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SUMMARY
This paper proposes a new effective kinematics method based on the dynamic visual window (DVW)
for a surgical robot that is equipped with two instrument arms and one laparoscope arm, to enable
doctors to achieve operations with their visual habits under the laparoscopic visual environment.
The problem of the consistency principle between the doctor’s operations under the visual window’s
feedback and the master–slave operations of the surgical robot is solved. The kinematics models of
the surgical robotic arms are established, and the new kinematics methods based on the DVW of the
laparoscope and instrument arms are proposed according to their inverse kinematics with respect
to the visual coordinate system. Finally, the proposed kinematics method is verified by simulation
experiments based on the theoretical algorithm and the mechanism model; the multiple sets of the
simulation data are presented to illustrate the correctness and feasibility of the new method in this
research.
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1. Introduction
The minimally invasive surgery (MIS) has been used more and more extensively with the development
of the laparoscopic surgical robotic system (LSRS) and changed the way we perceive and practice
surgery,1 due to all the changes that robotic surgery has made in the way of performing, teaching
and practicing surgery.2 The structure and function developments of the LSRS are as man–machine
integrated as possible and suitable for doctors’ demands in the operation. In addition, it is significant
to establish the effective kinematics method for the LSRS, so as to make doctors accustomed to
undergo surgical operations.

The most well-known commercialized systems are the Zeus and the da Vinci robots,3,4,5 and the
da Vinci system has been the most widely used surgical robot in the MIS. The DLR MIRO system6,7

is a new versatile lightweight robot for surgical applications, which focuses on compact, slim and
lightweight design to assist the surgeon directly at the operating table without interference. The
Raven system8,9 was developed at the University of California at Santa Cruz and the University of
Washington and modelled on a system originally designed for military use.10 Researchers of the
Technical University of Eindhoven have developed the Surgeon’s Operating Force feedback Interface
Eindhoven called SOFIE.11 The University of Hawaii-Manoa has built a simple, low-cost, modular
system for performing laparoscopic surgery.12

The improvements of the LSRS are not only in developing its structure and function but also in
establishing preferable kinematics algorithms for its slave manipulators, so that doctors can use the
LSRS to finish the MIS with comfortable operations.
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There is a prototype robotic system for the MIS, which has two instrument arms, an autonomous
robotic camera assistant and two haptic devices to control the instrument arms.13 They developed a
prediction method based on the Markov model and interference model and trajectory clustering to
predict states for the autonomous guidance of the endoscopic camera. And using long-term prediction
of the instruments’ movement can improve the positioning of the endoscope. However, the complexity
of trajectories of laparoscopic interventions represents a significant obstacle for the robust prediction
of the ongoing intervention. Evaluations on a phantom showed a hit rate varying between 89.1% and
92.3% in predicting the end-effector’s motion.

A new LSRS called ceiling mounted robots with surgical instruments14 has been developed. The
approach utilizes both encoder readings and visual information, in order to stabilize tracking in
image space. As tracking modality they utilize the contracting curve density algorithm that looks
for maximal separation of local colour statistics along the contour of a model. However, in regions
with the very dark background, the greyish shaft cannot be separated correctly and tracking is
lost.

Stephen15 developed the HARP surgical robot and presented a filtering method for estimating
the shape and end-effector’s position and orientation (PAO) of a highly articulated surgical snake
robot that can create a more accurate and representative 3D-rendered visualization for image-guided
surgery. However, in the case of a cardiac experiment, it is worth noting that if the robot is interacting
with deformable tissue and/or moving tissue, the estimation of shape can be adversely affected. And
more advanced models are required based on the real celiac environment.

The Technical University of Cluj-Napoca has developed the PARASURG 5M hybrid parallel robot;
Bogdan16 proposed a new inverse dynamic model that was obtained using the virtual work method on
the basis of dynamically equivalent lumped masses. The method proved to be more efficient because
it can eliminate all forces and internal joints and allows direct determination of forces/torques of the
robot for given laws of motion for the end effector. Oscar17 illustrated how intraoperative navigation
based on optical tracking of a fluorescence endoscope may help to further improve the accuracy of
hybrid surgical guidance.

The matched kinematics method for each LSRS has its own characteristics, because of the
different robotic structure and function in their dedicated surgical technique. Therefore, the research
on the kinematics method based on the DVW is important in theories and practical applications,
especially for the surgical robot equipped with instrument and laparoscope arms. This paper proposes
a new kinematics method for the instruments and laparoscope arms, aiming at being suitable for
doctors’ visual sense and operation habits during the surgery; it can solve the problem of the
consistency principle between the doctor’s operations under the visual feedback of 3D visual
window and the master–slave operations of the LSRS. Meanwhile, the kinematics algorithms
can be the specialized kinematics method for this kind of LSRS and other applicative robotics
industry.

