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In teleoperated, minimally invasive surgery systems,
the measurement and conveyance of a sense of force
to the operator is problematic. In order to carry out
safer and more precise operations using robotic ma-
nipulators, force measurement and operator feedback
are very important factors. We previously proposed
a pneumatic surgical manipulator that is capable of
estimating external force without the use of force sen-
sors. However, the force estimation had a sensitivity
of only 3 N because of inertia and friction effects. In
this paper, we develop a new and improved model of
the pneumatic surgical manipulator, IBIS IV. We eval-
uate its performance in terms of force estimation. The
experimental results indicate that IBIS IV estimates
external forces with a sensitivity of 1.0 N. We also con-
duct an in-vivo experiment and confirm the effective-
ness and improvement of the manipulator.

Keywords: surgical robot, force feedback, bilateral con-
trol, pneumatic servo system

1. Preface

Recent active developments of manipulators to assist
surgical operations [1] are focused, among other things,
on the development of various forceps manipulators with
bending DOFs at the tip. This is in order to solve the prob-
lem of insufficient freedom extant in conventional surgical
tools. There are two types of forceps manipulators: hand-
held ones that are highly compatible with conventional
surgical tools [2, 3] and master-slave systems [4–8].

The master-slave system, though a complex system, al-
lows intuitive manipulation of surgical tools. To ensure
more intuitive and much safer manipulation, presentation
of contact force to operators is an indispensable function
of the system [9–13].

The master-slave system often uses an electric motor
with a reduction gear having a high reduction ratio to real-
ize precise positioning. Low back-drivability of the elec-
tric motor will require a force sensor at the tip of the for-
ceps to detect minute forces. In practice, however, a force
sensor at the tip of the forceps is not desirable in terms of

miniaturization, sterilization, calibration, and cost. On the
other hand, the use of direct-driven motors or geared mo-
tors with low reduction ratios will allow the estimation of
external forces and the control of forces without the use of
a force sensor [14, 15]. Such a motor, however, needs to
be large enough to develop adequate drive torque, which
makes it difficult to lighten or miniaturize the manipula-
tor.

In such a context, we have worked on the develop-
ment of a robotic system for laparoscopic surgery with
7-DOFs. In this system, pneumatic actuators, instead of
electric motors, are used to detect external forces based on
pressure values without a force sensor [16]. A pneumatic
cylinder with a high power-to-weight ratio obviates the
need for a reduction gear in order to realize compatibility
between adequate torque and high back-drivability, and it
also makes the system smaller and lighter. The high back-
drivability of the pneumatic actuator allows the detection
of external forces from pressure data and compliance con-
trol of the system without the use of force sensors.

Earlier prototypes could only present estimated exter-
nal forces with a sensitivity of around 3 N [16], which
is insufficient for the presentation of minute forces gen-
erated during surgery to the operator. We have therefore
prototyped a new, improved model of surgical manipula-
tors IBIS IV, which has higher performance in the esti-
mation of external forces, and we have conducted experi-
ments to verify its effectiveness.

This paper reports on the developments of and subse-
quent experiments with the new model surgical manipu-
lators.

Section 2 of this paper describes the mechanism and
construction of the new model of pneumatically driven
surgical manipulators IBIS IV, which have been newly
designed and developed to overcome various issues with
conventional models.

Section 3 deals with the configurations of the master-
slave system composed of the new model IBIS IV and
earlier developed master manipulators. It also deals with
its bilateral control.

Section 4 covers the experiments to evaluate the new
manipulator model on its performance in estimating ex-
ternal forces. It also covers experimental results of the
newly constructed master-slave system.
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Fig. 1. Newly developed surgical manipulator IBIS IV.

Section 5 provides reflection on the knowledge ac-
quired through this research, and future issues and out-
looks.

Section 6 is a summary list of conclusions.

