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Abstract

Purpose Robots for single-port laparoscopic surgery (SPLS)
typically have all of their joints located inside abdomen dur-
ing surgery, whereas with the da Vinci system, only the tip
part of the robot arm is inserted and manipulated. A typical
master device that controls only the tip with six degrees of
freedom (DOFs) is not suitable for use with SPLS robots
because of safety concerns.

Methods We designed an ergonomic six-DOF master device
that can control all of the joints of an SPLS robot. We matched
each joint of the master, the slave, and the human arm to
decouple all-joint motions of the slave robot. Counterbalance
masses were used to reduce operator fatigue. Mapping fac-
tors were determined based on kinematic analysis and were
used to achieve all-joint control with minimal error at the tip
of the slave robot.

Results The proposed master device has two noteworthy
features: efficient joint matching to the human arm to decou-
ple each joint motion of the slave robot and accurate mapping
factors, which can minimize the trajectory error of the tips
between the master and the slave.

Conclusions We confirmed that the operator can manip-
ulate the slave robot intuitively with the master device
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and that both tips have similar trajectories with minimal
error.

Keywords Single-port laparoscopic surgery robot - Master
device - All-joint control - Mapping factor

Introduction

Single-port laparoscopic surgery (SPLS) makes use of the
navel as an entry point for surgical tools. Because of the
creation of a single incision around the navel, SPLS results
in less postoperative scarring, less postoperative pain, and
more rapid recovery than conventional open surgery or multi-
port laparoscopic surgery [1]. However, because the surgical
instruments are intersected through the navel, the operation
is counterintuitive and difficult [2], and a significant amount
of training is required. In addition, high levels of concentra-
tion are required to manipulate the instruments appropriately
[3-5].

To overcome these technical difficulties, master—slave
robot systems have been developed. Surgeons can control
the slave surgical robot by manipulating a master device
at a remote location [6,7]. When the surgeon manipulates
the master device while watching the endoscopic image, the
master device records the position and orientation of the sur-
geon’s hands. After calculating the corresponding motion,
the slave robot moves to perform the surgery. A typical
example of a master—slave system is the da Vinci surgical
system [8]. Using such robotic systems, surgeons can focus
on the surgery using the master device, without consider-
ing the structure of the slave robot. If necessary, this type
of master device can switch the control mode between left
and right, adjusted to the counterintuitive configuration of the
slave robot. There have been a number of reports of studies
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on slave robots for SPLS but relatively few reports of stud-
ies on master devices. In this study, we focused on a master
device for SPLS slave robots.

When designing a master device for an SPLS robot, it is
necessary to note the structural differences between multi-
port surgical robots, such as the da Vinci system in which
most of the joints are outside the body during surgery, and
SPLS robots in which most of the joints are located inside
the abdominal cavity. In SPLS robots, following insertion
through a single entry point, the robot spreads its arms and
takes an appropriate pose for the surgery using multiple joints
[9-11]. A robot that spreads in this manner after insertion is
referred to as a Y-type robot, as the robot forms a “Y” shape
(see Fig. 1b).

On the other hand, master devices for robot control can
be separated into two types. Devices of the first type are tip-
control master devices that control only the tip of the slave
robot by calculating the change in the rotation and transla-
tion of the tip in a Cartesian space. Most master devices use
such a tip-control method, including the da Vinci system [9],
the PHANToM OMNI system [10], and the DLR MiroSurge
robot [11]. Because a tip-control master device allows the
tip of the slave robot to follow the tip of the master device,
the user can manipulate the slave robot intuitively. This type
of master device is commonly used for both general-purpose
applications and surgical applications.