2. Problem Statement

2.1. Kinematics method of the laparoscope arm
The laparoscopic visual window consists of the current visual window and the objective visual
window. During the surgical procedure, if the current visual window cannot satisfy the doctors’
demand, the visual window needs to be moved left/right, up/down and forward/back; these motions
are with respect to the current visual window. The doctors use the master manipulator to control the
laparoscope arm’s position for achieving the expected visual field, which is defined as the objective
visual window. The three types of motion for the 3D visual window are shown in Fig. 1, which
move along the axis x, y, z of the laparoscope’s visual coordinate system. The visual window’s
replacement process is a result of the 3D dynamic movement; if the three types of motion and the
master–slave manipulation of the LSRS are consistent, it is conducive to the doctors’ operation for
achieving the optimum visual feedback from the abdomen. The new kinematics method based on
the DVW of the laparoscope arm is established according to its inverse kinematics with respect
to the laparoscope arm’s visual coordinate system. Therefore, we can calculate the motion state
of the 3D visual window through the laparoscope arm’s kinematics algorithm proposed in this
study.
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Fig 1. (Colour online) The objective 3D visual window based on DVW.

2.2. Kinematics method of the instrument arm
If the objective visual window is ready for the doctors’ demand, the current visual window will be
replaced by the objective visual window and the laparoscope’s visual coordinate system is changed;
this is a 3D dynamic replacement process during the surgical procedure. The doctors use the master
manipulators to control the instrument arms’ PAO for the desired operations with the visual window’s
visual feedback. If the devices’ motion of the instrument arms in the 3D visual window and the
master–slave manipulation of the LSRS are consistent, it can be suitable for the doctors’ visual and
operation habits. As shown in Fig. 2, i.e. the current PAO of the instrument arms’ devices with respect
to the 3D visual window, the new kinematics method based on the DVW of the instrument arm is
established according to its inverse kinematics with respect to the laparoscope arm’s visual coordinate
system, and their objective PAO can be calculated through the instrument arm’s kinematics algorithm
proposed in this research.

3. Normalization of the Base Coordinate System
This research keeps attention on the LSRS, which consists of two instrument arms and one laparoscope
arm in-between position of them. For convenience sake, we build the base coordinate system (BCS)
on the laparoscope arm as the normalized BCS. Therefore, we need to complete the transformation
between instrument arms and normalized BCS. As shown in Fig. 3, these are the relative location
relations among the three arms’ BCSs according to the structure of the LSRS. The coordinate
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Fig. 2. (Colour online) The objective instrument arms’ devices based on DVW. The OPOIA represents the
objective position and orientation of the instrument arm and the CPOIA represents the current position and
orientation of the instrument arm.

Fig. 3. (Colour online) The position relations of the three arms’ BCSs.

transformation from the normalized BCS to the instrument arms is given by Eq. (1):

B
devTλ =

⎡
⎢⎣

1 0 0 kλ

0 1 0 k3

0 0 1 0
0 0 0 1

⎤
⎥⎦ , (1)

where kλ and k3 represent the position constant of each instrument arm. When λ = 1, B
devT 1 represents

the coordinate transformation from the normalized BCS to the instrument arm 1. When λ = 2, B
devT 2

represents the coordinate transformation from the normalized BCS to the instrument arm 2.

4. The Kinematics Algorithm Based on DVW for the Laparoscope Arm
Describing the algorithm in kinematics is equal to moving the 3D visual window through the positive
and negative directions of the laparoscope arm’s tool coordinate system (TCS). Therefore, we analyse
the kinematics model and establish its kinematics algorithm based on the DVW.

4.1. Kinematical modelling of the laparoscope arm
The first four arm joints of the LSRS are passive structures and the surgery assistant places them in
the optimal position before the surgery. Then, the passive joints are fixed by electromagnetic clutches
and the system collects the data of each joint by its encoder for the basic information inputting to the
kinematics algorithm.
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Fig. 4. (Colour online) The kinematics coordinate systems of the laparoscope arm.

According to the laparoscope arm’s structural features, the kinematics coordinate systems
are established as shown in Fig. 4. And the frame lapO0 is the normalized BCS, the frames
lapO1,lapO2,lapO3,lapO4 are the first four passive joints’ coordinate systems, the frame lapO8 is the
TCS, and the frames lapO5, lapO6, lapO7 are the other joints’ coordinate systems.

The coordinate transformation from the frame lapO0tolapO4 is given by Eq. (2):

0
4T pas = 0

1T pas · 1
2T pas · 2

3T pas · 3
4T pas. (2)

Matrix 0
4T pas is calculated by the basic data and information of the passive joints’ encoders, which

is a constant matrix. According to robotics, it is simple to calculate matrices 4
5T pas, 5

6T pas, 6
7T pas and

7
8Tpas, which are the neighbouring coordinate transformation among the frames lapO4, lapO5, lapO6,
lapO8.

With the above parameters known, the forward kinematics’ coordinate transformation from the
normalized BCS lapO0 to the TCS lapO8 is given by Eq. (3):

B
8 T lap = 0

8T lap = 0
4T pas · 4

5T lap · 5
6T lap · 6

7T lap · 7
8T lap =

⎡
⎢⎣

lapnx lapox lapax lappx

lapny lapoy lapay lappy

lapnz lapoz lapaz lappz

0 0 0 1

⎤
⎥⎦ , (3)

where

lapnx = c5s2+3+4 − sαs5c2+3+4,

lapny = −c5c2+3+4 − sαs5s2+3+4,
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lapnz = −cαs5,

......

lappx = a3c2 + a4c2+3 + d6cαc2+3+4 + (djc6−β + d7c6+β)(cαc2+3+4 + c5sαc2+3+4 − s5s2+3+4),

lappy = a3s2 + a4c3−2 + d6cαc3−2−4 + (dj + d7)(s5c6−βs3−2−4 + s6−βcαc3−2−4 − c5sαc6−βc3−2−4),

lappz = d1 + d4 − d6sα + (dj + d7)(sβ−6sα − sβ+αc5c6),

where c and s represent cos and sin, c2+3+4 and s2+3+4 represent cos (θ2+θ3+θ4) and sin (θ2+θ3+θ4),
which are the same in the following equations.

