was mostly uniform at approximately
2.0 N/mm, except when the yaw angle was −90 degrees, in which case the
rigidity was approximately four times stiffer. This was supposedly caused by a
mechanical collision in the mechanical chain that unexpectedly occurred due
to an assembly error. Overall, the rigidity was within the desirable range to
avoid unexpected damage to the organs while allowing for accurate probing.

3.3 In vivo experiment

The pictures taken by the laparoscope during the procedure are shown in
Figure 13. The result showed that the prototype could successfully perform
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the US scan with both pitch and yaw motions. The intrinsic elastic structure
of the prototype was found to be useful because it adequately fit the curved
surface without taking extra care or risking an excess load on the phantom
model. The rigidity of the manipulator was 1.69 N/mm at the initial position
(pitch, 20 degrees; yaw, 0 degrees) when the load was applied against the US
probe from the bottom.

A vessel localization task was also successfully performed in an in vivo test
on a pig. Examples of US images taken in the in vivo experiment are shown in
Figure 14. The obtained US image quality was fairly good for the inspection
because the prototype could provide appropriate amount of pressure to be
fitted on to the curved organ surface without taking extra care. The yaw
motion was found to be highly effective for investigating the vascular network
because the manipulator allowed the US probe to turn while maintaining the
same position; the vessel could thus be seen from both the longitudinal and
traverse section.

This motion cannot be performed by a conventional LUS probe. Thus, the
feasibility of the prototype was shown.

4 Discussion and Conclusion

In this study, we evaluated the use of a laparoscopic US scan manipulator con-
sisting of a newly developed spring-based elastic mechanism. The movement of

!"#!$# !%#

Fig. 13 The in vivo test demonstrated the feasibility of the prototype. (a) Approaching
the target area. (b) Pitch motion performed to fit the prototype to the organ surface. (c)
Yaw motion performed to search for hidden vessel networks in the liver.

!"# !$#

Fig. 14 Examples of US images taken in the in vivo experiment. (a) shows a longitudinal
section of a vessel, and (b) shows a traverse section of a vessel.



14 Jumpei Arata et al.

the two flat springs allows the prototype to perform motion in two motorized
DOF at the tip (pitch, yaw, and manual rotation along the long axis). The
diameter of the prototype is 15.0 mm, and the LUS probe in the prototype
is 12.8 mm in diameter. A notable feature of the proposed device is the new
elastic mechanism. This mechanism allowed the low-profile design of the ma-
nipulator to be fitted into a 15-mm-diameter trocar together with the LUS
probe. The accuracy test showed a fairly accurate characteristic as a hand-
held device because the proposed mechanism does not have mechanical play.
In addition, the intrinsic elastic structure allowed the US probe to adequately
fit on the curved organ surface without extra effort of manipulation during
the inspection. This avoids unexpected organ damage. In the in vivo experi-
ment, the yaw motion was found to be effective for investigating the vascular
network because the manipulator allows the probe to be rotated while main-
taining the same position. This advantage would be useful in combination with
a computer-aided navigation system. We are currently working on the devel-
opment of a real-time navigation system that can perform three-dimensional
reconstruction of ultrasonographic images by implementing a magnetic posi-
tion sensor (Aurora; Northern Digital Inc., Waterloo, Ontario, Canada) at the
tip of the manipulator [14], [15].
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