Devices of the second type are all-joint-control master
devices that manipulate not only the tip but also the interme-
diate joints of the slave robot, using a joint-to-joint mapping
technique. Using tip control, the motion of each joint can-
not be monitored precisely. However, in a Y-type slave robot
for SPLS, most of the joints of the robot are located in the
body; therefore, all of the joints, including the tip, should
be operated within safe limits or intended workspace. If we
use tip control, some unmonitored intermediate joint motion
may result in damage to tissue; therefore, all-joint control
is preferable. All-joint control is performed for each joint

Abdominal wall

Incision point

(a) (b)

Fig. 1 Laparoscopic surgery robots. a Multi-port surgery robot and b
single-port surgery robot
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space, in contrast to tip control in an integrated single Carte-
sian space. An example of the all-joint control method is the
master—slave Mutual Telexistence system [12], in which the
operator can easily manipulate a specific joint of the slave
robot via joint-linking motions of the master and the slave.
However, this is for a slave robot which has the same structure
as a human arm for non-medical purpose.

In the field of surgical robots, all-joint control has been
applied to several master devices. Hyper Finger [ 13] is acom-
pact and lightweight robotic system for minimally invasive
surgery that has nine degrees of freedom (DOFs). However,
because not every joint of the master device is matched to
one of the human arm, the joints of the slave robot cannot be
manipulated separately. A flexible endoscopic gastrointesti-
nal robot manipulator has also been proposed [14]. Although
this provides total joint matching, the wearable exoskeleton
leads to fatigue owing to its weight. MASTER, proposed by
Phee et al. [15], allows the end effector to mimic the motion
of the master device, but the master device has only three
rotational joints. The prismatic joints of the slave robot must
be manipulated separately using a footswitch. To the best of
our knowledge, there is no master device that can control all
of the joints of a six-DOF surgical robot separately.

In this paper, we describe the development of a new six-
DOF master device for SPLS robots that supports all-joint
control. The master was primarily designed for the PLAS
robot [16], which is a Y-type slave device developed by the
author group. Although the master was initially designed
for PLAS, the design concept of the master device may be
applied to other SPLS robots with appropriate modifications.
Most SPLS robot arms should be articulated inside the body
to make the triangulation layout with an endoscope. The pro-
posed master device efficiently matches the human wrist and
elbow to the SPLS robot joints inside the body.

We designed the master device to decouple all-joint
motions of the slave robot with considering operator
ergonomics. Joint matching between the slave, the master,
and the human arm should be analyzed, considering the range
of motion of the human arm [17,18]. We confirmed that each
joint motion of the slave robot is well decoupled using the
proposed master device.

Furthermore, we identified optimal mapping factors bet-
ween the master and slave robots based on a velocity
matching algorithm. The master and slave have different
joint structures; therefore, a simple 1:1 joint mapping leads
to velocity differences. An inverse Jacobian method was not
used because of coupling motions of the joints; instead, we
used kinematics analysis to identify appropriate mapping
factors that minimize the velocity error. We performed sim-
ulations to assess the correctness of the mapping factors.

The main contribution of this study is the development of
a new six-DOF master device for all-joint control of SPLS
robots with optimized mapping factors.
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Design of all-joint matching master device

With a tip-control master device, only the motion at the end
effector of the slave robot is important. However, with an all-
joint-control master device, not only the end effector but also
all of the other joints of the slave robot should be matched to
the corresponding joints of the master device.

To design the master device, we investigated the structures
of the joints of the slave robot and those of the human arm. If
we were to consider only the structure of the slave robot and
were to build a master device that mimics this motion, the
structure of the master would differ from that of the human
arm, which would limit the natural motion of the arm.

The range of joint angle of the master device was deter-
mined based on the analysis of human arm joints by Wang
et al. [17]. The wrist rotates from —70° to +60° in flex-
ion/extension and from 0° to 50° in abduction/adduction.
The angle of flexion of the elbow joint is 142°, and those of
supination/pronation are up to 90° and 80°, respectively. The
master device was designed considering these ergonomic fac-
tors, as well as counterbalance masses to minimize operator
fatigue [19].