There are only three active joints driven by servo motors for controlling the laparoscope’s position,
so their inverse kinematics is calculated based on the fourth passive joint’s frame lapO4. In order to
simplify the calculation, we try to roll the frame lapO4 along its axis y4 for (α + 90◦) as a new frame
lapO

′
4, and the coordinate transformation 4

8T ′
lap from the frame lapO

′
4 to lapO8 is given by Eq. (4):

4
8T ′

lap =

⎡
⎢⎣Rot(y4, α + 90◦)

0
0
0

0 0 0 1

⎤
⎥⎦

−1

· 4
5T lap · 5

6T lap · 6
7T lap · 7

8T lap

=

⎡
⎢⎣

s5 − c5s6−β−γ − c5c6−β−γ (dj + d7)c5c6−β

−c5 − s5s6−β−γ − s5c6−β−γ (dj + d7)s5c6−β

0 c6−β−γ −s6−β−γ d6 + (dj + d7)s6−β

0 0 0 1

⎤
⎥⎦ . (4)

Therefore, the coordinate transformation 0
4newT from the frame lapO0 to lapO

′
4 is given by Eq. (5),

and is a constant matrix and easy to get 0
4newT−1:

0
4newT = 0

4T pas ·
[

Rot(y4, α + 90◦) 0
0 1

]
. (5)

Suppose that matrix 0
8T lap

target is the desired PAO of the TCS lapO8 with respect to the frame lapO0,
the PAO with respect to the frame lapO

′
4 can be calculated by Eq. (6):

4
8T ′

lap = 0
4newT−1 · 0

8T target =

⎡
⎢⎢⎢⎣

tar
lapnx

tar
lapox

tar
lapax

tar
lappx

tar
lapny

tar
lapoy

tar
lapay

tar
lappy

tar
lapnz

tar
lapoz

tar
lapaz

tar
lappz

0 0 0 1

⎤
⎥⎥⎥⎦. (6)

According to Eq. (6), the desired position vector is shown as T lap
target = [ tar

lappx
tar
lappy

tar
lappz

]T
.

Simultaneously using Eqs. (4) and (6), the only solutions of the inverse kinematics are calculated as
follows:

The joint range of motion :

⎧⎨
⎩

θ5 ∈ (−90◦, 90◦)
θ6 ∈ (β − 90◦, β + 90◦)
d7 ∈ (−150, 120) mm

,

θ5 = arctan
(

tar
lappy

/
tar
lappx

)
,

If angle θ5 �= 0, θ6 = arctan 2
[(

tar
lappz − d6

)
, tar

lappy

/
sin(θ5)

]
+ β,

If angle θ5 = 0,θ6 = arctan 2
[(

tar
lappz − d6

)
, tar

lappx

]
+ β,

d7 = tar
lappx/ [cos(θ5) · cos(θ6 − β)] − dj.
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Fig. 5. (Colour online) The technological flow diagram of the laparoscope arm’s kinematics algorithm based on
DVW.

4.2. Kinematics algorithm based on the DVW of the laparoscope arm
According to Section 2.1, the kinematics algorithm is established through an analysis of the relations
between the objective visual window and the current based on the kinematical model; the technological
flow diagram is shown in Fig. 5.

According to Eq. (3), the absolute position vector of the current visual window with respect to the
normalized BCS is given by the position vector

[
lappx lappy lappz

]T
. And (dx, dy, dz) are the values

of motion along the three axes of laparoscope’s TCS for obtaining the objective window’s position
with respect to the TCS lapO8 of the current window; the objective window’s position vector is given
by Eq. (7):

vis
lapT =

[
vis
lappx

vis
lappy

vis
lappz

]T
, (7)

where

vis
lappx = lappx + lapnx · dx + lapox · dy + lapax · dz,

vis
lappy = lappy + lapny

· dx + lapoy · dy + lapay · dz,

vis
lappz = lappz + lapnz · dx + lapoz · dy + lapaz · dz.

According to Eq. (6), the absolute position vector of the objective window based on the normalized
BCS is given by Eq. (8):

[
vis
tar T

1

]
= 0

4newT−1 ·
[ vis

lapT
1

]
= [

vis
tarpx

vis
tarpy

vis
tarpz1

]T
. (8)
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Substituting matrix vis
tar T to the solutions of inverse kinematics, the equations of the laparoscope

arm’s kinematics algorithm based on the DVW are given below:

The joint range of motion :

⎧⎨
⎩

θ5 ∈ (−90◦, 90◦)
θ6 ∈ (β − 90◦, β + 90◦)
d7 ∈ (−150, 120) mm

,

θ5 = arctan(vis
tarpy/

vis
tarpx),

If angle θ5 �= 0,θ6 = arctan 2
[
(vis
tarpz − d6), vis

tarpy/ sin(θ5)
] + β,

If angle θ5 = 0,θ6 = arctan 2
[
(vis
tarpz − d6), vis

tarpx

] + β,

d7 = vis
tarpx/ [cos(θ5) · cos(θ6 − β)] − dj.

