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A pneumatic rotary actuator
for forceps tip rotation

Katsuhiko Fukushima * Tetsuro Miyazaki † ¶ Toshihiro Kawase * ‡

Takahiro Kanno § Maina Sogabe† Yoshikazu Nakajima* Kenji Kawashima†

abstract
In this study, we propose a small rotary actuator mounted on the tip of a forceps manipulator for laparoscopic surgery.

The proposed actuator comprises a soft actuator (SA) and a cylindrical cam mechanism that converts linear motion into
rotary motion. The SA is made from silicone and driven pneumatically. Therefore, it is lightweight, inexpensive, and
highly biocompatible. Using an SA, the entire rotary actuator can be made lighter and smaller. In addition, the actuator
has the advantage of easy sterilization and disposability due to the absence of electrical parts in it. Furthermore, using
air as the power source, one can control the rotation angle with only a simple control that is not affected by the forceps
posture. In this study, we developed a prototype of the SA and measured its basic characteristics. Subsequently,
we mounted the SA on the proposed rotary actuator and confirmed the basic characteristics of the actuator through
cyclic motion and force measurement experiments. As a result of the experiments, a rotational angle of 70◦ or more
was measured and the target motion range was achieved. In addition, we confirmed that the rotary actuator exerted a
maximum torque of 3.0 N·mm, which was sufficient for the needling task on a silicone seat.

Keywords
Pneumatic rotary actuator, soft actuator, cylindrical cam, forceps manipulator

1. Introduction
In recent years, there has been an increasing demand for minimally invasive surgery (MIS) to reduce the burden on

patients. MIS is a type of surgery that treats the lesion site, minimizing unnecessary invasion of healthy tissues [1, 2].
Owing to the small wound, postoperative pain can be reduced, and the patient can return to normalcy early. However,
in laparoscopic surgery represented by MIS, the operational freedom of forceps is limited to four degrees of freedom
(DOFs), and the arbitrary position and posture of the forceps cannot be realized. Therefore, there is a problem that
the workspace is narrower than that in conventional open surgery, and the lesion site can be treated only within a
limited range. This problem causes a decrease in the surgeon’s workability. To solve this problem, multi-DOF forceps
manipulators equipped with multiple joints have been developed by companies and universities [3–5]. Kim et al.
developed a multi-DOF forceps manipulator with rigid link joints driven by a wire antagonistically [6]. This manipulator
inserts a four-DOF joint mechanism into the patient’s body and realizes a wide workspace. Kanno et al. developed a
mechanism that realizes four-DOF motion in the body by driving two serial flexible joints [7]. This manipulator has a
structure in which the root joint is driven by a superelastic alloy pipe, and the tip joint is driven by superelastic alloy
wires that pass through the pipe; therefore, the diameter of the manipulator can be reduced to 8 mm.

Our research group also proposed a selective driving joint forceps (SDJF) using a shape memory polymer for realizing
a wider workspace in the abdominal cavity [8]. Unlike conventional multi-DOF forceps, the SDJF has a mechanism
that allows the driving joint to be selected according to the situation. This is because the number of actuators can be
reduced while maintaining the wide workspace of multi-DOF forceps; therefore, the SDJF is expected to downsize its
driving unit and reduce development costs.

However, the aforementioned multi-DOF forceps manipulator has a problem in the DOF of rotation, which plays an
important role during needle insertion and pulling. There are two methods for achieving the rotation motion: mechanical
and control solutions. In the mechanical solution, a mechanism that arranges an independent rotation mechanism
driven by a wire at the forceps tip has been developed to realize the DOF of rotation [9]. The independent tip rotation
mechanism has a simple structure and can reduce the number of parts. However, the conventional mechanism has the
problem of torque loss owing to wire friction, and the tip rotation angle requires control according to the joint angle.
In the control solution, the rotational motion of the forceps tip was generated by the synchronized motion of the entire
joint, while the bending angle of the forceps was maintained at constant. The advantage of this method is that there is
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no need to add a rotational mechanism to the forceps manipulator. However, because it is necessary to control multiple
joint movements in synchronization, a slight control delay may cause the tip rotation trajectory to fluctuate, and the
rotation speed is limited. In addition, the multi-DOF forceps manipulator has a problem in that it becomes complicated
to control thereby risking the safety of the abdominal cavity.