2. Pneumatically Driven Surgical Manipulator
IBIS IV

Figure 1 shows the newly designed and developed
pneumatic surgical manipulator IBIS IV. The new model
IBIS IV, consisting of 2-DOFs forceps manipulators and
4-DOFs supporting manipulators, has 6-DOFs in total.
In this system, external forces are estimated from drive
forces of the actuator as obtained through back-drivability
of the system. Hence, mechanical impedance of the ma-
nipulator, including the effects of self-weights, needs to
be compensated. Even the accuracy of inverse dynam-
ics model affects to external force estimation, it is almost
impossible to create such a perfect model. It becomes
critically important, therefore, to minimize mechanical
impedance itself by reducing the weight and friction of
the manipulator.

With the foregoing taken into consideration, in this pro-
totype, weights of movable parts have been reduced to
around one-half of those of the previous prototypes to re-
duce inertial effects.

Elements of the system are described in detail below.

2.1. Supporting Manipulator
As shown in Fig. 2, the supporting manipulator has 4-

DOFs in total, consisting of 3-DOFs in rotation around

Fig. 2. Supporting manipulator.

the inlet of a trocar cannula and 1-DOF in translation in
the direction of forceps insertion. A combination of two
sets of parallel link mechanisms and a gimbal mechanism
provides a remote center of motion, so that the pivot point
at the trocar cannula is mechanically immovable without
direct support. Such a mechanism allows actuation of the
forceps with minimum loads in-vivo, and it also obviates
position-coordinates of the insertion port in the kinematic
algorithm.

The φ axis is driven by converting linear motions of the
cylinder to rotational motions with a slider-rocker mech-
anism, as shown in Fig. 3. This mechanism, in which the
drive cylinder gets inclined together with manipulator as
one as φ axis rotates, does not protrude outwardly, thus
requiring only a minimum of space. The relationship be-
tween linear displacement X of the cylinder piston and
rotational angle φ is expressed as follows:

X = d tanφ . . . . . . . . . . . . . . (1)

where d denotes distance, as shown in Fig. 3. Joint
torques τφ are obtained from forces Fφ of cylinders in ac-
cordance with the principle of virtual work as follows:

τφ =
∂ X
∂ φ

Fφ . . . . . . . . . . . . . . (2)

= d(1+ tan2 φ)Fφ . . . . . . . . . . (3)

On the ψ axis, the slider-crank mechanism has a com-
mon axis of rotation with the parallel link mechanism, as
shown in Fig. 4, so as to convert linear motions of the
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Fig. 3. Design of slider-rocker mechanism for φ axis.

Fig. 4. Design of slider-crank mechanism for ψ axis.

cylinder to rotational motions. Kinematic relations and
joint torques are then obtained as follows:

L =
√

r2 +h2 +2rh sinψ ′ . . . . . . . . (4)

τψ =
∂ L
∂ ψ

Fψ . . . . . . . . . . . . . . (5)

=
rhcosψ ′√

r2 +h2 +2rh sinψ ′ Fψ . . . . . . (6)

ψ ′ = ψ +ψ0. . . . . . . . . . . . . (7)

Fig. 5. Tip of forceps manipulator.

where L denotes the distance representing the linear dis-
placement of the cylinder; r and h are constant link param-
eters. For translation ρ in the direction of the insertion
of the forceps, we take linear motions of the pneumatic
cylinder.

In this prototype, which has a mechanism similar to that
of conventional manipulators, we have set the parameters
for the link mechanism as follows with balance between
working areas and output torques taken into considera-
tion: d = 36 mm, r = 68 mm, h = 70 mm, tube diameter
of pneumatic cylinder on ρ axis = 10 mm, and its stroke
= 100 mm.

In addition, we have added a rotating mechanism in the
direction of the insertion of the forceps. The mechanism
uses a pneumatic rotary actuator to ensure simplified de-
tachment from and attachment to the forceps manipulator.
This allows the use of fewer parts in the detachable part,
and we have also trimmed excess parts of the links. As
a result, the weight of the movable part of the supporting
manipulator has been reduced from 2.5 kg to 1.4 kg.

