
MBE, 17 (3): 1944–1958.
DOI: 10.3934/mbe.2020103
Received: 31 July 2019
Accepted: 27 November 2019
Published: 19 December 2019

http://www.aimspress.com/journal/MBE

Research article

A novel compliant surgical robot: Preliminary design analysis

Akim Kapsalyamov 1, Shahid Hussain 2 and Prashant K. Jamwal 1

1 Department of Electrical and Computer Engineering, Nazarbayev University, Astana, Kazakhstan
2 Human-Centred Technology Research Center, Faculty of Science and Technology, University of
Canberra, Canberra, ACT, Australia

* Correspondence: Email: prashant.jamwal@nu.edu.kz; Tel: +7(7172)-705730.

Abstract: A robotic surgical system capable of performing minimally invasive surgery (MIS) is
proposed in this paper. Based on the requirements of MIS, a compliant, seven- degrees of freedom
(7-DOF) pneumatically actuated mechanism is designed. A remote center of motion (RCM) as a
parallelogram mechanism for holding the laparoscopic camera is also developed. The operating
workspace of robotic surgical system is determined considering the physical constraints imposed by
mechanical joints. The simulation results show that the robotic system meets the design requirement.
This research will lay a good foundation for the development of a compliant surgical robot to assist
in MIS.
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1. Introduction

Minimally invasive surgery (MIS), which requires few small incisions (usually less than one
inch in diameter), is preferred over open surgery owing to many advantages such as less tissue
damage, reduced pain leading to quicker healing, and faster return to work. This procedure, therefore,
has become a popular method during the last decades. Despite increased use, MIS has many
challenges to meet and therefore it is also an important area of the surgical research. Few examples
of MIS include heart surgery, breast surgery and endoscopic surgery [1].

The operating procedures are technically difficult and complex, because the human
physiological anatomy is extremely complicated and there are many sensitive organs and tissues to
be avoided. The puncture needle’s initial position and the aspiration path are very precise in the
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procedure of surgical treatment, which puts high demands on surgeons. This technical difficulty
undoubtedly limits minimally invasive spinal treatment promotion and popularity [2]. The surgical
robotics technology is the key to solve such issues in MIS. Robots can perform accurate positioning
under manual or automatic operation. Moreover, they can be used for clamping/holding surgical
instruments after their joints are locked, which provides a stationary and reliable platform for doctors
to perform MIS.

In the past two decades, significant efforts have been done in order to design surgical robots [3–6].
Two of the major achievements in this field are “ZEUS” and “DA VINCI” surgical robots [7].
Tele-surgery is one of the most important applications of surgical robots, in which there are two
subsystems, master and slave, which are connected with each other and with patient's body in desired
spatial distances [8,9].

These surgical robots closely interact with human organs; therefore, safety is a key concern.
Safe human tissue-robot interaction could be achieved by either designing appropriate robot control
algorithms or by using compliant robotic mechanisms [10]. Recently, there has been an increasing
trend of designing robots for MIS by using compliant actuation concepts [5,6,10]. In this paper a
novel compliant mechanism of a robot for MIS is presented. The surgical robot utilizes compliant
pneumatic actuators in order to provide safe human tissue-robot interaction. Kinematic analysis is
also carried out in order to establish the feasible workspace of the proposed surgical robotic
mechanism. This work is a step forward towards the design of compliant robotic mechanisms for
MIS surgery.

2. Surgical robot design

2.1. Robotic system for laparoscopic surgery

Key objectives such as reduced/compact size, compliant and lightweight manipulation,
precision and accuracy are important while designing surgical robots [11–13]. Intuitively, compliant
actuation and small sized robots with reduced power requirement can offer safe human tissue-robot
interaction and ergonomic advantages compared to large, stiff and powerful robots for surgical
applications [14]. Active surgical work volumes are often quite small, and scaling the mechanism
accordingly is necessary. Therefore, a surgical robot for MIS with reduced scale is developed during
this research.

The surgical tools and a laparoscopic camera are handled by the robotic manipulator. According
to the surgical tool positioning and orientation that the surgical intervention is required to achieve, a
mechanical structure of the robot is also designed. Robot arm performs the position control whereas
the orientation control of the surgical tool is carried out by the robot wrist. The wrist also adjusts the
orientation with respect to the arm since the arm position change affects tool orientation. Effective
mechanical design not only accomplishes the surgical tasks, but also reduces the dependence
relations between robot arm and its wrist, while enhancing the tracking velocity, for the safety of the
operation [15].