Therefore, we aim to solve the aforementioned problem in this research. Specifically, we propose a novel small rotary
actuator driven by a soft actuator (SA) for a multi-DOF forceps manipulator. The proposed actuator comprises an SA
made of silicone that expands by supplying air and a cylinder with a built-in cam path. The cylindrical cam mechanism
converts the linear motion of the SA into rotary motion. The proposed rotary actuator is categorized as a mechanical
solution for the forceps tip rotation. By adopting the SA, which is a pneumatic system, one can control the forceps
manipulator without the conventional problems of torque loss owing to wire friction, and the tip rotation angle requires
control according to the joint angle. This configuration guarantees mechanical safety while inside the abdominal cavity.
Furthermore, because the proposed actuator does not use electrical parts, it is lightweight and easy to sterilize and clean,
and can be expected to reduce operating costs.

The remainder of this paper is organized as follows: In Section 2, we describe the basic characteristics of the proposed
rotary actuator and the proposed SA. In Section 3, we describe the experimental results of the basic characteristic
measurement of the rotation angle and output force using the proposed rotary actuator. Concluding remarks and future
works are provided in Section 4.

2. Rotary actuator using soft actuator
An exploded view of the rotary actuator and the SA is shown in Fig. 1. The rotary actuator comprises a bearing,

cyllindrical cam route, SA, linear and rotating parts, a spring, rotating parts, and a gripper. The tip of the rotating parts
is connected to the gripper to realize independent tip rotation. The diameter and length of the rotary actuator were φ12
mm and 30 mm, respectively. Therefore, it can be inserted into a trocar that is commonly used in surgery. The SA has a
hollow cylindrical shape with an outer diameter of φ9.0 mm, an inner diameter of φ4.0 mm, and a total length of 3.5 mm.
The weights of the SA and rotary actuator are 0.9 and 2.9 g, respectively, and the total weight including the grip is 8.5 g.
SA has been widely applied to various devices in recent years [10,11]. The SA used as a power source is an actuator that
is easy to sterilize and clean because it has no electrical parts and is suitable for medical use. For example, Tsukagoshi et
al. developed a self-propelled catheter with a steering function using a mono-line drive [12]. Hisatomi et al. developed
a joint mechanism for a forceps manipulator, which is a silicone SA with four chambers for bending [13]. The use of
SA can simplify the manufacturing process and decrease the cost of the robot mechanism. However, conventional SA is
driven by its flexible deformation; therefore, responsiveness and rigidity are the main issues. In addition, although SAs
can also realize rotational motion by limiting the deformation of the extension direction by a string, its size will increase
along with the range of the rotational motion. Responsiveness, rigidity, and actuator size are important specifications
for forceps manipulators in laparoscopic surgery, and the operation method of the forceps driven by SAs alone has not
been realized practically. Considering this issue, we embedded an SA as the power source in the rotary actuator. This
solves the problems of SAs, such as low rigidity and large size.

2.1 Structure of the rotation mechanism
The details of the rotary actuator are shown in Fig. 2. The linear and rotating parts shown in blue are pushed by the

SA and rotate while tracking the cam route. The rotating parts (green) connected to the linear and rotating parts (blue)
also rotate simultaneously, and these motions change the gripper angle. By converting the linear motion of the SA into
a rotary motion using the cam mechanism, the number of parts is reduced, and a lightweight rotary actuator is realized.

As shown in Fig. 3, the cam route realizes a rotation angle of 240◦ with a linear motion of 10 mm stroke. The
slope angle of the cam route was determined as 27◦ experimentally. A rotation angle of 180◦ or more is desirable for
the needling task. Because we made the first prototype of the proposed rotary actuator and SA in this research, we
experimentally confirmed the feasibility of the proposed rotation mechanism using an SA; therefore, the target rotation
angle of the prototype was set to 70–90◦ experimentally. Enlargement of the rotational angle is one of our future works.

Major advantages of our proposed mechanism to realize rotational motion are as follows: First, sterilization and
cleaning are easy. Devices used in medical applications require sterilization and cleaning to prevent complications
during surgery. The proposed rotary actuator driven by the SA made of silicone has a low risk of breaking during
sterilization and cleaning. In addition, it has a small number of parts, and its structure is simple, leading to a reduction
in the development cost.

