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 In this study, we developed a vertical articulated robotic arm for laparoscopic surgery and 
proposed a method of controlling the robot. The robotic arm operates surgical instruments 
around a virtually fixed remote center of motion (RCM) calculated from the robot kinematics. 
The robotic arm has six degrees of freedom and is driven by pneumatic actuators. The features 
of the pneumatic actuators of compactness, high backdrivability, and low heat generation 
allow the robotic arm to be moved passively by the human hand and prevent the risk of heat 
accumulation in the drape. We made the upper arm and forearm lightweight by mounting the 
pneumatic actuators on the base of the robot. The joint angles are controlled by pneumatic servo 
systems. The inertia of the forearm and upper arm was estimated by measuring the joint angles. 
We also proposed variable gain control of the yaw joint to compensate for changes in inertia. 
We experimentally confirmed that the variable gain improves the controllability of the robot 
and improves its operability around the virtual fixed RCM.
 
1. Introduction

 In laparoscopic surgery, a master–slave-type surgical robot system is widely used for 
surgical operations.(1–8) A surgical robot consists of several robotic arms equipped with surgical 
instruments such as a laparoscope and forceps. A robotic arm has multiple joints for pivoting 
instruments around a remote center of motion (RCM) and inserting them into the abdominal 
cavity. The commercially available surgical robot da Vinci has an RCM mechanism that 
achieves pivot motion through a mechanical linkage.(4) The fixed RCM provides precise pivot 
motion. However, before the surgical operation, the operator must adjust the robot manually 
until the RCM of the robot coincides exactly with the pivot. Robotic arms are usually driven 
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by electric motors with a reduction mechanism.(9–16) The electrically driven system enables 
precise motion control. However, a force sensor must be attached to the end effector to detect 
manual operation, which makes robotic arms expensive. This problem can be avoided if direct 
drive motors without reduction gears drive the joints. However, such motors tend to be large. 
In addition, a large current is required to generate a large joint torque, which causes the 
motor to generate heat. Heat generation must be prevented in a surgical robot, especially 
the robotic arm, since it is covered by a drape to protect against infection. A robotic arm 
that is driven by pneumatic actuators can solve these problems. A pneumatic actuator 
generates a high driving force without a reduction mechanism. It has high backdrivability 
and almost no heat generation.(17–20) Moreover, a pneumatically driven robotic arm can 
be moved passively by a human hand. Tadano et al. developed a lightweight and compact 
pneumatically driven robot for laparoscopic surgery.(19) The robot has a mechanically 
fixed RCM similar to da Vinci. The mechanism of the fixed RCM needs as few as three 
joints, making the mechanism simple. However, the fixed RCM needs to be adjusted to 
the pivot point, which is time-consuming. The surgical robot named DLR MIRO uses a 
vertical articulated robotic arm instead of a fixed RCM. The robot is driven by electric 
motors(16) with surgical instruments installed at the tip of the robotic arm. The robotic 
arm inserts the surgical instruments into the abdominal cavity and operates them around 
the RCM. The RCM is not fixed mechanically, and motion around the virtual RCM is 
achieved by calculating the pivot from a kinematic model, making the adjustment of the 
robot to the pivot easier. However, force sensors must be attached to the arm for manual 
operation. The mass of the robotic arm is 10 kg and mass reduction is desired. 
 In this study, a pneumatically driven robotic arm for laparoscopic surgery was developed. 
Figure 1 shows the developed robotic arm, which is a vertical articulated robotic arm like a 

Fig. 1. (Color online) Pneumatically driven robotic arm.



Sensors and Materials, Vol. 33, No. 2 (2021) 1011

human arm. The pneumatic actuators are lightweight and compact compared with electric 
motors, reducing the mass of the robotic arm to about 4 kg. The instrument can be installed on 
an end effector. The virtual fixed RCM is estimated from the kinematic model of the robotic 
arm. 
 This paper is organized as follows. In Sect. 2, the mechanical design of the robotic 
arm is presented. In Sect. 3, a pneumatic control system and variable gain control to 
decrease the effect of the inertia of the arm are proposed. The effect of the variable gain 
is evaluated, and experiments in which the robotic arm moves forceps via pivoting are 
reported in Sect. 4. Finally, the conclusion is presented in Sect. 5.