2.2. Forceps Manipulator
The forceps manipulator can make bending of 2-DOFs

at the tip, as shown in Fig. 5, and the joints are tendon-
driven via stainless wire by the pneumatic cylinder fitted
in the rear drive part, as shown in Fig. 6. The wires that
drive the second joint are so constrained by guide-rollers
3.4 mm in diameter that they must pass through the rota-
tional center of the first joint. As shown on the schematic
drawing of a tendon drive with 1-DOF in Fig. 7, two sets
of such tendon-driving systems are installed at right an-
gles to each other about the direction of the forceps inser-
tion.

While the conventional manipulators adopt pneumatic
vane motors for driving wires and have rotational free-
dom about the direction of the insertion of the forceps, this
prototype, in which the supporting manipulator has such
rotational freedom and pneumatic cylinders drive the ten-
dons, realizes downsizing of the drive part, and this helps
reduce the weight of the forceps manipulator from 0.6 kg
to 0.2 kg.

Now, we will discuss how to control joint torques τ and
mean tensions Tm.
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Fig. 6. Drive of forceps manipulator.

Fig. 7. Schematic view of tendon drive using pneumatic
cylinders.

First of all, we can easily obtain static relations geo-
metrically as follows:

τ = r(T1 −T2) . . . . . . . . . . . . . (8)

Tm =
T1 +T2

2
. . . . . . . . . . . . . (9)

where r denotes the radius of the pulley at the forward
end, and T1 and T2 the tensions of the left and right wires.

T1 and T2 are obtained as follows:

T1 = Tm +
τ
2r

. . . . . . . . . . . . (10)

T2 = Tm − τ
2r

. . . . . . . . . . . . (11)

For the tendon drive to be stable will require tension on
the wire to be sufficiently strong for it to cause no slack.
With minimum tension expressed by T0 and mean tension
by Tm in the following equation:

Tm = T0 +
1
2
|τ| . . . . . . . . . . . . (12)

Fig. 8. Schematic drawing of gripper.

then

T1 = T0 +
|τ|+ τ

2r
≥ T0 . . . . . . . . . (13)

T2 = T0 +
|τ|− τ

2r
≥ T0. . . . . . . . (14)

which assures that tensions T1 and T2 will be stronger than
T0. That is to say, if we control wire tension in the way
expressed by the Eqs. (13) and (14), we can generate ar-
bitrary drive torques τ while maintaining wire tension at a
level of T0 or above. Assuming that the frictions in pneu-
matic cylinders are negligible or sufficiently compensated
for, T1 and T2 will become equivalent to the drive forces
of the cylinders. The drive forces of pneumatic actuators
are calculated based on measured pressure with pressur-
ized areas of the piston. We have confirmed that a PI con-
trol system with a servo valve, feeding back the calculated
forces, generated arbitrary drive forces up to about 30 Hz
within a supply pressure [17]. The power of the manipu-
lator can be adjusted easily and reliably by reducing the
supply pressure.

2.3. Gripping Mechanism

Most conventional multi-DOF-forceps use wire to drive
the gripper; wire passed through over plural joints at the
risk of interference with other joints. When especially
strong gripping forces are to be generated, increased wire
tension to drive the gripper will also increase loads on
other joints over which the drive wire passes, resulting
in changes in the joints’ frictional characteristics, etc. In
our earlier researches [16] on conventional manipulators
using wire to perform open/close actions of the gripper,
such interference posed a problem.

We have developed a new gripping mechanism in
which a micro pneumatic cylinder and slider-crank mech-
anism are in combined use to generate strong gripping
forces without causing interference to other joints, as
shown in Fig. 8. In the newly developed holding mecha-
nism, the pneumatic cylinder is driven by high-pressure
air supplied through a polyethylene tube of 1.0 mm in
outer diameter and 0.5 mm in inner diameter. It is con-
nected into the hole at the backside of the cylinder; the
gripper is closed by the thrust forces of the cylinder and
opened by reaction forces of the coil spring.