Second, the proposed actuator is disposable. The robotic forceps used for medical purposes have a limited number
of uses and should be replaced approximately 10 times on average. Therefore, the use of conventional electric rotary
actuators will increase the running cost. Conversely, because an SA made of low-cost silicone is used, the proposed
rotary actuator is inexpensive and easy to mass-produce. In addition, using the SA of a pneumatic system, one can
estimate the external force from internal pressure changes, and this is one of our future works.

2.2 Structure and fabrication of the soft actuator
Fig. 4 shows the deformation of the SA at an inner pressure between 0 and 200 kPa. The initial length of the SA was

3.5 mm, and after 200 kPa pressurization, the length became 5.5 mm. The cylindrical SA had a hole in the center, as
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shown in Fig. 4. By making the central part hollow, the structure does not hinder the motion of the rotating parts. A
φ1.0 mm silicon tube is used to supply air into the SA.

As shown in Fig. 4, we confirmed that unintended bending occurred in the experiment. This means that the SA does
not expand simply in an axial direction. Unintended bending deformation of the SA may interfere with the desired axial
deformation, and it is desirable to make it as small as possible. The following strategies will be effective to ensure axial
deformation: A) constraint in the direction of motion by adding outer guide parts, B) improving dimensional accuracy
at the manufacturing stage of the SA, C) using a highly rigid spring, D) changing the radial cross-sectional shape of
the SA, etc. In this study, we adopted method A. As shown in Fig. 1, the SA is built into the cylindrical part, and this
part functions as a guide for axial deformation. There is a sliding part between the cylindrical part and the φ9.0 mm
spring, where sliding friction is expected to occur. In future work, we will consider improving the mechanical design
to minimize the friction force. For method B, the higher the dimensional accuracy of the SA, the smaller the bending
deformation. For the first prototype of the actuator proposed in this study, all the SA molds were made in-house. We
plan to improve the SA manufacturing process in the future by subcontracting high-precision molds. Methods C and D
are ideas for increasing the bending stiffness of the SA and are effective in suppressing bending deformation. However,
method C has a trade-off: the higher the stiffness of the spring, the greater is the suppression of axial deformation.
Method D requires a special spring that fits the cross-sectional shape of the SA, which is not circular.

An overview of the SA is shown in Fig. 5. A coil spring (Acurate Inc., L036) with a diameter of φ9.0 mm and a wire
diameter of φ0.5 mm was attached to the outer circumference of the SA and used to suppress expansion in the radial
direction. In addition, the coil spring (Acurate Inc., L011) with a diameter of φ4.0 mm and a wire diameter of φ0.26
mm was used at the central part. Owing to this configuration, the radial expansion is suppressed by the springs, and the
SA expands only in the axial direction.

Next, Fig. 6 shows a fabrication procedure of the SA. Polyacetal molds, water-soluble jig, silicone, measuring cup,
vacuum desiccator, vacuum pump (Asada, 4CFMEco), high-temperature tank, water tank, springs, and air tubes were
used to manufacture the SA. Polyvinyl alcohol (PVA) is the material of the water-soluble jig. The PVA filament of a 3D
printer (Raise 3D Technologies Inc., N2) was melted in a constant-temperature bath to form a PVA block. The block
was molded by cutting with a numerical-controlled milling machine (Roland Inc., MDX-40).

The fabrication procedure of the SA is as follows:

1. The liquid silicone is defoamed using the vacuum pump for 15 min.

2. The defoamed silicone was poured into the mold, as shown in Fig. 6. Subsequently, defoaming using a vacuum
pump was performed again to remove the air mixed when pouring into the mold.

3. After sufficient defoaming, it was left in the constant-temperature tank heated to 60 ◦C for 2 h to cure the silicone.

4. The cured silicone was removed from the mold. Next, the silicone that contained the water-soluble jig was
submerged in the water tank to separate the silicone and the jig.

5. A spring was installed to prevent radial expansion.

6. Finally, the SA was completed by connecting a φ1.0 mm air tube.

In this study, we selected Dragon Skin 20 (Sooth-On Inc.) as the silicone material of the SA, which is also used for
special makeup and has excellent biocompatibility. The specifications of the selected silicone are listed in Table 1.

2.3 Characteristics of soft actuator
We conducted characteristic experiments to clarify the basic characteristics of the manufactured SA. First, the exten-

sion distance of the SA in the axial direction was measured by actuating the SA with pressure control. Next, a force
measurement experiment was conducted when the expansion of the SA was fixed, and the inner pressure was controlled.
These experiments are described below.