Because of the practical function of the laparoscope arm and only three active joints being driven
by the servo motors, we decide to control the position for the kinematics algorithm based on the
DVW, and the laparoscope’s PAO is calculated with the laparoscope’s position and the orientation of
the trocar’s point of tangency that we already know.

5. The Kinematics Algorithm Based on DVW for the Instrument Arm
It is significant to control the instruments based on the 3D visual window with the visual feedback,
so that devices’ motion of the instrument arms in the 3D visual window and the master–slave
manipulation of the LSRS can be consistent; it is suitable for doctors’ visual and operation habits.
Therefore, we analyse the kinematics model and establish its kinematics algorithm based on the DVW
as in Section 4.

5.1. Kinematical modelling of the instrument arm
According to the same structural features of the two instrument arms, their coordinate systems are
the same except for their BCSs; the kinematics coordinate systems are established as shown in Fig. 6.
The frame devO0 is its own BCS, the frames devO1,devO2,devO3,devO4 are the first four passive joints’
coordinate systems, the frame devO11 is the TCS, and the other coordinate systems are the active
joints driven by the servo motors. According to the LSRS structure, the analysis method is similar to
Section 4.

According to above, matrix 4
11T act is the coordinate transformation from the TCS devO11 to the

fourth frame devO4 as shown below:

4
11T act = 4

5T act · 5
6T act · 6

7T act · 7
8T act · 8

9T act · 9
10T act · 10

11T act. (9)

Simultaneously using Eqs. (1), (2) and (9), the coordinate transformation of the forward kinematics
from the normalized BCS lapO0 to the TCS devO11 is given by Eq. (10):

B
11T dev = B

devTλ · 0
4T pas · 4

11T act =

⎡
⎢⎣

devnx devox devax devpx

devny devoy devay devpy

devnz devoz devaz devpz

0 0 0 1

⎤
⎥⎦ , (10)

where

devnx = c2+3+4(s10(cβ−6s7cα − sβ−6c5s7sα + c7s5sα) · · · ,

devpz = d1 + d4 + (d8 + d9 + d10c9 + d11c10c9) · · · .

There are six active joints driven by the servo motors, so their inverse kinematics is calculated
based on the fourth passive coordinate system devO4. In order to simplify the calculation, we try
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Fig. 6. (Colour online) The kinematics coordinate systems of the instrument arm.

to roll the frame devO4 along its axis y4 for (α + 90◦) as a new frame devO
′
4, and the coordinate

transformation 4
11T ′

act from the frame devO
′
4 to devO11 is given by Eq. (11):

4
11T ′

act =
[

Rot(y4, α + 90◦) 0
0 1

]−1

· 4
5T act · 5

6T act · 6
7T act · 7

8T act · 8
9T act · 9

10T act · 10
11T act. (11)

Simultaneously using Eqs. (1) and (2), the coordinate transformation B
4newT dev from the normalized

BCS lapO0 to the frame devO
′
4 is given by Eq. (12), and it is a constant matrix and its inverse matrix

0
4newT−1 is easy to get:

B
4newT dev = B

devTλ · 0
4T pas ·

[
Rot(y4, α + 90◦) 0

0 1

]
. (12)

Supposing matrix B
targetT dev is the desired PAO of the TCS devO11 with respect to lapO0, the PAO

with respect to the coordinate system devO
′
4 can be calculated as follows:

4
11T ′

act = B
4 T−1

dev · B
targetT dev. (13)

Supposing its inverse matrix is (4
11T ′

act)
−1, as shown below:

(4
11T ′

act)
−1 =

⎡
⎢⎢⎢⎣

dn
′
x do

′
x da

′
x dp

′
x

dn
′
y do

′
y da

′
y dp

′
y

dn
′
z do

′
z da

′
z dp

′
z

0 0 0 1

⎤
⎥⎥⎥⎦ . (14)

(i) Let us transform Eq. (11) as Eq. (15), for solving θ10, θ9, d8:

(4
11T ′

act)
−1 · 4

5T act · 5
6T act · 6

7T act = 10
11T−1

act · 9
10T−1

act · 8
9T−1

act · 7
8T−1

act . (15)
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(ii) Let us transform Eq. (11) as Eq. (16), for solving θ7, θ6, θ5:

4
5T ′

act · 5
6T act · 6

7T act = 4
11T ′

act · 10
11T−1

act · 9
10T−1

act · 8
9T−1

act · 7
8T−1

act . (16)

Simultaneously using Eqs. (15), (16) and the correlation parameters, and supposing the right-hand
side of Eq. (16) is matrix (14)

rightT dev, we have

(14)
rightT dev =

⎡
⎢⎣

T11 T12 T13 T14

T21 T22 T23 T24

T31 T32 T33 T34

T41 T42 T43 T44

⎤
⎥⎦ . (17)