The relationship between gripper angles θ and linear
motional displacements X is expressed by the following
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Table 1. Parameters of gripper.

Cylinder diameter 8.5mm
Cylinder stroke 2.3 mm
Spring constant 0.39 N/mm

Link a 3.45 mm
Link b 5.40 mm

α 141◦

equation:

X = −bcos(θ +α)+α

√
1−

(
b
a

sin(θ +α)

)2

. . . . . . . . . . . . . . . . (15)

where a and b denote the lengths of the links, as shown in
Fig. 8, and α denotes the angles of the links. Torques τθ
to open and close the gripper are obtained from forces F
of the cylinder, based on the principle of virtual work, as
follows:

τθ =
∂ X
∂ θ

F . . . . . . . . . . . . . (16)

=


b sin(θ +α)− b sin(θ +α)cos(θ +α)√

1− (b
a sin(θ +α)

)2


F

. . . . . . . . . . . . . . . (17)

Suture needles are about 0.5–0.7 mm in diameter, and
they are held by the gripper at angles of about 12◦. If link
parameters a, b, and α are so designed that the denomi-
nator of the second member in the parenthesis in Eq. (15)
should be asymptotic to zero under the condition, then it
become a singular configuration by ∂ X/∂ θ → ∞ during
gripping a needle. Therefore, we will be able to gain a
huge τθ at small extrusion forces F of the cylinders for
gripping a needle. This prototype has been designed to
the parameters in Table 1 with gripping forces, working
ranges and sizes of the mechanism taken into account. In
this case, a singular configuration of ∂ X/∂ θ = ∞ is ob-
tained at θ = −0.6◦, barely outside the range of move-
ment.

This prototype can generate strong gripping forces of
25 N or more with the gripper in almost closed condi-
tions. Such strong gripping forces are generated without
the use of wire for power transmission, hence no loads are
generated on other joints.

The part forward of the cylinder can be easily removed
to allow repeated cleanings of the inside of the cylinder.
The air supply tube can also be removed for replacement.
With O-rings made of highly heat-resistant fluoro-rubber
materials, the gripper can be sterilized in an autoclave.

3. Master-Slave System

3.1. System Configurations
We have developed a master manipulator capable of

displaying sense of force with 6-DOFs [18]. Fig. 9 shows

Fig. 9. Developed master manipulator using delta mechanism.

the newly developed master manipulator, in which a delta
mechanism for translation and a serial gimbal mechanism
for orientation are in combined use to realize a wide work-
ing range as well as compactness. As there are no con-
straints on the fitting sensors in the master manipulator,
we have installed a 6-axis, force sensor at the rotational
center of the gimbal and have used AC servo motors with
built-in Harmonic Drive for the actuator. Thus, we have
adopted admittance control for the master manipulator.

The master-slave system consisting of these manipula-
tors is shown in Fig. 10. Communications between master
and slave are based on UDP/IP, which we have confirmed
may cause a delay of 1 ms or less on local networks.

3.2. Bilateral Control by Impedance Control
One of the objectives in the control of the master-slave

system is to realize high degrees of transparency by mak-
ing identical positions and forces for master and slave ma-
nipulators on the task coordinate system, irrespective of
environments [19, 20]. Such an ideal system could pro-
vide a feel to the operator as if the task were hands-on.
Then, the accuracy and safety of the task would com-
pletely depend on the operator’s skills. This would mean
that any unexpected generation of excessive velocities or
forces, or any trembling of the hands, would be repro-
duced in the slave manipulator owing to the high trans-
parency of the system.