2.3.1 Extension distance measurement experiment
We conducted an extension distance measurement experiment to clarify the effects of the chamber volume and sili-

cone rubber characteristics on the extension distance. In this experiment, we controlled the SA by pressure control. A
block diagram of the pressure control system is shown in Fig. 7, and the experimental apparatus is shown in Fig. 8. In
this experiment, the SA was pressurized from 0 to 300 kPa by gradually increasing at 50 kPa and from 300 to 400 kPa
at 25 kPa; when the pressure reached 400 kPa, the pressure was reduced to 0 kPa in the same manner as when pressur-
izing. To measure the SA elongation at each pressure in the steady state, a 10 s interval was set for the pressure change.
The SA extension distance for each pressure was measured using a wire encoder (MTL Inc., MLS-12-15–PST16E-250-
5MF7). A servo valve (Festo, MPYE-M5-B SA) was used to control the pressure. In Fig. 7, Pref [kPa] is the target
pressure, u [V] is the control voltage of the servo valve, and P [kPa] is the measured pressure in the SA. Kap [V/Pa] is
the proportional gain, and Kai [V/(Pa·s)] is the integral gain. The gain parameters were Kap = 0.045 [V/Pa] and Kai = 5.5
[V/(Pa·s)]. These values were determined experimentally.
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The experimental results are presented in Fig. 9. The vertical and horizontal axes represent the extension distance
measured from the wire encoder and the internal pressure of the SA, respectively. From the experimental results, we
confirmed that the manufactured SA stretched 3.94 mm when the supply pressure was 400 kPa, and the maximum
hysteresis was 0.84 mm. The temporary plastic deformation of silicone rubber is considered to be the cause of the
hysteresis.

In Fig. 9, the slope of the curve indicates the stretch resolution along with the pressure change. This curve had an
S-bending shape. When the pressure was low (under 50 kPa) or high (over 325 kPa), the change in the stretch per
pressure was small, and the resolution was relatively high. The stretch resolution in the low-pressure region under 50
kPa was approximately 1.9×10−3 mm/kPa (pressurized) and 6.5×10−3 mm/kPa (depressurized). The stretch resolution
in the pressure region 100 kPa to 300 kPa was approximately 13.3×10−3 mm/kPa (pressurized) and 13.4×10−3 mm/kPa
(depressurized). The stretch resolution in the high-pressure region over 325 kPa was approximately 7.9×10−3 mm/kPa
(pressurized) and 2.2×10−3 mm/kPa (depressurized). When the SA starts to deform in the low-pressure region by
pressurization, the deformation is small because of its large extension resistance for small pressures. In addition,
the deformation is small even in the high-pressure region because the SA extension limit approaches and the rigidity
increases. On the other hand, when the pressure is greater than 100 kPa and under 300 kPa, the stretch changes
significantly, and the stretch resolution per pressure is relatively low.

Increasing the spring stiffness and peak pressure resistance of the SA will have the effect of relatively weakening
the effect of the nonlinear stiffness characteristics of the silicone chamber and reducing the hysteresis of the stretch.
However, there is a trade-off: increasing the spring stiffness also suppresses deformation in the axial stretch direction. In
addition, the peak pressure resistance of the silicone chamber manufactured in this study was found to be approximately
425–450 kPa from past experiments. The peak pressure resistance can be increased by selecting a silicone material
with higher stiffness; however, as the spring stiffness is changed, the stiffness of the material increases, and the stretch
deformation decreases. After trying several patterns of spring and silicone material combinations, we experimentally
determined the combination in this study. In cases such as a needling task, the hysteresis is not a serious problem
because the motion is only in a one-way direction; however, it is one of our goals to eliminate the hysteresis and
make the reciprocating motion of rotation controllable in the future. To eliminate the hysteresis of the stretch while
maintaining the amount of deformation, we will consider compensating the hysteresis by incorporating the expansion
relationship between pressurization and depressurization into the control system in our future work.