Nomenclature
Pt Position vector of forceps tip (mm)
Pop Position vector from RCM to forceps tip (mm)
Prcm Position vector of RCM (mm)
Pw Position of wrist joint (mm)
ωn Natural frequency of robotic arm (rad/s)
τi Joint torque of Ji (Nm)
τei Torque of Ji for compensating gravity of forceps (Nm)
τgci Torque of gravity compensation mechanism of Ji (Nm)
τgi Gravity torque of Ji (Nm)
ζ Attenuation rate of robotic arm
A Cross-sectional area of pneumatic actuator (mm2)
B Viscosity coefficient of Ji (Nms/rad)
D Insertion depth of forceps (mm)
di Cylinder length of Ji (mm)
dn Cylinder length in natural length of spring (mm)
fgs Force of gas spring (N)
I Gravity torque of J0 (Nm)
Ji Joint of robotic arm
Jai Jacobian of driving mechanism of Ji 
Ka, Kb Gain of pneumatic system
ks Spring constant
Kai I gain of force feedback loop (V/sN), (V/sNm)
Kap P gain of force feedback loop (V/N), (V/Nm)
Kpd D gain of position feedback loop (Ns/rad)
Kpp P gain of position feedback loop (N/rad)
Ksv Ratio between flow rate and input voltage (m3/s·V)
L1 Length of upper arm (mm)
L2 Length of forearm (mm)
l2 Offset between J2 and forearm (mm)
Lt Length between wrist and tip (mm)
Lg1 Center of gravity of upper arm (mm)
Lg2, lg2 Center of gravity of forearm (mm)
m Mass of forceps (kg)
Ps Supply pressure (kPa)
P0 Pressure of vane motor at equilibrium state (kPa)
qi Joint angle of Ji (rad)
R Gas constant [J/(kg·k)]
Ri Rotation matrix of Ji
Rt Rotation matrix of forceps tip
Rop Rotation matrix of forceps tip from RCM
r Crank length of arm driving mechanism (mm)
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Si, Ci sin qi, cos qi
s Laplace operator
Td Dead time of position control system (s)
Tn Period of step response (s)
Tp Peak time of step response (s)
Ts Setting time of step response (s)
u Input voltage of valve (V)
V0 Volume of vane motor at equilibrium state (m3)
ϕ, θ, ψ Yaw, pitch, roll angles of RCM (rad)
Ta Temperature of air (K)

2. Mechanical Design

2.1 Robotic arm

 The robotic arm consists of an upper arm, a forearm, and a wrist, like a human arm. The 
upper arm and forearm are driven by an arm driving unit. Figure 2 shows the mechanism of 
the robotic arm. We define the origin of a static x-y-z coordinate system on the root of the 
robotic arm. The wrist is driven by actuators placed in the forearm. The robotic arm has six 
rotational joints. The payload at the wrist joint to move the surgical instruments is 1 kg. The 
pneumatic actuators for driving the upper arm and forearm are placed on the root of the robotic 
arm, making the upper arm and forearm lightweight and compact. The rotation of the forearm 
is transmitted to the arm driving unit via a timing pulley mechanism. The timing pulley 
mechanism decreases the torque of J1 to compensate for the gravity force of the forearm and the 
instruments. The gravity force exerted on the forearm generates the torques τg1 + τg2 and τg2, 
which lower the upper arm and forearm, respectively. The torques of the upper arm and forearm 
rotate the pulley clockwise and counterclockwise, respectively. Thus, the pulley mechanism 

Fig. 2. (Color online) Mechanism of the robotic arm.
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cancels the torque τg2, and the torque τg1 is simply added to joint J1. The torque τg1 is equivalent 
to that when the force is exerted on the tip of the upper arm. This mechanism allows the 
actuators to be mounted on the root of the robotic arm instead of on the inside of the forearm, 
decreasing the torque τ1 generated by the mass of the object on the end effector. The forward 
kinematics is given as follows:

 1 2
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where Pt is the position vector between the root of the robotic arm and the end effector. Rt is the 
rotation matrix of the end effector. Joint angle q1 does not affect the rotation matrix Rt because 
of the timing pulley.
 To obtain the reference joint angles, the inverse kinematics must be calculated. The inverse 
kinematics is given by the following steps:
1. The position vector Pw between the root of the robotic arm and the wrist joint is calculated 

using Eq. (3), Then, joint angle q0 is obtained using Eq. (4).
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2. The position of the wrist joint on the plane of the arm motion space is calculated using Eq. (5). 
Then, joint angles q1 and q2 are obtained by minimizing the position error Eref given by Eq. (6).
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3. The wrist joint angles q3 and q5 are given by Eq. (7) using the wrist rotational matrix Rw 
derived from Eq. (8).
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 Here, Rw(i, j) is the ith row and jth column element of Rw.