Structure of the slave robot

The partner slave robot for the proposed master is the PLAS
robot [16], although the proposed master is not limited to use
with this slave robot. It is difficult to produce sufficient torque
to operate on relatively large organs, such as the intestines
and liver, using SPLS robots. With the PLAS robot, a plate—
spring mechanism is used to produce a large force. The PLAS
robot has six DOFs for each of the arms, which consist of
two prismatic joints (joints 1 and 5) and four rotational joints
(joints 2, 3, 4, and 6), as shown in Fig. 2. Joint 1 provides a
large workspace by separating the starting point for each arm;
joints 2 and 3 are used to create a yaw angle; and joints 4 and
6 correspond to pitch and roll, respectively. Joint 5 creates
forward and backward motion, once the orientation has been
determined. We considered all DOFs of the individual arms,
resulting in a total of 12 DOFs for the design. Because all
of the joints of the PLAS robot are located inside abdomen,
all-joint-control of the master device should be used.

Design of all-joint-control master device

To manipulate the PLAS robot using all-joint control, the
master device requires two yaw axes, one pitch axis, one roll
axis, and two prismatic joints. To control each joint of the
slave robot separately, all joints of the master device must
be decoupled. Matching between the master device and the
human arm to decouple the six DOFs of the slave robot is
achieved by assigning one yaw axis to the elbow and pitch,
roll, and the other yaw axis to the wrist. One prismatic joint

Joint 6

(a)

(b)

Fig. 2 The PLAS slave robot for the proposed master. a CAD model
and b prototype [16]

7 P

Joint 1

Joint 2
—

| —

5

shoulder

Fig. 3 Joint matching between the slave robot and the human arm

of the master device is matched to the linear motion of human
forearm composed by the rotations of the shoulder and elbow.
Another prismatic joint is matched to linear motions of the
fingers, as shown in Fig. 3.

We designed a master device to implement matching
between the human arm and the PLAS robot described above
(see Fig. 4). Joint 2 of the master device (which is matched
to the elbow) is related to joint 2 of the slave robot. The
joint is also an armrest that supports the weight of the oper-
ator’s arm. Joints 3, 4, and 5 of the master device (which are
rotated by the wrist) correspond to joints 3, 4, and 6 of the
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Fig. 4 CAD model of the proposed master device

Fig. 5 A prototype of the proposed master device

slave robot. By matching these rotational joints to the wrist
joint appropriately, the total amount of motion required for
manipulation is reduced, thus reducing operator fatigue. Joint
1 of the master device matched to joint 1 of the slave robot
translates in response to linear motion of the forearm through
the rotations of the shoulder and elbow. Joint 6 of the mas-
ter device is controlled by translation of the fingers and is
matched to joint 5 of the slave robot. This matching permits
manipulation of overall and fine translation movement sep-
arately using the forearm and the fingers. Figure 5 shows a
photograph of the prototype master device.

Balance of the positioning stage

Because of the mass of the links after joint 4, it is difficult to
rotate joint 4 in response to pitch rotation of the wrist. The

@ Springer
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Fig. 6 Schematic diagram of the positioning of joint 4

mass of the links after joint 4 is approximately 240 g, and the
jointis tilted by approximately 60°. Considering that the wrist
is rotated from 0° to 50° on average in abduction/adduction,
the operator should withstand the weight associated with it,
which may result in fatigue during long surgical operations.
To limit operator fatigue, joint 4 should be tilted to approxi-
mately 25° in the steady state.

To obtain a joint angle of 25° for joint 4 in the steady
state, the master device contains two counterbalance masses
on either side, as shown in Fig. 6. The values of the parameters
shown in Fig. 6 are as follows: r=9cm, M =240.5g, L=18.8
cm, and / = 3.4 cm. Using the following relations between
the positioning stage, we may determine the mass m:

2m (rsinf + Icosf) = M (Lcosf — rsinf) , (1)
o — M (L‘cose — rsinf) @)
(rsinf + lcosh)

We find that 2m = 460 g. By placing 230 g counterbalancing
masses on both sides of the joint, joint 4 can be tilted by 25°,
as shown in Fig. 7.