2.3.2 Force measurement experiment
We also conducted a force measurement experiment to clarify the effects of the chamber surface area and silicone

rubber properties on the SA output. In this experiment, the SA was driven by the same pressurization method as in the
extension distance measurement experiment. The experimental apparatus is illustrated in Fig. 10. In this experiment,
the axial force of the SA was measured when the SA was fixed using a force gauge (IMADA Inc., DS2-50N) with
a pressing force of 0.5 N. In this experiment, the SA cannot extend in the axial direction. The experimental results
are presented in Fig. 11. The vertical axis in Fig. 11 is the force of the SA measured by the force gauge, and the
horizontal axis is the internal pressure of the SA. From the experimental results, a maximum force of 11.9 N was
measured when the supply pressure was 400 kPa. In Fig. 11, because the length of the SA was constant, the slope
of force per pressure appears almost linear, and the hysteresis between pressurized and depressurized curves is small.
The force resolution in the low-pressure region under 100 kPa was approximately 17.2×10−3 N/kPa (pressurized) and
15.7×10−3 N/kPa (depressurized). The force resolution in the high-pressure region over 300 kPa was approximately
36.2×10−3 N/kPa (pressurized) and 35.2×10−3 N/kPa (depressurized). The SA axial chamber surface area was 118
mm2. This is nearly similar to the radial cross-sectional area of 113 mm2. It is common to increase the size of the SA
to increase the elongation rate. However, when the surface area of the chamber in the axial direction is larger than the
radial cross-sectional area, the output force becomes small owing to the buckling and dispersion of the force even when
the expansion in the radial direction is suppressed by the springs. In this experiment, the difference between the axial
area and the radial cross-section of the SA is small; therefore, the loss of force is not serious, but attention should be
paid to the shape of the SA.

In addition, when the SA stretches, its deformation also requires pressure, as shown in Fig. 9, and the proposed
SA changes its output force and torque due to its strain. In our conventional study, we discussed the change in force
characteristics of the SA with respect to strain [14]. The following characteristics of the coil-reinforced cylindrical-type
SA were confirmed: 1) the larger the initial strain, the smaller the output force to the input pressure, and 2) the output
force increases with almost the same linear slope as the input pressure regardless of the amount of strain. The small
SA proposed in our manuscript also has a cylindrical structure similar to that of the SA in our conventional study [14];
therefore, it is expected to have a similar trend.

3. Experiment
We conducted experiments to evaluate the basic performance of the developed rotary actuator. First, we measured

the rotational motion during pressure control. Next, we measured the output force during rotational motion exerted by
the rotary actuator. These experiments are described below.
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3.1 Rotation angle evaluation
Because the proposed rotary actuator uses SA as the power source, it can be manufactured in a lightweight and

inexpensive manner. Furthermore, by adopting the SA of a pneumatic system, the rotation angle of the actuator can be
controlled by the pressure of the SA, and the basic control method does not change even when mounted on a forceps
manipulator. However, because a transmission mechanism, such as a cam mechanism, is used, it is possible that the
output rotational motion will be delayed from the input pressure timing caused by factors such as friction, backlash, and
pneumatic circuit latency. Therefore, to evaluate the relationship between the rotation angle and the input sinusoidal
pressure when the developed SA (total length: 3.5 mm, maximum elongation: 3.94 mm) was incorporated into the
rotary actuator, we conducted a cyclic motion experiment using pressure control. Fig. 12 shows an angle measuring
device of the rotary actuator. In this experiment, the rotation angle was measured using a rotary encoder (MTL Inc.,
MEH-12-2000P). In addition, to measure the cyclic rotational motion, the experiment was conducted with an external
force applied by a spring in the direction opposite to the rotation direction of the actuator. The target pressure Pref [kPa]
was given as follows:

Pref = 200+200sin1.0πt. (1)

This is the target value where the internal pressure of the SA changes between 0 and 400 kPa with an amplitude of
200 kPa and a frequency of 0.5 Hz. The pressure control system shown in Fig. 7 was used in this experiment.

The experimental results are presented in Fig. 13. The upper graph is the relationship between pressure and time. The
red line represents the target pressure value, and the blue line represents the measured pressure inside the SA. The lower
graph is the relationship between the measured rotation angle and time. From the experimental results, we confirmed
that the rotation motion of up to 80◦ was due to the expansion and contraction of the SA. This rotary actuator is designed
to rotate 24◦ with an SA extension of 1.0 mm based on the relationship between the rotation angle and stroke shown in
Fig. 3. Because the maximum elongation of the SA is 3.94 mm, the error between the theoretical and measured angles
is approximately 14.56◦. This is an error of 0.6 mm when converted to the extension distance of the SA. We considered
the cause of the error to be that the SA did not extend to the maximum length of the rotary actuator. The data obtained
in the SA characteristic experiment was measured in steady states. Conversely, the SA was driven like cyclic motion in
this experiment; therefore, we considered that the SA started the contraction before reaching the maximum extension
state at 400 kPa. However, because the internal pressure of the SA followed the target pressure value without delay
in continuous operation, we confirmed that the rotation angle could be controlled by pressure control. In addition, we
confirmed that even when the rotary actuator was mounted on the tip of the forceps manipulator [8], as shown in Fig.
14, the rotational movement of the tip can be realized only by pressure control without being affected by the forceps
posture.