4. Joint angle q4 is given by Eqs. (9) and (10).
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2.2 Driving mechanism

 The arm driving unit, shown in Fig. 3, has a yaw joint and two pitch joints. A vane motor 
actuates the yaw joint J0. The pneumatic cylinders (SMC, CJ2XD16-60Z) that actuate the two 
pitch joints J1 and J2 are arranged around the vane motor. The pneumatic cylinders drive joints 
J1 and J2 through the slider-crank mechanism shown in Fig. 4. The relationship between the 
joint torque and the driving force of the cylinder is
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 Equation (11) is used to obtain the reference driving force from the reference joint torque. 
The gravity torque generated by the mass of the upper arm and forearm lowers the arms. The 
gravity torque of joints J1 and J2 is
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 Increasing the number of pneumatic cylinders to overcome the torque τg would increase 
the size of the driving unit and the flow rate. Therefore, a gravity compensation mechanism is 
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mounted as shown in Fig. 5. The upper arm has an oscillating mechanism with a gas spring. 
The forearm is raised by two springs mounted on the arm driving unit. The torque generated by 
the gravity compensation mechanism is
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Fig. 3. (Color online) Arm driving unit.

Fig. 4. (Color online) Slider-crank mechanism for driving arm. Left: mechanism of joint J2. The pneumatic 
cylinder rotates the timing pulley through the mechanism. Right: mechanism of joint J1. The pneumatic cylinder 
rotates the upper arm.
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 The wrist driving unit, shown in Fig. 6, has two vane motors and a pneumatic cylinder. 
The vane motor that drives joint J3 rotates the forearm around an axis along the forearm. The 
pneumatic cylinder rotates joint J4 through the slider-crank mechanism. The relationship 
between the joint torque and the driving force is given by Eq. (11). The actuators of joints J3 and 
q4 are placed inside the forearm and are close to joint J2. Therefore, the torque of joint q2 is less 
affected by the gravity force of the actuators. The vane motor that drives joint J5 is mounted on 
the tip of the wrist and it rotates the forceps around the roll axis.

2.3 Kinematic model of the virtual RCM

 The kinematic model of the RCM is required to move the instruments around the RCM. 
Figure 7 shows the kinematic model of the RCM. The kinematics is as follows:
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 The reference position and reference rotation matrix of the robot are respectively obtained as

 ,= +t op rcmP P P , (16)
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Fig. 5. (Color online) Gravity compensation mechanism.
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 The position of the RCM is set by the following step when the forceps are inserted into the 
trocar. First, the operator moves the robotic arm passively and adjusts the position of the forceps 
tip such that it coincides with the position of the RCM. Next, the operator pushes a button on the 
user interface, and then the position of the forceps tip is calculated using Eq. (1) and registered 
as the position of the RCM.

3. Pneumatic Control System

3.1 Position feedback control

 The joints are controlled by the pneumatic servo system. The servo system is a cascade 
control. The main loop is a position feedback loop and the minor loop is the driving 
force or torque feedback loop. The controllers of the main loop and minor loop are a 

Fig. 6. (Color online) Wrist driving unit.

Fig. 7. (Color online) Kinematic model of the RCM.
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proportional–derivative (PD) controller and a proportional–integral (PI) controller, respectively. 
Figure 8 shows a block diagram of the position control system and Table 1 shows the PID gains. 
The PD gain of joint J0 is the variable gain proposed in Sect. 3.3.

3.2 Gravity compensation

 The torque generated by the gravity force of the arm impairs the performance of the position 
control system. This gravity force is compensated by feedforward compensation of the reference 
joint torques τ1 and τ2 to improve the performance. The arm gravity compensation is expressed 
as

 .ga g gcτ τ τ= +  (18)

 The joint torque that should be compensated is increased if instruments are installed in the 
end effector. The joint torque is given as
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where m is the mass of the forceps and Ltg is the length between the wrist and the center of 
gravity. The torque τe after the instruments are installed is added to the right side of Eq. (18).