Sensors and materials

Sensors are required to measure the motion of the master
device, and the number of sensors should be equal to the
number of joints. The master device consists of two pris-
matic joints and four rotational joints. The motion of joint
1 is detected using two XSS-5GL13 on/off push switches
(Zhejiang Xurui Electronic Co., Wenzhou, China) because
the stroke of joint 1 of the slave robot is too long to be con-
trolled using one-to-one motion matching. When an external
force does not act on joint 1, the joint maintains the center
of displacement due to the elastic force of springs mounted
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Fig. 7 The angle of joint 4 with the counterbalance masses

on each side. When joint 1 is moved forward or backward, a
switch is pushed and generates a signal. Rotational motions
of joints 2 to 5 are detected using Ultra Miniature Encoder 7S
series sensors (Nemicon Corp., Tokyo, Japan). These devices
have a high angular resolution of approximately 0.225°, a
diameter of 7.2 mm, and a height of 13.5 mm. The mass of
the encoder is approximately 5 g, enabling easy manipula-
tion of the master device. Joint 6 uses a linear potentiometer
(PTL45-15R0-103B2, Bourns Inc., Altadena, CA) for linear
motion instead of an encoder. The potentiometer has a resis-
tance of 10k€2, and it is approximately 60 mm long, 9 mm
wide, and 7 mm high.

All of the components of the master device were fab-
ricated with a rapid prototyping machine (Eden 250™,
Stratasys Ltd., Rehovot, Israel). The machine has a resolution
of 16 pm, and the material used was FullCure 835 (Stratasys
Ltd., Rehovot, Israel), which has a tensile strength of 57 MPa
and a minimum elastic modulus of 2220 MPa. This material
is sufficiently strong to manipulate the master device using
a human arm. In addition, the rotational and prismatic joints
were equipped with bearings and linear guides to minimize
friction.

Master—slave mapping

The structure of the master device differs from that of the
slave, the PLAS robot, because of the ergonomics of the
human arm. Because of these differences, simple one-to-one
mapping would lead to velocity and positional errors at the
tip. The inverse Jacobian [20] is given by the following rela-
tions:

uwm = MOy, 3)

vs = JsOy, “)

where vy, JM, and @1’\,[ represent Cartesian velocity, Jaco-
bian, and joint velocity of the master device, and vs, Js,
and O represent the corresponding properties of the slave
robot. To have the same Cartesian velocity between master
and slave, the joint velocity of the slave robot is determined
as follows:

0§ = Jg 'vs, (5)
0§ = Jg 'om = Jg ' ImOy,. (6)

A Jacobian-based approach is widely used to ensure that the
velocity at the tip of the slave robot is equal to that at the tip of
the master device. However, it is not straightforward to apply
this method to all-joint-control master devices, such as that
described here. Some joints have coupled motion; therefore,
we may confine the tip motion but not confine the motion of
each joint separately. There is thus a risk that the motion of
some joints may damage organs or tissue during surgery.
We identified mapping factors that permit one-to-one joint
control with minimal error at the tip. To determine these map-
ping factors for each joint, the kinematics of the master device
were analyzed, as described in the following subsection.

Kinematics of the master device

Figure 8 shows a kinematic representation of the master
device. The axes are labeled according to the distal Denavit—
Hartenberg (D-H) convention [21], and the corresponding
D-H parameters are listed in Table 1. Joints 1 and 6 are pris-
matic joints, and joints 2, 3, 4, and 5 are rotational joints.
In Fig. 8, d; represents translation of the forearm; dg repre-
sents translation of the fingers; and 6>, 03, 64, and 05 are the
angles of the elbow, yaw, pitch, and roll of the wrist, respec-
tively. The value of d; is increased in proportion to the length
of time that the switch is pushed. The dimensions shown in

Fig. 8 Kinematic model of the master device. The axes are labeled
according to the distal Denavit—Hartenberg convention

@ Springer
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Table 1 D-H parameters of the master device

Joint i a1 ai—1 d; 0;

1 0 0 d| = variable 0

2 3 0 d> 6y = variable +
3 0 ar 0 63 = variable

4 3 0 04 = variable +
5 3 0 0 65 = variable

6 0 as de = variable + dg 0

Fig. 8 are as follows: do = 88mm,ay; = 138 mm, as =
45 mm, and dg = 110 mm.

