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Abstract— A medical procedure called Interventional Radi-
ology(IR) is paid much attention in recent years. IR can be
performed percutaneously while a doctor observes patient ’
s fluoroscopic image. Therefore this surgical method is low-
invasiveness method. In this surgery, computed tomography
(CT) equipment is often used. But a doctor is exposed to strong
radiation from CT. Thus, we have developed a remote-controlled
surgery support robot called ” Zerobot ” . Because Zerobot is
placed front of CT equipment by human, an angle offset from
installation target position occurs. If a doctor punctures without
noticing that Zerobot has an installation angle offset, there is
danger of hurting the part that should not be hurt around a
target cancer. In order to solve this problem, we propose an
angle offset compensation method and the installation angle
offset derivation method using a CT equipment is proposed.
Then, effectiveness of proposed method is confirmed through
experiments.

Index Terms— Surgery Support Robot, Interventional Radi-
ology, Puncture Robot

I. INTRODUCTION

There is a surgical method called Interventional Radiol-
ogy (IR). This surgical method is conducted with imaging
modality such as CT and X-rays. With observing medical
images, the surgeon conducts IR treatment percutaneously
with inserting a needle or a catheter to the patient body. In
particular, CT equipment has high visibility and objectivity.
And CT fluoroscopy system, which can show medical images
in real time, is superior as guiding tool for IR. So CT-guided
IR is applied to lung cancer treatment, liver cancer treatment,
biopsy, and so on [1]. The appearance of manual IR treatment
is shown in Fig. 1. As compared with conventional survey,
IR can be conducted in local anesthesia and this surgical
method is minimally-invasive to patients. Moreover patients
can be discharged from the hospital about three or four days
after treatment. Because of these advantages, IR is paid much
attention in recent years. According to the opinion of a doctor,
the minimum size of cancer is 5 [mm]. Therefore an operator
must puncture a needle carefully and accurately. In addition,
operators are exposed to radiation during CT fluoroscopy
because operators conduct procedure close to the CT gantry.
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Fig. 1.

Interventional Radiology

In order to prevent radiation exposure, operators wear
radiation protection aprons and handle a needle using a
forceps which is useful to make distance between hand and
CT measure plane. However, it is impossible to prevent
radiation exposure completely. Then some medical robots are
developed in order to improve accuracy of positioning of a
needle, and to reduce radiation exposure, such as AcuBot[2],
CT-Bot[3] and MAXIO[4]. These robots aim to support
operators to insert a needle as CT-guided puncture. However,
Zerobot, which is developed by our research group, aims to
conduct whole process from positioning robot to inserting a
needle by remote-control.

In this research, in order to seek the problem of Robotic IR
system, we have conducted phantom puncture experiment[5]
and animal puncture experiment[6]. In previous research,
we implemented the automatic targeting function. Firstly,
a doctor specifies the current needle tip position and the
canner position with the CT equipment. Secondly, a computer
calculates amounts of movement of each axis to make the
needle tip pose before puncturing. The doctor operates the
Zerobot by NC operation based on this calculation result.
This function reduces CT scan time and reduces patient
exposure. However, this function does not consider an in-
stallation angle offset of Zerobot. Therefore, if Zerobot is



Fig. 2. Zerobot setting position

Semiflixed Axis
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Fig. 3. Appearance of Zerobot

not installed parallel to the CT equipment, it is impossible to
bring the needle tip to the target pose correctly. Since Zerobot
is installed onto of floor surgical room by human, an angle
offset around vertical axis from installation target position
occurs (Fig. 2). If a doctor punctures without noticing that
Zerobot has the installation angle offset, there is danger of
hurting organs that most not be hurt around a target cancer.
Therefore, we propose a method to compensate installation
angle offset between Zerobot and CT equipment.

II. MECHANISM

The appearance of Zerobot is shown in Fig. 3. It has five
DOF for needle tip position and needle direction, and has
one DOF for puncturing direction. Six actuators are in the
machine. Four linear actuators (X, Y, Z and puncturing axes
directions) and two rotational actuators (around the X and Y
axes) are included.