In our master-slave system, we have applied compli-
ance control to the slave manipulator to take advantage
of flexibility and back-drivability of the pneumatic drive.
This will help prevent excessive loads from generating
in-vivo, but may cause positional deviations between the
master and slave manipulators. Generally, however, oper-
ators do not look at one’s hands or the master manipulator
during the task, but they get visual feedback on positions
of the slave manipulator on the monitor, without any par-
ticular odd feelings. On the other hand, the master ma-
nipulator is provided with appropriate viscosity effects to
constrain any trembling of the hands or the generation of
excessive velocities.
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Fig. 10. Developed master-slave system.

Based on the above-mentioned consideration, master
and slave manipulators are so controlled as to be provided
with the following impedance characteristics.

slave : − fs = Msr̈s +Bs(ṙs − ṙm)+Ks(rs − rm)

. . . . . . . . . . . . . . . (18)
master : fm − fs = Mmr̈m +Bmṙm . . . . . (19)

where,

rs ∈ R6×1 : Positional vector of the forward tip of
the slave

rm ∈ R6×1 : Positional vector of the forward tip of
the master

fs ∈ R6×1 : Forces applied to environments by
the forward tip of the slave

fm ∈ R6×1 : Forces applied to the master by oper-
ators

Ms ∈ R6×6 : Set inertia for the slave
Mm ∈ R6×6 : Set inertia for the master
Bs ∈ R6×6 : Set viscosity for the slave

Bm ∈ R6×6 : Set viscosity for the master
Ks ∈ R6×6 : Set rigidity for the slave

Figure 11 shows a 1-axial conceptual model of an
impedance-controlled master-slave system. As shown in
Fig. 12, the slave manipulator is controlled by impedance
control with internal force-control loops, and the master
manipulator, by admittance control. “Pneumatic Force
Controller” and “Motor Driver” in Fig. 12 respectively re-
fer to the PI controller for the drive force of the pneumatic
actuator and to the PID controller for angular velocities by
the motor driver. Function Z represents an inverse dynam-
ics model of the slave manipulator, where reference drive
forces fref on the slave side are dealt with as estimated
external forces to be transmitted to the master side.

4. Experimental Results

4.1. Experiments to Estimate External Forces

We have conducted experiments with the IBIS IV to
evaluate its performance in estimating external forces.

Fig. 11. Conceptual model of impedance-controlled
master-slave system.

Fig. 12. Block diagram of bilateral control.

The experiments have been conducted with the system in
which the control systems in Fig. 12 are implemented and
with drive forces fref taken for external forces fext. In the
experiments, we have established the following settings:
Ms = 0.1 kg, Bs = 0.02 Ns/mm, and Ks = 0.4 N/mm.

In the first experiment, we let the forceps move freely
to the reference positions of a sinusoidal wave without
contact with external environments. Estimated external
forces as obtained through the experiment are shown in
Fig. 13. Ideally, estimated external forces during free mo-
tions should be 0 N, but in practice there are some er-
rors of around ±1.0 N at the maximum. In transmitting
force-data to the master, therefore, the force-data need to
be passed through a threshold filter, which cuts off sig-
nals with an absolute value less than 1.0 N, so that such
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Fig. 13. Estimated external force during free motion.

Fig. 14. Experimental setup.

errors in estimation could be filtered and not transmitted
to the master. Consequently, the system’s sensitivity to
forces is 1.0 N. Such errors in estimation, which prob-
ably represent errors of the inverse dynamics model of
the manipulator, are fewer than conventional prototypes
by 50% or more, thus proving improvements in perfor-
mance. Further improvement in sensitivity to detect much
more minute forces will require further lightening of the
system and further improvement of the dynamics model.

In the second experiment, we have compared, against
estimated forces, output of the force sensor when suture
thread in the fixed force sensor is held and pulled by the
forceps manipulator, as shown in Fig. 14. In the experi-
mental results, shown in Fig. 15, errors are within around
0.5 N, indicating that output of the force sensor corre-
sponds considerably well to the values estimated by the
IBIS IV. These errors are considered mainly due to fric-
tional forces of the mechanism. In the future, therefore,
we need to reduce friction further.