2.2. Design of root arm

Surgical robot arm design should meet the requirements laid by surgeons, operating tasks, and
the operating environments. A suitable relationship of the robot arm and of the wrist is also needed.
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On the whole, the robot arm should be designed to meet the following requirements:

• Must have compliant actuation/manipulation
• Large workspace of the robot with reduced size of the robot structure
• The robot arm could achieve highly precise positioning
• Arm structure meets environmental requirements of the operation
• The safety must be guaranteed

It is required that a surgical robot arm is capable of reaching any position within the operating
space [16]; therefore, robot arm must have at least three degrees of freedom (DOF). Currently, the
robot arm patterns typical structure includes: articulated configuration, cylindrical configuration,
SCARA configuration, Cartesian configuration, and polar configuration. These structure patterns can
be compared according to joints and the movement axes of different combinations. The structural
requirements for surgical robot includes; the large workspace, safe interaction with human tissues
and organs, a small-sized structure, high-precision positioning, user friendly, and small influence of
the arm movement to tool orientation. MIS robotic arm structures mostly utilize cylindrical
configuration, SCARA configuration and Cartesian configuration [17]. For example:

• The US Integrated Surgical System Company developed ROBODOC system which utilized
cylindrical configuration

• American Compute Motion Company “ZEUS” robot surgical system utilized SCARA
configuration

• Switzerland Swiss Federal Research Institute for neurosurgery three-dimensional orientation
surgical robot used Cartesian configuration [18]

Cylindrical configuration is smaller and has larger workspace, higher precision positioning and
is user friendly. In Cartesian configuration, the two joints are level, which results in ease of
movement. The orthogonal joints are cumbersome, which cause greater friction force than rotary
joints [19]. The last joint of SCARA configuration rotary joints will cause relatively large inertial
force, affecting the precision of surgical tool. Cylindrical configuration itself is smaller and provides
larger work space, with higher precision positioning.

The robot must have sufficient strength, accuracy, safety [20] and dexterity for its intended use.
For these purposes and other purposes different types of bearings were used in all of the rotational joints.

Based on the above analysis of operating space and requirements of operation, an articulated
manipulator robot is designed as shown in Figure 1. As it can be seen from Figure 1, the robot arm
consists of 2DOF shoulder, upper arm, forearm and a single DOF elbow between them. The shoulder
implements abduction/adduction and flexion/extension movements and an elbow also give
flexion/extension motion possibility for the surgical robotic manipulator.

2.3. Robot wrist design

The orientation of the surgical tools is achieved by controlling the robot wrist. Wrist joints on the
basis of its structure can be divided into rolling joints and bent joints whereas on the basis of
different assemblage ways of rotation joints, the wrist structures can be divided into one, two and
three DOF [21]. The basic two DOF wrist and three DOF wrist structures are shown in Figure 2.



1947

Mathematical Biosciences and Engineering Volume 17, Issue 3, 1944–1958.

Figure 1. Assembly of the proposed surgical robot.

Figure 2. Two DOF wrist (A-E) and three DOF wrist (F-I).

The two DOF wrist mechanical structures are simple as compared to three DOF but three DOF
has upper hand in attaining any posture but lacks behind the two DOF in simple control system. The
angle of the tool can be changed in a definite range; therefore, it will meet the requirements of the
surgical tool posture i.e. as soon as the surgical tool can rotate around the spherical surface when the
entry point of the tool is determined.

Therefore, the robot wrist is designed with three DOF and the schematic is shown below on the
Figure 3 (DOF indicated as θ5,θ6 and θ7 ). Articulated seven DOF robot was designed as shown in
Figure 1. The schematic of all the seven DOF are shown on the Figure 3. Four DOF are robot arm
control and three DOF for the wrist orientation. The first DOF of the arm is for the vertical
movement, the remaining three DOF of the arm are responsible for shoulder movements and rotation
in the level plane. The three DOF decide the position of the tool in the selected working plane. The
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last three DOF are for controlling the robot’s wrist, which can control the required position of
surgical tools within workspace.

All the six DOF of arm are powered with the help of rotary pneumatic actuators of different
sizes and capacities. This designed mechanical structure has small-size, large workspace,
high-precision positioning and ease in operations. A simple arm and wrist coupling relationship
makes the kinematics analysis of the robot simple.

Figure 3. Schematic of Robot DOF.

The length of the lower arm is 330 mm, forearm is around 280 mm and the length of the wrist is
110 mm. The maximum length of each arm (including wrist) is kept as 720 mm.