Simultaneously using above correlation equations, we can calculate the only solutions of inverse
kinematics as follows:

The joint range of motion :

⎧⎨
⎩

θ10 ∈ (−90◦, 90◦)
θ9 ∈ (−90◦, 90◦)
d8 ∈ (−200, 150) mm

,

⎧⎨
⎩

θ7 ∈ (−180◦, 180◦)
θ6 ∈ (β − 90◦, β + 90◦)
θ5 ∈ (−90◦, 90◦)

,

θ10 = arctan
[
(dp

′
y + da

′
y · d6)/(dp

′
x + da

′
x · d6 + d11)

]
,

If angle θ10 �= 0,θ9 = arctan
{
(dp

′
z + da

′
z · d6)/

[
d10 − (dp

′
y + da

′
y · d6)/ sin(θ10)

]}
,

If angle θ10 = 0,θ9 = arctan
[
(dp

′
z + da

′
z · d6)/(dp

′
x+da

′
x · d6+d11+d10)

]
,

d8 = − [
dp

′
x + da

′
z · d6 + d11 + d10 · cos(θ10) + d9 · cos (θ9)

]
/ [cos (θ10) · cos (θ9)],

θ7 = arctan 2 [T32/ cos(θ6 − β), −T31/ cos(θ6 − β)],

θ6 = β + arctan [T33 · cos(θ5)/T13],

θ5 = arctan(T23/T13).

5.2. Kinematics algorithm based on the DVW of the instrument arm
In Section 2.2, the kinematics algorithm is established through an analysis of the relations between
the visual window and the instrument based on the kinematical model; the technological flow diagram
is shown in Fig. 7.

According to the kinematics of the instrument and laparoscope arms, the PAO of the instrument’s
TCS with respect to the laparoscope’s TCS is calculated, and the coordinate transformation matrix
devT lap is given by

T lap · devT lap = T dev, (18)

where matrix T lap represents the laparoscope’s PAO based on the normalized BCS, and matrix
T dev represents the instrument arm’s PAO based on the normalized BCS.

To simplify the analysis, we use (ψ, φ, ϕ, vispx, vispy, vispz) to describe matrixdevT lap, and (ψ, φ,ϕ)
are the RPY angles for describing the orientation matrix, and [vispx, vispy, vispz]T is the position vector.

Suppose (dψ, dφ, dϕ, dx, dy, dz) are the values of desired instrument’s motion with respect to
the current that is according to the doctor’s demands.

Therefore,(ψ ′, φ′, ϕ′, visp
′
x, visp

′
y, visp

′
z) are the objective parameters of the instrument arm with

respect to the TCSlapO8, as shown below:

⎧⎨
⎩

ψ ′ = ψ + dψ

φ′ = φ + dφ

ϕ′ = ϕ + dϕ

, (19)
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Fig. 7. (Colour online) The technological flow diagram of the instrument arm’s kinematics algorithm based on
DVW.

⎡
⎣ lapp

′
x

lapp
′
y

lapp
′
z

⎤
⎦ =

⎡
⎣ lappx

lappy

lappz

⎤
⎦ + Rtar ·

⎡
⎣dx

dy

dz

⎤
⎦ , (20)

where

Rtar =
⎡
⎣ cψ ′cφ′ cψ ′sφ′sϕ′ − cϕ′sψ ′ sψ ′sϕ′ + cψ ′cϕ′sφ′

cφ′sψ ′ cψ ′cϕ′ + sψ ′sφ′sϕ′ cϕ′sψ ′sφ′ − cψ ′sϕ′
−sφ′ cφ′sϕ′ cφ′cϕ′

⎤
⎦ . (21)

Simultaneously using Eqs. (19)–(21), the instrument arm’s objective PAO based on the visual
window is given by

devT ′
lap =

⎡
⎢⎣ Rtar

lapp
′
x

lapp
′
y

lapp
′
z

0 0 0 1

⎤
⎥⎦ . (22)

According to Eq. (18), matrix T B
dev is given byT B

dev = T lap · devT ′
lap, which is the objective

instrument arm’s absolute PAO based on the normalized BCS.
Simultaneously using above correlation equations, matrix T B

dev is shown in Eq. (23) and its inverse
matrix T B−1

dev is shown in Eq. (24):

T B
dev =

⎡
⎢⎢⎢⎣

vis
devnx

vis
devox

vis
devax

vis
devpx

vis
devny

vis
devoy

vis
devay

vis
devpy

vis
devnz

vis
devoz

vis
devaz

vis
devpz

0 0 0 1

⎤
⎥⎥⎥⎦ , (23)
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T B−1
dev =

⎡
⎢⎢⎢⎣

vis
devn

′
x

vis
devo

′
x

vis
deva

′
x

vis
devp

′
x

vis
devn

′
y

vis
devo

′
y

vis
deva

′
y

vis
devp

′
y

vis
devn

′
z

vis
devo

′
z

vis
deva

′
z

vis
devp

′
z

0 0 0 1

⎤
⎥⎥⎥⎦ . (24)