Fig. 15 is a hysteresis curve of the extracted data obtained by thinning out the data of Fig. 13 at equal intervals. The
sampling frequency was changed from 1 kHz to 60 Hz. When we approximate this curve linearly, we can divide it into
four regions, separated by points A, B, C, and D. A to C is the pressurization curve, and C to A is the depressurization
curve. The angular resolution from A to B was 0.042 deg/kPa, that from B to C was 0.275 deg/kPa, that from C to D
was 0.038 deg/kPa, and that from D to A was 0.450 deg/kPa. The region from A to B is a low-pressure region wherein
the extension resistance of the SA is large, the angle change with pressure is small, and the resolution is high. The
region from B to C is a range wherein the SA can easily extend, and the resolution is low. The curves C to D and D to
A greatly depend on the spring’s restoring force and have different characteristics from those of curves A to B and B to
C. The resolution characteristics can be the same during pressurization and depressurization if we adopt an antagonistic
drive system with two SAs. This idea will improve characteristics with small hysteresis, such as the curve from D’ to A
in Fig. 15. However, in this case, the miniaturization of the SA is an issue, and we consider this to be one of our future
works.

3.2 Output force evaluation
Considering the forceps manipulator used in surgery, the torque exerted during the tip rotational motion is important

in suturing tasks. Therefore, to evaluate the exerted torque when the developed SA (total length: 3.5 mm, maximum
elongation: 3.94 mm) is incorporated into the rotary actuator, we conducted a force evaluation experiment using pressure
control. Fig. 16 shows a force measuring device of the rotary actuator. In this experiment, the tip of the pneumatic
gripper attached to the rotary actuator was connected to a force gauge, and the rotational torque was evaluated by
measuring the force. The diameter of the pulley connecting the force gauge and gripper was 10.0 mm, and the friction
during rotation was reduced by the bearing connected to the shaft. In the experiment, the same target pressure value
in the cyclic motion experiment was applied to the SA. The experimental results are presented in Fig. 17. The force-
measured data were smoothed using a low-pass filter with a cutoff frequency of 3 Hz. From the experimental results,
the maximum measured force was 0.6 N, and we confirmed that this rotary actuator exerted a maximum torque of 3.0
N·mm. This torque was sufficient for the needling task on the silicone seat, as shown in Fig. 18.

Fig. 19 depicts a hysteresis curve of the extracted data obtained by thinning out the data of Fig. 17 at equal intervals.
The sampling frequency was changed from 1 kHz to 50 Hz. When we approximate this curve linearly, we can divide it
into four regions, separated by points A, B, C, and D. A to C is the pressurization curve, and C to A is the depressur-
ization curve. We measured the data of the rotary actuator at a constant angle in the force measurement, so there was
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no significant effect of part deformation. The hysteresis is small compared to the data in Fig. 15. The force resolution
from A to B was 0.02×10−2 N/kPa, that from B to C was 0.16×10−2 N/kPa, that from C to D was 0.01×10−2 N/kPa,
and that from D to A was 0.21×10−2 N/kPa. The region from A to B is a dead zone where the output force is small
owing to the extension resistance of the SA and the frictional force of the sliding parts. The region from C to D is the
stage where depressurization starts. The force resolution is high in these regions; however, the force change is small.
Therefore, it is necessary to drive during force control in the range of 100—400 kPa (pressurization) and 0—250 kPa
(depressurization).