Therefore, Zerobot can perform puncture operation by
actuating the puncturing axis, regardless of the posture. Four
passive wheels are mounted on the bottom of the robot, so it
can be moved with human power. At the surgical operation,
the robot is located under a bed and fixed by locking the
wheels (Fig. 4). Changing needle direction and puncturing
are performed in CT-gantry by arm part above patient.

Because of a method to reconstruct image by CT equip-
ments, if a metal part was in the gantry, incorrect image
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called artifact will appear on CT image. If artifact appearers,
patient’s internal image will be obscured and trouble will
occur on an surgical operation. Therefore, metal parts cannot
be used on needle gripper. Accordingly parts are made of
engineering plastic, which is radiolucent material. Motor for
puncture is required in end-effector. The angle of elevation
of CT equipment can be changed as necessary, as shown in
Fig. 5.

III. KINEMATICS ANALYSIS

Zerobot has six active joints and a semifixed joint as shown
in Fig. 3. Each axis’ positive direction is represented by ar-
rows. Semifixed axis is fixed to -90[deg] or 90[deg] as shown
in Fig. 6. Six active axes’ angle[deg] or displacement[mm] is
defined as ¢ = [q1, gz, ---,q5]T. q1, g2, q3 and gg are linear
axes, and g4 and g5 are rotation axes. And needle tip position
and needle posture are defined as “rp = [1,y, 2, ¢4, ¢5]7.
¢4 and ¢p are defined as Fig. 6. ¢ 4 is the angle of needle on
the CT radiography plane, and ¢p is the gantry tilt angle of
the plane. Since the needle is line symmetric, five variables
ignoring the rotation around the center axis of the needle are
output. Forward kinematics is projection of vector from g
to "rg, and inverse kinematics is projection of vector from
995 to q. Hereafter, sin 6 is represented as Sy, and cos 6 is
represented as Cy. Moreover, there is one thing that should be
noted here. Originally, in the all of equations for kinematics
elements of C,, should be included (Definition of v is



Fig. 6. Important parameters in the kinematics. Left side is definition of
¢4 and ¢, and right side is states image which can be taken by semifixed
axis.

TABLE 1
DH PARAMETERS

i [ a1 Jaia [ di ] 0;

1 0 0 o 0

2 90 0 * 90

3 90 0 qs — I3 0

4 90 or -90 0 Iy 180 + g4
5 -90 lo 0 90 + g5
3 90 0 % 0

described in after this subsection.). But as can only take
the value of 90[deg] or -90[deg]. In this case, the value of
C,, must be zero. Therefore, elements of C,, are omitted
from all of equations for kinematics in this paper.

A. Forward Kinematics

Forward kinematics of Zerobot is derived by Denavit-
Hartenberg notaion (DH notaion)[7]. Location of coordinate
systems is listed in Fig. 7. These coordinate systems are
located following DH notaion. DH parameters are shown in
Table I. In the table, the value of a3 depends on semifixed
axis direction. And definition of required parameters [y, lo
and I3 is also shown in Fig. 7. So we can calculate °T},
which is homogeneous transformation matrix from X to Xg.
And T i is just translate transformation depending on needle
length defined as [g. Therefore, 0T 5 can be calculated as
follows.

_SQ4S<155043 CQ4SOt3 SIMCQSSOCS OTEI

0
o — C(ISS(I:S 0 S(ISSO‘S TEy 1
=1 .8 Sy —CoCyp  Or M
qa-qs qa q4~q5 Ez
0 0 0 1
;
Orpe = I3 — a3 +125¢y Sag + (a6 + 19 + 1) Sqy Cqs Saz + 175, Sq5 Sag
Orpy = (a6 + 19 + L5)Sq5 Saz + a2 — 11Say + 17Cqs Sag -
Orps = a1 —12Cqy — (a6 + 19 +1p)CqyCq5 — 17Cq  Cqy-

Next, ¢4 and ¢p corresponded to needle posture should be
calculated. Then, direction vector of needle represented on X
is defined as “ng. “ng equals third column direction vector
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of rotation matrix of °T'g. Therefore “ny is represented as

Q).