According to the instrument arm’s inverse kinematics, by substituting matrix T B
dev as B

targetT dev into

Eq. (13), matrix 4
11T B

act is given by Eq. (25) and its inverse matrix 4
11T B−1

act is shown in Eq. (26):

4
11T B

act = B
4newT−1

dev · T B
dev =

⎡
⎢⎢⎢⎣

B
d nx

B
d ox

B
d ax

B
d px

B
d ny

B
d oy

B
d ay

B
d py

B
d nz

B
d oz

B
d az

B
d pz

0 0 0 1

⎤
⎥⎥⎥⎦ , (25)

4
11T B−1

act =

⎡
⎢⎢⎢⎣

B
d n′

x
B
d o′

x
B
d a′

x
B
d p′

x

B
d n′

y
B
d o′

y
B
d a′

y
B
d p′

y

B
d n′

z
B
d o′

z
B
d a′

z
B
d p′

z

0 0 0 1

⎤
⎥⎥⎥⎦ . (26)

Substituting matrix 4
11T B

act instead of 4
11T act to Eq. (16) and supposing matrix (14)

rightT
vis
dev as the right

end of Eq. (16), we have

(14)
rightT

vis
dev =

⎡
⎢⎣

visT11
visT12

visT13
visT14

visT21
visT22

visT23
visT24

visT31
visT32

visT33
visT34

visT41
visT42

visT43
visT44

⎤
⎥⎦ . (27)

Substituting Eqs. (26) and (27) to the solutions of inverse kinematics of the instrument arm in
Section 5.1, the equations of kinematics algorithm based on the DVW of the instrument arm are given
below:

The joint range of motion :

⎧⎨
⎩

θ10 ∈ (−90◦, 90◦)
θ9 ∈ (−90◦, 90◦)
d8 ∈ (−200, 150) mm

,

⎧⎨
⎩

θ7 ∈ (−180◦, 180◦)
θ6 ∈ (β − 90◦, β + 90◦)
θ5 ∈ (−90◦, 90◦)

,

θ10 = arctan
[
(B
d p′

y + B
d a′

y · d6)/(dp
′
x + da

′
x · d6 + d11)

]
,

If angle θ10 �= 0,θ9 = arctan
{
(B
d p′

z + B
d a′

z · d6)/
[
d10 − (B

d p′
y + B

d a′
y · d6)/ sin(θ10)

]}
,

If angle θ10 = 0,θ9 = arctan
[
(B
d p′

z + B
d a′

z · d6)/(B
d p′

x+B
d a′

x · d6 + d11 + d10)
]
,

d8 = − [
B
d p′

x + B
d a′

z · d6 + d11 + d10 · cos(θ10) + d9 · cos (θ9)
]
/ [cos (θ10) · cos (θ9)],

θ7 = arctan 2 [visT32/ cos(θ6 − β), −visT31/ cos(θ6 − β)],
θ6 = β + arctan [visT33 · cos(θ5)/visT13],

θ5 = arctan(visT23/
visT13).

6. Hybrid Simulation Analysis Based on MATLAB
We have developed the simulation experiments based on the Simulink and SimMechanics toolboxes, in
order to verify the correctness and feasibility of kinematics algorithms mentioned above. The forward
and inverse kinematics are verified, and the hybrid simulation models for kinematics algorithms are
set up.

6.1. Simulation of the kinematics algorithm based on the DVW for the laparoscope arm
6.1.1. Kinematics simulation of the laparoscope arm. A group of constants is supposed to be the
link parameters as show in Table I, for inputting to the laparoscope arm’s kinematics. The model of
the simulation based on Simulink is set up as shown in Fig. 8. And three random digits created by
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Table I. The link parameters of the laparoscope arm.

θ2 θ3 θ4 α β d1 a3 a4 d4 d6 dj

45◦ 45◦ 45◦ 45◦ 30◦ 1800 mm 400 mm 450 mm 180 mm 700 mm 150 mm

Table II. The input and output parameters
of the laparoscope arm’s simulation

analysis.

No. θ5 (rad) θ6 (rad) d7 (mm)

1 −1.4630 0.3312 95.02
2 0.4158 −0.7408 91.34
3 0.6577 1.3240 64.63

Fig. 8. The Simulink simulation of the laparoscope arm’s kinematics model.

the computer are chosen in the parameter scope of the active joints, they are input to the forward
kinematics, the result of the position vector is input to the inverse kinematics, and the outputs
are θ5, θ6, d7. Therefore, the kinematics is corrected through a comparison of the input and output
parameters and the numerical examples are shown in Table II.

6.1.2. Hybrid simulation of the laparoscope arm’s kinematics algorithm based on the DVW. The
hybrid simulation model is set up by the Simulink and SimMechanics toolboxes according to the
laparoscope arm’s kinematics algorithm based on the DVW in Section 4.2, as shown in Fig. 9, and
the subsystem of the current and objective mechanisms is shown in Fig. 10. The desired output is
calculated by the Simulink model and the practical output comes from the SimMechanics model; the
two outputs equally represent the correctness of the laparoscope arm’s kinematics algorithm based
on the DVW.