Table 1
PID gains of the position control system.
Gain q0 q1 q2 q3 q4 q5
Kpp (N/rad) Variable gain 27.0 18.0 3.20 4.20 2.50
Kpd (Ns/rad) Variable gain 0.80 0.40 0.07 0.03 0.03
Kap (V/N or V/Nm) 3.30 0.04 0.03 4.00 0.15 3.00
Kai (V/sN or V/sNm) 0.0 1.00 1.00 5.00 1.00 1.00

Fig. 8. Block diagram of the pneumatic servo system.



Sensors and Materials, Vol. 33, No. 2 (2021) 1019

3.3 Yaw joint control system

 The inertia of joint J0 depends on joint angles q1 and q2. In the electric servo system, a 
reduction mechanism decreases the effect of the inertia. In the pneumatic servo system, the 
inertia affects the control system because no reduction mechanism is mounted. The PD gains 
should be large for precise position control. However, large gains make the system unstable 
when the arms are folded. To decrease the effect of the inertia, a method of varying the gain 
with the joint angles is implemented. According to the dynamic model of the pneumatic 
actuator,(20–22) the relationship between the driving torque and the input voltage of the valve is

 ( )0
0 ,a bK A u sK q

s
τ

−
=  (20)

 ( )1 ,a sv s aK K P RT Aδ= +  (21)
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where s is the Laplace operator, Ksv is the ratio between the flow rate and u, Ps is the supply 
pressure, R is the gas constant, Ta is the temperature of the air, and Po and Vo are the pressure 
and volume of the vane motor at the equilibrium state, respectively. Equation (20) indicates 
that the angular velocity affects the driving torque. To compensate for the effect, the following 
voltage is input to the valve:

 ( )0 0 0.ap ref bu K sK qτ τ= − +  (23)

 The value of Kb = 0.24 Ns/rad was determined by trial and error. The position control system 
is given as
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 Ka is large because Ps = 600 (kPa). Assuming that Ka is large, the term of s3 can be ignored, 
giving the following second-order system: 
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The inertia around the yaw axis is given as 
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The inertia can be calculated using Eq. (26) after measuring the joint angles.
 The variable PD gain of the position feedback loop is

 ( ) ( )2
1 2 1 2, , ,pp nK q q I q qω=  (27)

 ( ) ( )1 2 1 2, 2 , .pd ppK q q I q q K Bζ= −  (28)

The variable PD gains Kpp(q1, q2) and Kpd(q1, q2) depend on the joint angles.
 By substituting Kpp(q1, q2) and Kpd(q1, q2) of Eqs. (27) and (28) into Eq. (25), the 
characteristic equation Eq. (25) becomes the equation of the second-order system. The robotic 
arm’s dynamic parameters ωn and ζ and controller gains should be determined to make the 
second-order system given by Eq. (25) stable. 

4. Experiments

4.1 Inertia estimation

 To estimate the inertia of the arms, an inertia estimation experiment was conducted. The 
purpose of this experiment was to estimate the inertias of the forearm and upper arm, I0z, I1y, I1z, 
I1yz, I2z, I2y, and I2yz and the viscosity B of joint J0. The inertias I0z, I1y, I1z, I1yz, I2z, I2y, and I2yz 
were estimated using Eq. (27) with some values of I (q1, q2) measured in the experiment. The 
inertia I (q1, q2) can be calculated using Eq. (26) if Kpp is fixed and ωn is estimated. The natural 
frequency ωn was estimated by inputting the step input into joint J0. In this experiment, the step 
input was input to the yaw angle with various values of joint angles q1 and q2. The PD gains 
of joint J0 were set as Kpp = 16 Nm/rad and Kpd = 0.3 Nms/rad, and the gains were determined 
to control the joint angle q0 as quickly as possible when the arm was in the folding position 
with joint angle q1 of 0º and joint angle q2 of 60º. First, the reference angle q1 was set from −20 
to −90°. Next, q2 was set from 65 to 0°. Finally, q1 was set from −90 to −20°. The step of the 
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reference joint angle q0 was 10°, and the step reference of joint J0 was measured in each step. 
Figure 9 shows an example of the step response of q0. The measured angle indicates the encoder 
angle and the theoretical angle indicates the theoretical step response of the second-order delay 
system calculated using the estimated ωn and ζ. The theoretical step response is given as Eq. (29). 
The dead time Td, peak time Tp, period Tn, and 5% setting time Ts were obtained from the step 
response. The relationship between ωn and the obtained times and the relationship between ζ 
and the obtained times are given by Eqs. (31) and (32), respectively.