4.2. Experiments on Bilateral Control by
Impedance Control

With the above-mentioned system in which impedance
parameters are set as per Table 2, we have carried out
a suturing task on a dummy organ, as shown in Fig. 16.
Fig. 17 shows a part of the experimental results with re-

Fig. 15. Comparison between estimated force and sensor
output.

Table 2. Impedance parameters.

Ms 0.02 kg
Mm 1.0 kg
Bs 0.02 Ns/mm
Bm 0.009 Ns/mm
Ks 0.6 N/mm

Fig. 16. Suturing experiment.

spect to y-axial responses of positions and forces for the
master and slave manipulators; the operator is handling
the thread to form a knot until approximately 60 s. Dur-
ing this time, there are almost no forces generated and the
slave manipulator follows up the master manipulator very
closely in positions. In the lapse of about 60 s, the opera-
tor has started pulling the thread and tightening knots, at
which time there are forces of as much as 2 N generated.
Positional deviations of the master and slave manipula-
tors are proportional to external forces as per the set val-
ues of stiffness Ks, and the master and slave manipulators

Journal of Robotics and Mechatronics Vol.22 No.2, 2010 185



Tadano, K. et al.

Fig. 17. Experimental results of bilateral control.

Fig. 18. In-vivo experiment.

present practically identical forces, suggesting that thread
tensions are adequately fed back to the operator.

4.3. In-Vivo Experiments
We have conducted, using the developed master-slave

system, in-vivo experiments on a pig, as shown in Fig. 18.
The experiments had the following objectives:

• to confirm the motions of the manipulators in intra-
abdominal environments,

• to confirm setting up procedures in surgical sites, and

• to obtain data on forces in in-vivo environments.

We have carried out the task of pushing a needle into
the liver and intestines and then suturing them under pneu-
moperitoneum.

We have found from the experiments that the forward
tip of the manipulator, in particular the gripping mecha-
nism, works very well in handling the curved needle at
strong gripping forces without any adverse effects from
body fluids. The suturing task in the abdomen was
smoothly accomplished by the operator. Against concerns
about possible deviations in positions between the remote
center of motion of the manipulator and the actual in-
sertion point due to respiration or changes in abdominal
air pressure, in practice, no deviations in position have
been observed when the forceps manipulator is inserted.

While there is no abdominal gas leakage observed through
the forceps manipulator, some body fluids are pushed out
from the abdomen by capillarity or abdominal air pres-
sure, and they have run along the wire path into the po-
tentiometer that measures angles of the forward end joint.
This has caused too much noise in displacement measure-
ments to obtain favorable results in estimations of external
forces.

5. Discussion

5.1. Force Sensitivity
The proposed surgical manipulator, in which external

forces can be estimated through the use of the back-
drivability of the pneumatic actuator, is susceptible to ef-
fects of the dynamics of the manipulator itself, such as
friction and inertia. How to mitigate such effects, there-
fore, is an essential issue. In this research, we have re-
duced the weight of the movable part of the manipulator
to mitigate effects of inertia and friction, and thereby to
reduce absolute errors of the dynamics model. As a re-
sult, about a 50% reduction in the weight of the movable
part has improved sensitivity to external forces to about
1.0 N, an increase of at least 50%.

A sensitivity of 1.0 N is considered sufficient to sense
the tensions in tightening suturing thread, according to
reference [11] and in-vitro experimental results. This de-
gree of sensitivity, however, is not enough to get a feel
when soft organs are lightly pushed down. We therefore
need to further improve force sensitivity of the manipu-
lator in the future. Further miniaturization and lighten-
ing of the manipulator will enable it to estimate external
forces to a much higher degree of sensitivity. At the same
time, we may have to quantitatively evaluate and clarify
the actual relations between force sensitivity and the effi-
ciency/safety of the task in the future.