We simultaneously use the parameters in Tables I–III as inputs to the hybrid simulation model
and three groups of outputs are shown in Table IV. The desired D-value (abs
px, abs
py, abs
pz) of
motion of the objective visual window based on the current is calculated from the Simulink model,
and the practical D-value (rel
px,rel
py,rel
pz) of motion is calculated from the SimMechanics
model. The two D-value outputs are the evidence to prove the correctness of the laparoscope arm’s
kinematics algorithm proposed in this study.

6.2. Simulation of the kinematics algorithm based on the DVW for the instrument arm
The instrument arms of the LSRS consist of two symmetrically set identical arms 1 and 2, except for
the mounting position. Therefore, the simulation processes are the same, and the instrument arm 1 is
chosen for the simulation analysis.
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Table III. The value of motion of the objective window with respect to the current.

No. dx (mm) dy (mm) dz (mm)

1 −20.23 30.56 70.85
2 −41.22 88.28 95.12
3 27.35 −56.87 13.23

Table IV. The desired and practical D-value of motion of the objective visual window with respect to the
current (unit is mm).

No. abs
px abs
py abs
pz rel
px rel
py rel
pz

1 −61.4619 −31.1776 −40.1658 −61.4619 −31.1776 −40.1658
2 −132.0873 −1.2833 −33.0386 −132.0873 −1.2833 −33.0386
3 11.3638 −15.0398 61.6597 11.3638 −15.0398 61.6597

Table V. The link parameters for instrument arm 1.

k1 k2 k3 θ2 θ3 θ4 α β d1 a3 a4 d4 d6 d7 d9 d10 d11 dj

292 −292 −195 45◦ 45◦ 45◦ 45◦ 30◦ 1800 400 450 180 700 50 500 100 100 150

Fig. 9. (Colour online) The hybrid simulation model of the laparoscope arm’s kinematics algorithm based on
the DVW.

6.2.1. Kinematics simulation of the instrument arm 1. A group of constants is supposed to be the
kinematics link parameters for the instrument arm 1, as shown in Table V, and the simulation model
based on Simulink is set up as shown in Fig. 11. Three random digits created by the computer are
chosen in the parameter scope of the active joints, which are input to the forward kinematics, the result
is input to the inverse kinematics, and the outputs are θ5, θ6, θ7, d8, θ9, θ10. Therefore, the kinematics
is corrected through a comparison of the input and output parameters and the numerical examples are
shown in Table VI.
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Table VI. The input and output parameters of instrument arm’s simulation analysis.

No. θ5 (rad) θ6 (rad) θ7 (rad) d8 (mm) θ9(rad) θ10 (rad)

1 1.4370 1.9840 −2.1510 27.85 1.4780 0.1473
2 1.4600 −0.5520 2.9570 38.56 1.4360 1.4370
3 1.4780 1.9600 0.0919 95.49 0.9434 −1.0760

Fig. 10. (Colour online) The subsystem of the current and objective mechanisms in Fig. 9.

Fig. 11. The kinematics model of the Simulink simulation of instrument arm 1.

6.2.2. Hybrid simulation of the instrument arm’s kinematics algorithm based on the DVW. Similar
to Section 6.1.2, the hybrid simulation model is set up by the Simulink and SimMechanics toolboxes
according to the instrument arm’s kinematics algorithm based on the DVW, as shown in Fig. 12, and
the subsystem of the current and objective mechanisms is shown in Fig. 13. The desired output is
calculated by the Simulink model and the practical output comes from the SimMechanics model. The
two outputs equally show the correctness of the instrument arm’s kinematics algorithm based on the
DVW.

As shown in Table VII, supposing matrix T lap is the PAO of the current visual window and matrix
dev
lap T is the PAO of the instrument arm 1 based on the visual window, we use (ψ, φ, ϕ, vispx, vispy, vispz)
to describe it as in Section 5.2. We choose three groups of parameters as input to the simulation.
Simultaneously, we use the parameters in Tables V–VII as inputs to the hybrid simulation model; the
three groups of outputs are shown in Table VIII. The desired D-value of matrix 
T dev

lap of the objective
visual window based on the current is calculated from the Simulink model and the practical D-value
of matrix 
T dev

Bas is calculated from the SimMechanics model. The two outputs are the evidence to
prove the correctness of the instrument arm’s kinematics algorithm proposed in this research.
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Table VII. The input parameters of the instrument arm’s simulation analysis.

No. T lap
dev
lap T (ψ, φ, ϕ, vispx, vispy, vispz)

1

⎡
⎢⎣

0.7866 −0.3892 0.4794 −163.0442
−0.7946 0.7062 0.7036 942.1271
−0.6124 −0.5915 0.5245 1380.1214

0 0 0 1.0000

⎤
⎥⎦

⎡
⎢⎣

0.0593 0.3460 −0.9364 −50.0000
−0.1632 0.9288 0.3328 70.0000
0.9848 0.1330 0.1116 30.0000

0 0 0 1.0000

⎤
⎥⎦ (20◦, − 30◦, 120◦, 50, − 80, 150)

2

⎡
⎢⎣

−0.0795 0.7036 −0.7062 109.3830
0.7866 0.4794 0.3892 985.5492
0.6124 −0.5245 −0.5915 1632.9018