 ( ) ( )( )21 2
0 0 cos 1 ,n dt T

n dq Q e t Tω ζ ω ζ− − −= − −  (29)

 ,
2
n

d p
TT T= −  (30)

 
2 2

4 9 ,n
n s dT T T
πω

   
= +   −   

 (31)

 21 .
n nT
πζ
ω

= −  (32)

Table 2 shows the estimated inertias.
 
4.2 Yaw control experiment

 To confirm that the method of control using variable gain decreases the effect of differences 
in the inertia, the step responses of q0 with the variable gain and fixed gain were compared. The 
fixed PD gains of joint J0 were set as Kpp = 16 Nm/rad and Kpd = 0.3 Nms/rad. The experiments 

Fig. 9. (Color online) Experimental result of the 
step response.

Table 2
Estimated inertias of the arm.
Parameter Value Unit
I0z 5.89 gm2

I1y 7.35 gm2

I1z 99.1 gm2

I1yz 16.9 gm2

I2y 34.9 gm2

I2z 68.6 gm2

I2yz 35.0 gm2

B 0.17 Nms/rad
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were conducted with four settings of joint angles q1 and q2, as shown in Fig. 10. Figures 11(a) 
and 11(b) show the experimental results of the fixed gain and variable gain, respectively. 
The horizontal and vertical axes indicate the elapsed time and joint angle, respectively. The 
expected reference is the theoretical transient response of ωn = 2 Hz and ζ = 0.5. The values of 
ωn and ζ were determined experimentally. Figure 11(a) shows that each response is different. 
In particular, the response of setting 1 takes a long time to reach the static state. Figure 11(b) 
shows that most of the responses coincide with the theoretical response. Therefore, the 
proposed method of control using variable gain decreases the effect of differences in the inertia, 
improving the performance of the position control.

Fig. 10. (Color online) Experimental settings of joint angles q1 and q2.

Fig. 11. (Color online) Comparison between fixed and variable gains. (a) Experimental result of fixed gain. (b) 
Experimental result of variable gain.

(a) (b)
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4.3 Pivot motion control experiment

 To confirm that the robotic arm can move the instruments by pivoting around the RCM, 
sinusoidal waves were input into the angles ψ and θ. The reference angles were given by the 
following sinusoidal wave:

 [ ]15
sin 2 deg ,

15
ft

ψ
θ
   

= π   
   

(deg), (33)

where f = 0.2 Hz is the frequency. The forceps was installed on the end effector and the gravity 
was compensated. The mass m = 115 g and the center of gravity Ltg = 247 mm of the forceps 
were measured beforehand. The position of the RCM was that mentioned in Sect. 2.3. The 
ground truth of ψ and θ was calculated from the rotation matrix Rt using

 ( )
( )

1 1,2
tan ,

2,2
ψ −  −
=   

 

t

t

R
R

 (34)

 ( )1sin 3,2 .θ −= tR  (35)

 The experimental results are shown in Fig. 12 and show that the measured angles follow 
the reference angles. An overshoot of 2° can be seen in the results of ψ. The angle ψ is mainly 
controlled by joint angles q0 and q3. The experimental results of q0 and q3 are shown in Fig. 13 
and indicate that whereas q0 follows the reference angle, the experimental result of q3 has a 
slight delay. The overshoot of ψ is caused by the delay of q3. The delay can be decreased if the 
friction force of the vane motor is compensated. We confirmed that the robotic arm can move 
the forceps by pivoting around the RCM.

Fig. 12. (Color online) Results of the pivot motion experiment. (a) Experimental result of ψ. (b) Experimental result of θ.

(a) (b)
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 In surgical operation, the velocity of the forceps tip is low, and the angular velocity of the 
pivot motion can be scaled by the length between the RCM and the tip by controlling the arm 
posture. Therefore, the robotic arm only needs a low control bandwidth, and the experimental 
results of Figs. 12 and 13 suggest that the developed robotic arm and its control system have 
potential use in a practical surgical scene.

5. Conclusion

 In this study, a pneumatically driven robotic arm for laparoscopic surgery was developed. 
The mass of the robotic arm is only 4 kg and the payload at the tip is 1 kg. The pivot motion 
generated by the kinematic model allows the RCM to be set easily. The driving mechanism 
makes the robotic arm lightweight and compact. The gravity compensation and the method of 
varying the PD gain depending on the inertia improved the performance of the position control. 
As future work, the operability of the robotic arm should be evaluated and the position of the 
RCM should be detected and registered automatically.
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