OnE = [ Sq4CQ5Sa3 qusoés _C‘MC% ]T @

Here, "ng also can be represented with ¢4 and ¢p as
follow. When we make the rotation matrix including ¢4 and
¢p which can coincide direction of z axis of ¥y with Zg

direction, third column direction vector of the rotation matrix
0

is "ng.
0
0 _
ng = Rm(ﬂr/2)Rz(QS)R$(¢B)R3’(¢A) 0
SesSéa
7C¢AC¢B

As comparing between (2) and (3), ¢4 and ¢p can be
calculated as (4), (5).

¢B
A

“
&)

= tan! (i tan q5) R

(Cyp tangy).

tan~!

Finally, %r is calculated as (6).

I3 — g3 + 125,54 + 4654, Cas Sy +15Sq,Cs Sas
(]65(15503 + q2 — ZIS(IS + lEqusag,
q1 — 12Cy, — q6Cy,Cqs — 15Cy, Cyy
tan™! (Cy, tanqu)
1

Tg =

tan™ % tan gs
a4

B. Inverse Kinematics

In this subsection, procedure of inverse kinematics is
described. Target needle tip position is defined as °
[:L'*,y*,z*,gzﬁz,gb*B]T. And target robot posture is defined
as q* [q’lﬂq;,...,qg]T. According to (6), relationship
between q* and °r%, is represented as follows.

*
rp =

2" = (Ig +¢6) Sq; Cqz Sas + 12541 S0y + 13 — ¢35, (7)
o= (lE + q€5> Sq; Sag - llsag + (E, (8)

i g1 —12Cyg; — (I + ¢6) Cq; Oy )

¢y = tan! (c - tanq5> (10)
¢h = tan~! (Cyy tangy). (11)
Inverse kinematics can be derived from (7) to (11). But

Zerobot has redundant DOF. Therefore we derived inverse
kinematics in under the assumption that ¢, which is puncture
axis, i1s fixed and is known. Then, inverse kinematics is

(6)
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Fig. 9. Doctor coordinate system

derived as follows.

¢ = tan~! (CVJ)A tangb*B), (12)
¢ = tan’! (qu tan ¢j‘), (13)
g1 = 2"+ 10+ (g +g)Coy: Oy, (14)
G = USay — (I + q6) Sqz Sas + V", (15)
a3 = 12842 Sas + (Ig + q6) Sq; Cgz Sas + 13 — 2%(16)

IV. INSTALLATION ANGLE OFFSET COMPENSATION
METHOD

A. Coordinate Systems

Since CT images are used for our experiment, a coordinate
system of the CT image should be defined as Fig. 8. The
pixel size of CT in this paper is fixed as 0.8 [mm/pixel] A
coordinate system of the doctor’s point of view is also defined
as Fig. 9 X¢or and Yp have opposite direction each other,
on the other hands, Z-1 and X p have same direction.

B. Method of Estimate the installation Angle offset of Zerobot

In order to compensate installation angle offset of Zerobot,
it is necessary to estimate the installation angle offset. After
installing Zerobot to the position as shown in Fig. 4, first
the zor position of the needle with CT equipment is mea-
sured. Secondly, Zerobot is operated to move along with yy
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Fig. 10. Derivation of angle offset

direction by 20 mm and the zcop position of the needle is
measured. This procedure is repeated until the yyy becomes
200 mm. A first order approximation equation is obtained
using the least squares method.

zer =ayw +b (17)

The relationship between a center position of needle tip
center and a angle offset of Zerobot can be obtained a
following equation according to Fig. 10.

Azcr

il
0, = —sin (A )

Experiments to measure the robot installation angle offset is
described later.