2.4. Column

The column (Figure 1) allows vertical movements for the whole assembly, thus giving it the
first DOF. Since the weight of the surgical robotic system is placed on the column, it requires a high
power for vertical movements. For this purpose, two linear cylindrical pneumatic actuators which are
capable of lifting large weights were used. Column has a height of 63 cm and allows all three arms to
move about 30cm up and down.

2.5. RCM and parallelogram mechanism for laparoscopic camera

Because laparoscopy is performed through small incisions in the patient's body, robotic systems
for MIS must pivot the surgical tools about these incisions [22] (Figure 4). This pivoting constraint is
called a Remote Center-of-Motion (RCM), and it is an important task for any surgical system [23,24].
There are two ways to achieve RCM, one is implied by kinematic redundancy control, but the
reliability and stability requirement for hardware and algorithms is high [25,26]. The safety of
this method is low and few medical robots are controlled by this way, such as DLR MIRO
surgical robot [27–29], Telelap XALF[30] Surgical robot. Another way is the mechanism constraint,
such as passive joint, parallelogram mechanism, spherical mechanism, circular mechanism [31].

A manipulator with the proposed parallelogram mechanism (Figure 1) is shown for high speed
and high precision pick-place task. In order to make the workspace larger, a rotational joint is added
between the base and the proposed mechanisms. The mechanism gives 2 DOF to the system.
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The laparoscopic camera is inserted into the patient’s body via a trocar, and it transmits images
of a wide operative field using an RF signal [32].

Figure 4. Incisions made by laparoscopes.

3. Kinematics of the robotic arm

3.1. Trocar point kinematics

The trocar point of the robot arm in the surgical robot functions as an end effector. The
root-mean-square error (RMSE) must be calculated for the trocar point end position to ensure that
robot arm acts in acceptable range [33]. This range accuracy is around several millimeters for the
surgeon after 1-hour surgery work [34]. This project is aimed to outperform the success of human
interaction in the surgery process. For the pneumatic actuators used in this arm, the position
inaccuracy is 7.87–9.95 nanometers. However, it is directly proportional to the position and moment
applied at a specific joint. The uncertainty of the final position increases as every joint is forced upon
maximum torque [35].

Figure 5. 7- DOF robotic surgery arm.
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Figure 5 shows seven joints of robotic arm, while only one joint is translational. The following
nomenclature was used to derive mathematical equation to find RMSE value of the robotic arm.
Each joint was used to form the control of arm positioning independently in Cartesian form and
assumed to be rigid in connection:

1.  , , ,c c c cx y z  - column translation motion;

2.  1 1 1 1, , ,s s s sx y z  - shoulder 1 rotational motion in xy plane;

3.  2 2 2 2, , ,s s s sx y z  - shoulder 2 rotational motion in yz plane;

4.  , , ,e e e ex y z  - elbow rotational motion in xz plane;

5.  1 1 1 1, , ,w w w wx y z  - wrist 1 rotational motion in xy plane;

6.  2 2 2 2, , ,w w w wx y z  - wrist 2 rotational motion in yz plane;

7.  3 3 3 3, , ,w w w wx y z  - wrist 3 rotational motion in xz plane;

These variables create linear relation with final position of end effector, and then the described
workspace can be written in matrix form:

3 3 3 3

. . . .

. . . .

c c c c

space

w w w w

x y z

W

x y z





 
 
 
 
 
 

In addition, the rate change of each variable classified as:

3 3 3 3

. . . .

. . . .

c c c c

space

w w w w
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R W

x y z
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 
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With known factors, it is possible to reduce the variable calculation. The column is the vector
variable which describes the motion of the robotic arm in z direction:

0c c c c c cx y z const x y z      

This approach bases on the plane location of the variables, so in similar way, other planar
variables have at least one constant number, which have no effect to the moment change:

• Shoulder parts:
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Elbow joint:

2 2 2

0e e

e e e e

z const z

a x z 

  

   

Wrist parts:

2 3 1 2 3 1 0w w w w w wx y z const x y z      

2 2
wi wi wia g    , where 1,2,3i  and , y,zg x for corresponding plane

Hence, the offset for the robot hand in z direction is:

offset cd z

The mathematical approach for system linear equations based on Euclidean disjoint matrix
transformation [36]:

*final space shiftD W k (1)

The shifted coefficient ( shiftk ) is the linear model of systematic variables, which depends on the

positions and moment change of every joint. It shows the sum of the local positioning and
orientation:

��݄�݅� � �����,�,� ��� � �� �
�� � � ��� � �� ��� , where τ � tan�1 bi

li
(angular positional change)

The angular positional change shows the orientation for the next joint in radians [37] and is
calculated using cosine rule (Figure 6) [38]:

2 2 2 cos( )i i ib a c ac    and for small change in radians

1, l sin( d atan ( ))i offset
b
c

        
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Figure 6. Cosine rule for rotational joint.