We also calculated the theoretical torque of the rotary actuator, as shown in Fig. 20. Fig. 20 left and center show the
cross-sectional view in the axial direction of the rotary actuator. In Fig. 20 left, the cam route converts the output force
F [N] of the SA into the route direction force F ′ [N] of the linear and rotating parts (blue) as

F ′ = F sinθ −µF cosθ . (2)

where θ is the slope angle 27◦ of the cam route, as shown in Fig. 3. µ is the coefficient of friction inside the cam
mechanism, and we assumed this value to be 0.3. The rotating force of the linear and rotating parts is F ′ cosθ , as shown
in Fig. 20 center. Fig. 20 right shows the cross-sectional view in the radial direction of the rotary actuator. Finally, we
calculate the theoretical torque τ [Nm] as

τ = rF ′ cosθ . (3)

where r is the radius of the cam route as 5 mm. Because we confirmed in the characteristic experiments that the SA
exerted a maximum extension force of 11.9 N, the theoretical torque was calculated as 9.9 N·mm. According to the
experimental results, only approximately 30% of the torque was measured, and we found a large loss of force inside the
cam mechanism.

There are two possible causes for this loss of force. First, the slope angle of the cam route. The friction of the sliding
parts tends to increase when the inclination of the cam root is small. However, when the inclination was increased,
the size of the main body increased. Second, the nodes between the linear and rotating parts. In this study, the cam
route parts realize rotational motion by sliding friction. However, the friction at the contact part of the cam mechanism
is preferably rolling friction rather than sliding friction. Therefore, it is also necessary to realize rolling friction in
this mechanism. This can be realized by installing a ball bearing at the nodes. By solving the above problems, the
transmission efficiency can be improved.

4. Conclusion
In this study, we propose a rotary actuator driven by the soft actuator of a pneumatic system. The proposed rotary

actuator converts the straight motion of the soft actuator into rotary motion using a cam mechanism. Using the pro-
posed mechanism, the rotation angle can be pressure controlled without being affected by the forceps posture, even
when mounted on the forceps tip. In addition, the soft actuator body is not only easy to sterilize and clean, but also
inexpensive; therefore, its operating cost is low. In this study, the cyclic motion and output force of a rotary actuator
were experimentally measured. As a result of the experiments, a rotational angle of 70◦ or more was measured, and the
target motion range was achieved. In addition, we confirmed that the rotary actuator exerted a maximum torque of 3.0
N·mm. This torque was sufficient for carrying out a needling task on a silicone seat.

In our future work, we aim to design a soft actuator that can rotate itself and realize a rotational movement of
180◦ or more. In addition, we will implement the position controller, and there are two ideas as follows. First, by
incorporating the relationship between the pressure and extension of the soft actuator into the pressure control system,
we will realize rotation angle control using only the pressure information. Second, in our conventional study, we
proposed a displacement sensing method that utilizes the inductance change of a coil spring, which covers the soft
actuator and deforms along with the actuator [15]. By applying this method, the proposed soft actuator can control its
position without any additional position sensors. Finally, we will carry out detailed dynamic characteristic verification
experiments of the proposed actuator and improve the completeness of the proposed mechanism to a level that can
withstand actual surgery.
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Fig. 1: Exploded view of the rotary and soft actuators.

Fig. 2: Details of the rotary actuator.

Fig. 3: Relationship between stroke and angle.

Table 1: Specification of the silicone.
Viscosity 20000 cps

Shore hardness 20 A
Tensile strength 550 psi

Elongation at break 620 %
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Fig. 4: Deformation of the soft actuator.

Fig. 5: Overall view of the soft actuator.

Fig. 6: Fabrication procedure of the soft actuator.
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Fig. 7: Block diagram of the pressure control system.

Fig. 8: Experimental apparatus for static characteristic measurement.

Fig. 9: Relationship between pressure and stretch.
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Fig. 10: Experimental apparatus for force characteristic measurement.

Fig. 11: Relationship between pressure and force.

Fig. 12: Angle measuring device of the rotary actuator.
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Fig. 13: Output angle of the rotary actuator.

Fig. 14: Rotary actuator with the forceps manipulator.
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Fig. 15: Relationship between pressure and angle of the rotary actuator.

Fig. 16: Force measuring device of the rotary actuator.
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Fig. 17: Output force of the rotary actuator.

Fig. 18: Experimental scenery of the needling task.
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 We propose a small rotary actuator mounted on the tip of a forceps manipulator. 

 The actuator has the advantage that sterilization is easy and disposable. 

 We confirmed the basic characteristics of the actuator by experiments. 

 A rotational angle of 70° or more was measured and the target range was achieved. 

 We confirmed that the rotary actuator exerted a maximum torque of 3.0 N·mm. 
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