Mapping factors for decoupling all joints

The mapping factors for the four revolute joints were deter-
mined as follows. Because joint 1 is moved using an on/off
switching mode and joint 6 is moved forward and back-
ward after the orientation is determined, the prismatic joints
were considered independently from the rotational joints.
The mapping factors for the rotational joints were consid-
ered to produce similar trajectories of the master and the
slave. Because the structure of the master differs from that
of the slave, there will inevitably be differences in the veloc-
ities and trajectories of the tips if we use all-joint control.
We attempted to minimize these differences and to match
the velocity and trajectory as closely as possible between the
master and slave, while maintaining joint-to-joint control.
To obtain the mapping factors for the rotational joints,
kinematic models of the master and slave were modified
from six DOFs to four DOFs by excluding the two prismatic
joints, as shown in Fig. 9. By multiplying link-transformation
matrices of the master and the slave, each total transforma-
tion matrix that relates the base frame to the end frame is
calculated [21]. Jacobian matrices are derived by perform-
ing partial differentiation of the total transformation matrices

Fig. 9 Kinematic model of the
rotational joints. a PLAS slave
robot and b the master device

@ Springer

with respect to joint variables [20]. The Jacobian of the sim-
plified slave robot Jg is given by

(Cy3 (a3 +d5Cq) +a2C2)  (C23 (a3 + d5Cy))
0 0

(—d584523)

{(—523 (a3 +ds5Cy) —a282) (=823 (a3 +dsCy))
(d5Cyq)

(—d554C23)j|

where Sxy represents sin(x + y). And the Jacobian of the
simplified master device J)j is defined by

(=823 (d6Cs) — a5 S2) (=523 (dsCs))  (—dpS4Ca3)
(C23 (dsCs) +a5C2)  (C23(d6C4))  (—d6S4S23)
0 0 (deCy)

The constants in these expressions are as follows: a, =
50, a3 = 15, ds = 30, a5 = 138, and dg = 60.

To achieve all-joint control, we assumed @’Si = K; *
C) 1/1/11'; that is, each joint of the slave robot was assumed to be
actuated in response to motion of the corresponding joint of
the master device. Using Eqgs. (3) and (4), a diagonal matrix
K was constructed as follows:

vs = UM, )
JsO§ = MOy, @
JsK + Ol = IOy, ©)
K0 O
Js| 0 K30 = Jum- (10)
0 0 K4

Using the third-row vector of Eq. (10), the term K4 may be
obtained as follows:

dg
Ky =—. 11
4 s (11)

(d5C4) K4 = (d6Cs) ,

K3 may then be calculated from the second-row vector of
Eq. (10), i.e.,
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Table 2 Mapping factors

Joint i Mapping factor
between master and slave
1 On/Off
) (C23(dCy)+a5Ca)
(C23(a3+d5Cs)+a2C2)
3 (d6Cys)
(a3+ds5Cys)
(de).
4 (ds)
5 1
6 1
(Ca23 (a3 +dsCy)) K3 = (C23 (d6C4)) ,
dgCy
( ) (12)

Ky=—2>%
(a3 + dsCy)

K> can be calculated using the second-row vector of Eq. (10),
i.e.,

(C3 (a3 + d5C4) 4+ a2C2) Ky = (C23 (d6Ca) + a5C2)
K — (C23 (d6Cs) + a5 Cs)
27 (€3 (a3 +dsCy) + axC)’

13)

The first-, second-, and third-row vectors of Eq. (10) are
related to vy, vy, and v, respectively. The mapping factors
are listed in Table 2.

Although the master and slave have similar velocities
because of the use of these mapping factors, errors in the
velocities and resulting trajectories at the tips cannot be
avoided using all-joint control. When the mapping factors in
Eq. (10) were used, the velocity components vy and v, of the
master and slave were equal. However, there was inevitable
error in vy, i.e.,

JsK — v = (823 (deCy) + aéSz)
(C23 (d6Cs) + a5 Cr)

 (Ca3 (a3 +ds5Cq) + arCa)
X (823 (a3 +d5Cq) + a2 $2). (14)

Since the operation times of the master and the slave are
identical, this error in velocity results in the final trajectory
error between the master and the slave as shown in Fig. 15,
which is considered acceptable for the task of handling tissue.