Analogously, all the joint shifts calculated in this manner and then final coefficient is obtained:
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The Eq. (1) gives final position result for ideal case which is practically impossible. However, the
above derivation suggests that the practical value of the final position depends on the second
derivative of the workspace variables. Discrete joint variables undergo an uncertainty in Favorov
method [39]:

��݄�݅�
� � ��݄�݅����,�

Here �� is maximum uncertainty of the each joint. Finally, the RMSE value is obtained by following
formula [40]:

2 (x , y , z , ) (x , y , z , )
7

space i i i i shift i i i iW k R
RMSE

 

 (2)

3.2. Laparoscopic camera holder

Camera holder is connected through the parallelogram mechanism to the column, which reduces
effect of the gravity to the holder. For small objects as laparoscopic camera attached, that effect is
very small [41]. Then, uncertainty for this holder is due to the column and holder actuator (Figure 7):
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2 (x , y , z , ) (x , y , z , )

3
space i i i i shift i i i iW k R

RMSE
 


 (3)

Figure 7. Free body diagram of holder joints.

3.3. Robot arm simulation

For the efficient use of this surgical robot, the column must be adjustable along the operating
table. For a specific alignment, Eq. (1) gives the workspace as in Figure 8. The intersection of this

workspace with human body consists 293.45wA cm and for camera it is 2202.34cA cm . Due to the

fact that 2c wA A , the laparoscopic camera can reach to any point of the human body, where the

robotic arm operates (Figure 9).

Figure 8.Workspace for robotic arm and laparoscopic camera holder.
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Figure 9. 1) Robotic arm workspace, 2) camera holder workspace, 3) body.

Mas-Coma et.al showed that the efficiency of the human concentration for any specific task
decreases by exponential form because of neurological neurons [42]:

2 80.03(t 2 t)efficiency ke
 

This equation indicates that human efficiency slows down faster in 2-hour work. The surgical
robotic arm, in turn, works in constant efficient way with an uncertainty as in Eq. (2). This is
illustrated in Figure 10.
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Figure 10. 1) Robotic arm workspace, 2) camera holder workspace, 3) body.

The Eq. (2) also indicates that the robotic arm RMSE reaches maximum point when the column
has large offset value. This is explained in terms of enlarging workspace for robotic arm (Figure 11).
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Figure 11. RMSE values for robotic arm workspace.

4. Conclusion

A novel compliant robotic mechanism is designed to enable manipulation of different kinds of
surgical tools about a pivot point. These tools are commonly used in MIS such as therapy laser
delivery tools, biopsy, colon cancer resection and brachytherapy needles [1,43]. The robot’s special
configuration enables it to reorient a surgical tool about a pivot point; achieve and control small-scale
movement for precision manipulation in two independent degrees of freedom, and allow for
miniaturization so it can overcome problems associated with the limited surgical workspaces. The
manipulator can be used in manual, autonomous or remote-control modes. The special features of the
proposed mechanism make it well suited for use in a broad range of medical interventions.

The designed surgical robotic mechanism has the following physical properties:

1. Mass: 17.6 kilograms
2. Length: (stretched arm): 330mm + 280mm + 110mm = 720mm

Overall, the desired design requirements were successfully achieved during this research and
robot prototype development.

In conclusion, a 7-DOF robotic system for laparoscopic instruments and camera manipulation
during MIS surgery is presented in this paper. Orientation of the trocar points mounted to the robotic
system can be controlled in pitch, yaw and roll angles. Insertion depth of the laparoscope can also be
controlled. All joint motions were decoupled to reduce control complexity as well as potential errors.
Pitch and yaw motions of the laparoscope are controlled by a parallelogram mechanism driven by
tendon in which a remote center of motion (RCM) can be created to passively protect the patient
from injuries. The workspace of the robotic system bounded interaction forces between the robotic
manipulator and the patient to certain thresholds, passively and actively. In future, further
improvements in the designed mechanism shall be carried out besides design of control methods and
interfaces as well as clinical trials.
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