5.2. Behaviors in In-Vivo Environments
In the in-vivo experiments, we confirmed that the ma-

chine can successfully perform suturing tasks in the ab-
domen of the subject. However, we also experienced a
new problem – that of significant noise in the measure-
ments of displacements due to body fluids running out
of the abdomen, along the forceps, and into the poten-
tiometer. The problem may be resolved by devising wire
paths so that water does not reach the potentiometer or by
changing the construction so that the water is let out in
other ways.

Respiration might cause slight changes in loads applied
to the manipulator at the insertion point, although no devi-
ations are observed in positions between the remote cen-
ter of motion of the manipulator and the actual insertion
point. At this moment, such effects of respiration may be
negligibly small as compared to errors of the dynamics
model, but in the future when the manipulator is further
improved to make it much more sensitive to inner force,
such small effects may have to be addressed as well.
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As for sterilizing and cleaning the manipulator, the part
of the prototype forceps manipulator that contains the
pneumatic cylinders and potentiometers is detachable, as
shown in Fig. 6, to allow it to be cleaned and sterilized in
an autoclave. The supporting manipulator and the drive
part of the forceps manipulator that contains the actuators
and potentiometers are so heat resistant that they can be
sterilized by ethylene oxide gas. However, cleaning treat-
ments may affect the potentiometers and encoders. There-
fore, at present, they need to be covered with a drape dur-
ing operation.

5.3. Safety and Risks Involved in Operation
The ingress of water into the potentiometer as described

above may not only cause deterioration of control perfor-
mance but also risks of fault current. To avoid such incon-
veniences, energized parts need to be properly isolated,
and drive parts need to be made of non-conductive mate-
rials such as engineering plastics. This will also make the
drive parts lighter.

The forceps manipulator we have developed uses wire
to drive the bending joints. The wire, though sufficiently
strong against forces generated by the pneumatic cylin-
ders, is at risk of breaking at the bend due to flexure fa-
tigue. In the tendon-driving system of the forceps ma-
nipulator developed, displacements are redundantly mea-
sured by the potentiometers fitted to the wires on both
sides. Consequently, any broken wire may be detected
by checking the alignments in the readings of both poten-
tiometers. Still, if huge tensions are applied to the unbro-
ken wire in a pair, the bending joints will momentarily
rotate at high speed, involving a risk of delayed detection
of broken wires. We need to take countermeasures against
such problems.

On the other hand, pneumatic servo systems can not
only limit, by regulating supply pressure, the maximum
force generated by the manipulators in an easy and sure
way; they can also make the manipulators come to an
emergency stop by arranging an electromagnetic valve be-
tween the pneumatic actuator and servo valve in such a
way that it operates in the event of power failure or other
anomalous occurrence. In these systems, we can choose
whether forces are let off or retained in each joint by ex-
hausting or shut off compressed air in the actuator.

We need to study such emergency operations further in
the future.

6. Conclusions

This paper presents a new, enhanced model IBIS IV,
a pneumatically driven surgical manipulator we have de-
veloped as a prototype. Through the experiments to evalu-
ate its performance in estimating external forces, we have
confirmed that the newly developed model can estimate
external forces with a sensitivity of around 1.0 N with-
out the use of force sensors. We have also confirmed that
the newly constructed master-slave system can convey the

tension on suturing thread to the operator in an appropri-
ate way. We have confirmed through in-vivo experiments
that suturing tasks can properly be performed on the ab-
domen. Notwithstanding these achievements of the newly
developed model, we still have the following issues to be
addressed in the future: improvement in the basic per-
formance of the pneumatically driven forceps manipula-
tors, as well as the solution of various problems involved
and evaluations of their operability and safety, depending
on the availability of force-feedbacks and changes in the
scaling of set impedances, positions, and forces.
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