0 0 0 1.0000

⎤
⎥⎦

⎡
⎢⎣

−0.1112 −0.4904 0.8643 650.0000
0.1330 0.8546 0.5020 −370.0000

−0.9848 0.1710 −0.0301 240.0000
0 0 0 1.0000

⎤
⎥⎦ (−50◦, 75◦, − 130◦, − 250, 380, 650)

3

⎡
⎢⎣

0.5597 −0.0594 0.8265 −339.9171
−0.4365 0.8267 0.3550 965.6924
−0.7044 −0.5595 0.4368 1340.800

0 0 0 1.0000

⎤
⎥⎦

⎡
⎢⎣

0.5567 0.0868 0.8262 130.0000
−0.3214 −0.8946 0.3105 221.0000
0.7660 −0.4384 −0.4701 −123.0000

0 0 0 1.0000

⎤
⎥⎦ (85◦, 133◦, 65◦, 123, 456, 789)
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Fig. 12. (Colour online) The hybrid simulation model of the kinematics algorithm based on DVW for the
instrument arm 1.

Fig. 13. (Colour online) The subsystem of the current and objective mechanisms in Fig. 12.

7. Conclusion
With the aim of enabling doctors to perform operations based on their visual and operation habits
under the laparoscopic visual environment during the surgery, we propose a new kinematics method
based on the DVW for the LSRS, and the problem of the consistency principle between the doctor’s
operations under the visual feedback of the visual window and the master–slave operations of the
surgical robot is solved. First, the definition of the method for a 3D visual window is introduced and
the approach of solving the method by kinematics is proposed. Second, we analyse the relations of
the PAO among the normalized BCS, the objective and current visual window, in order to solve the
laparoscope arm’s kinematics algorithm based on the DVW; meanwhile, we analyse the relations
of the PAO among the normalized BCS, the current visual window, and the objective and current
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Table VIII. The desired and practical D-value of the objective PAO of instrument arm 1 based on the current.

No. 
T dev
lap 
T dev

Bas

1

⎡
⎢⎣

−0.6683 0.4095 −0.1068 708.3000
−0.5209 −1.6420 −0.7770 3.8860
−1.5720 0.6102 −0.376 80.3900

0 0 0 0

⎤
⎥⎦

⎡
⎢⎣

−0.6683 0.4095 −0.1068 708.3000
−0.5209 −1.6420 −0.7770 3.8860
−1.5720 0.6102 −0.376 80.3900

0 0 0 0

⎤
⎥⎦

2

⎡
⎢⎣

−1.1150 −0.8094 0.5972 −592.4000
−0.3099 −0.6416 −1.337 3.6700
0.1774 0.0672 −0.3168 −627.4

0 0 0 0

⎤
⎥⎦

⎡
⎢⎣

−1.1150 −0.8094 0.5972 −592.4000
−0.3099 −0.6416 −1.337 3.6700
0.1774 0.0672 −0.3168 −627.4

0 0 0 0

⎤
⎥⎦

3

⎡
⎢⎣

−0.0998 −0.2094 0.1250 1504.0000
0.5366 1.1260 −0.6635 −596.5000
0.2821 0.6135 1.2680 895.5000

0 0 0 0

⎤
⎥⎦

⎡
⎢⎣

−0.0998 −0.2094 0.1250 1504.0000
0.5366 1.1260 −0.6635 −596.5000
0.2821 0.6135 1.2680 895.5000

0 0 0 0

⎤
⎥⎦

end-effector’s TCS, to solve the instrument arms’ kinematics algorithm based on the DVW. Third,
the kinematics algorithms based on the DVW with respect to the kinematics models of the LSRS
and the relative coordinate transformations are established. Finally, the Simulink model for the
forward and inverse kinematics is established and the correctness is verified through three groups
of random constant parameters created by the computer. The hybrid simulation models for the new
kinematics algorithms based on the Simulink and SimMechanics toolboxes of MATLAB are set up.
According to the three groups of the numerical experimentation for the laparoscope and instrument
arms, the desired PAO is calculated by the Simulink model and the practical PAO is calculated by the
SimMechanics model. The two outputs equally show the correctness and the feasibility of the new
kinematics algorithm based on the DVW. This kinematics method can be the specialized kinematics
algorithms for this kind of a surgical robot system and other applicative robotics industry with the
visual feedback and the master–slave control.

Future work will focus on verifying the kinematics algorithms based on the DVW through the
practical experiment system of the LSRS and performing relevant verification experiments during the
doctors’ surgical operations, in order to improve the kinematics method proposed in this research.
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R. Konietschke, M. Grebenstein, R. Warpup, R. Haslinger, M. Frommberger and G. Hirzinger, “The
DLR MIRO: a versatile lightweight robot for surgical applications,” Ind. Robot: Int. J. 35(4), 324–336
(2008).

https://doi.org/10.1017/S026357471300088X Published online by Cambridge University Press

https://doi.org/10.1017/S026357471300088X


Kinematics method based on a dynamic visual window for a surgical robot 589

7. R. Konietschke, U. Hagn, M. Nickl, S. Jörg, A. Tobergte, G. Passig, U. Seibold, L. Le-Tien, B. Kübler,
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