Experiment and results

To evaluate the performance of the system, we connected
the master device and the slave robot and performed basic
translation, rotation, and grasping tasks. We also verified the
mapping factors via simulations. We confirmed that each
slave joint was controlled without coupling to the corre-
sponding master joint using the mapping factors. To assess

the error at the tip, the trajectories of the master and slave
tips were compared using simulations.

Decoupling each joint motion of the slave robot

Using the master device, the slave robot was manipulated as
shown in Fig. 10. When the elbow was folded, joint 2 of the
robot rotated. When the wrist was rotated in the order of yaw,
pitch, and roll, joints 3, 4, and 6 were rotated in sequence.
When the forearm and fingers were translated, joints 1 and
5 moved forward and backward. These results confirm that
each joint of the slave robot can be controlled separately
using the master device. We also obtained some feedback
from users. First, because of the armrest (joint 2), they were
able to manipulate the master device without a significant
burden. Second, because the master device matched each
joint of the human arm and the slave robot, each joint motion
of the slave robot could be decoupled.

Evaluation of the mapping factors

We investigated whether the tips of the master and the slave
had similar trajectories using the rotational joints. Using the
mapping factors listed in Table 2, we plotted the trajectories
of the master and the slave using MATLAB (MathWorks
Inc., Natick, MA). To evaluate only the performance of each
mapping factor without physical errors, we used simulation
instead of the physical prototype. When the master device
rotated through 30° at joint 2, the slave robot rotated by 62.5°
at the same joint using the mapping factors listed in Table 2.
As a result, both tips moved 103.6 mm, as shown in Fig.
11. When joint 3 of the master device rotated through 30°,
joint 3 of the slave rotated by 40° using the corresponding
mapping factor. As a result, we found that the mapping factor
allowed for motion of 31.4 mm of both tips, as shown in
Fig. 12. With joint 4, we were able to obtain identical motion
of both tips with zero error using the mapping factors, as
shown in Fig. 13. Note that this complete agreement between
master and slave occurred only when the remaining joints
were stationary. When the joints moved in combination, some
error occurred at the tip (as described later).

Trajectory error with the master device

We carried out simulations using the VTK graphic library
(Kitware Inc., Clifton Park, NY) to characterize the relation-
ship between the trajectories of the master and slave robot
tips. We used the master device, a virtual slave system, and a
2560 Arduino Mega controller (Arduino Corp., Ivrea, Italy)
to connect them, as shown in Fig. 14. A virtual slave robot
was simulated based on the mechanical drawings and 3D
model of the slave robot, PLAS, to evaluate the performance
of the master device and the accuracy of mapping factors,

@ Springer
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Fig. 10 Motion of the
rotational joints of the master
and slave

Joint 2 (Elbow) yaw

Joint 5 (Wrist) roll

Starting point : [198, 0, 0] Starting point : [95, 0, 0]
Last point : [171.47, 99, 0] Last point : [43.86, 84.26, 0]
s MASTER o el SLAVE
Distgpce of trajectory : 103.6 mm, - Distance of trajectory : 103.6 mm
Master device Slave robot

Fig. 11 Comparison of the trajectories of joint 2 between the master and slave

while avoiding the mechanical errors of the slave robot. angles calculated by the encoder values were then multiplied
The Arduino electronics prototyping platform uploads the by the mapping factors for each joint to determine the pose
compiled firmware via a universal serial bus (USB) connec- of the virtual slave robot.

tion. The encoder values of the master device were obtained To compare the trajectories of the tips of the master
using a serial peripheral interface (SPI) connection. The joint ~ and the virtual slave, four rotational joints of the real mas-

@ Springer
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Starting point : [198, 0, 0]
Last point : [189.96, 30, 0]

75

e MASTER
Distance of trajectory : 31.41 mm,
% o i

Master device

Starting point : [95, 0, 0]
Last point : [84.47, 28.95, 0]

75

= SLAVE
Distance of trajectory : 31.41 mm «
Slave robot

Fig. 12 Comparison of the trajectories of joint 3 between the master and slave

Starting point : [198, 0, 0]
Last point : [189.96, 0, 30]

P MASTER
Distance of trajectory : 31.41 mm,

5 100
> =

5
50 o

Master device

Starting point : [95, 0, 0]
Last point : [80, 0, 25.98]

%

L]

5 SLAVE
Distance of trajectory : 31.41 mm «

100
5 ;
0

50 0

Slave robot

Fig. 13 Comparison of the trajectories of joint 4 between the master and slave

Actual Master Device Virtual Master-Slave

X\

MASTER

Encoder Pulse
ARDUINO

USB
(RS232)

Fig. 14 Simulation system used to characterize the trajectory of the
master device and slave robot

ter device were arbitrarily manipulated, and the trajectories
were obtained. We confirmed that when the master device
was manipulated five times, the trajectory error between the
master and slave averaged 4 %. Figure 15 shows a set of sim-
ulation results with a trajectory error of approximately 8 mm
in 202 mm. However, the shapes and overall lengths of the
trajectories of the master and slave were similar. We discuss
the discrepancies and a solution for them in the following
section.

Discussion

To implement master—slave operation in SPLS, we matched
the human arm, the master, and the slave, while decoupling

@ Springer
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Distance of trajectory : 202.8 mm
Time : 3.53 sec

-120
-140

-160

30 75

Master device

Distance of trajectory : 194.7 mm
Time : 3.53 sec

60
40

20

Slave robot

Fig. 15 Comparison of trajectories between the master and the virtual slave with four rotational joints

all of the joints. Decoupling is required to avoid possible col-
lisions between the intermediate joints of the robot and tissue,
as well as the endoscope. To obtain the desired tip motion of
the slave, we determined appropriate mapping factors based
on a kinematic analysis. Although the first simulation using
MATLAB yielded identical trajectories of the joints when
manipulated individually, when the joints move in combi-
nation, differences in the structures of the master and slave
resulted in differences in the motions of the tips of the master
and slave. Using Eqgs. (11)—(14), we found that the velocity
components vy and v, at the tips of the master and slave
were equal but that the v, velocity components differed. We
detected a 4 % trajectory error in the experiment, but this
error can be overcome by a surgeon using visual feedback.
If the robot must follow the exact trajectory planned prior to
surgery, as in needle insertion into a small tumor, any small
discrepancy between trajectories may cause serious prob-
lems. However, with SPLS, surgeons typically operate the
master manually with visual feedback from the laparoscopic
monitor. If the distance to the target can be estimated from the
laparoscopic image, the surgeon may alter the trajectory of
the master to reach the target. We can reduce this 4 % error to
almost 0 % at the tip if we use the conventional inverse Jaco-
bian approach. However, we cannot control other joints inside
the body except the tip part. Therefore, 4 % was inevitable
error that we had to accept to control every joint inside the
body for safety, as well as the tip part for the master—slave
systems that have different structures from each other.

Berkelman et al. [22] also reported that using a master—
slave system for a gripper reduced the trajectory error
compared with manual operation. They showed that manual
operation had more than 50 % trajectory error, and even the
reduced error was more than 10 %. Considering these results,
4 % error may be acceptable, or at least is much smaller than
the error in manual operation.
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Also, to determine each link length of the master device,
the average length of human arms and size of hands were
considered. In order to make the master device fit various
operators’ arms and hands, the component size should be
made adjustable to each operator.

Conclusions

We designed a master device to support SPLS robots. In con-
trast to the da Vinci system, we chose all-joint control for
the safe motion of the single-port surgery slave robot. We
matched each joint of the master, the slave, and the human
arm, while decoupling all-joint motions of the slave robot.
Mapping factors were determined based on kinematic analy-
sis and were used to achieve all-joint control with minimal
error at the tip of the slave robot.
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