(13)
yw

C. Calculation of Target Value

In this subsection, the method to compensate a mo-
tion of robot based on amount of Zerobot installa-
tion angle offset is described. A needle tip target pose
[Pay,Pys,P 25,7 0%, ¢3] in coordinate system Xp is
converted into target pose in coordinate system Xy. The
doctor viewpoint coordinate system (Xp) is converted to
the coordinate system of the robot viewpoint (Xy) by the

following rotation matrics.

[ cosf, —sin6, 0]
W, = sinf,. cosf. O
0 0 1|
[ cosf, sinf, 0]
= —sinf,. cosf,. 0 (19)
i 0 0 1|

Firstly, a needle tip target position is converted by a following
equation.

Th Dx*E
* W D, *
Yk = Tp Yk
* D _x*
2E g

Dy cosO, + Py sin b,
—Parsind, + Py} cos b,

D _x
£25)

(20)
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Secondly, needle tip target posture is converted by the fol-
lowing equation.

ng

|

¢% and ¢} are calculated using first and second rows of
(21).

Sa3 SD¢Z cos 0, + SQL;CDJ); SD(W}; sin 6,
—Sa3 SD@\ sin 6, + SQBCDd,*A SDd,*;B cos 0,

} 1)

~Cy, Cog,

P = sin™! (SD(be cos 0, + CD(PZSDd)TB sin9T> , (22)
—Spw sin 6, +CD¢* SD¢* cos 0,
¢y = sin! = 45 (23)
Cx
A .

Values obtained by (20), (22) and (23) are substituted into
the eqs from (12) to (16). This method realizes functions that
a doctor can control Zerobot along with cordinate system X p
even thought installation angle 0, exists.

V. EXPERIMENT
A. Estimate the installation Angle offset of Zerobot

In order to compensate an installation angle offset, first
the offset is measured by using CT equipment. Experiment
procedure to measure the installation angle offset was written
in subsection IV. B. Zerobot is installed with approximately
-10 [deg] against CT equipment by setting the Zerobot at
about 80 [deg] against a side of the bed (Fig. 2). The result of
the experiment is described below. First of all, the installation
angle offset of Zerobot is calculated from the amount of
movement of Zerobot gy -axis and the amount of movement
of CT coordinate system in the zcop direction. To measure
the position of the needle, images of the needle are extracted
from the image group at each operating position. In order
to decide needle tip position on zcp direction, a feasible
image should be selected. In this paper, an image which has
the brightest needle is selected. However, when the extracted
images are an even number, select the image owing a longer
needle pare is selected as shown in (Fig.11). When the Yy,
axis is 0 [mm], the deviation from each operating position
with Zc7 as the origin is taken as the movement amount of
the needle in the Zo7 direction.

An approximate straight line equation can be calcurated as
zor = 0.175 yw from Fig. 12 . The installation angle offset
of Zerobot is —10.08 [deg] from (18) and the approximate
straight line equation. It is almost equal to the installation
angle of Zerobot and it can be said that the measurement is
successful.

B. Installation Angle Offset Compensation

After estimation of installation angle offset 6,., desired
hand position of robot is calculated according to equations
from (21) to (24). First, 0, = -10.08 [deg] is set in those
equations in order to calculate compensated desired position
in this experiment. Next hand position of robot moves in



(a) Zer = 2.0[mm] (b) Z¢r = 2.5[mm]

e

(c) Z¢r = 3.0[mm] d) Z¢r = 3.5[mm]

Fig. 11. Needle center position of Zc7 direction. In that case, the needle
center position is (c).
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Fig. 12.  Amount of movement in the zo7 direction during Zerobot y-axis
operation

Yp direction from O [mm] to 200 [mm] per 20 [mm]. In
each pose, CT scanning is conducted to acquire the position
of needle tip so as to obtain deviation in Yp direction.
Amount of X p-axis and Yp-axis direction motions of doctor
coordinate system are verified from the taken image. The
experiment result is shown in Fig. 13. We define an error
tolerance in Yp position to 2.5 [mm] because the minimum
diameter of the cancer is 5 [mm]. In the operation without
compensation, the center position of the needle greatly devi-
ates from the tolerance error. However, keeping the maximum
value of error within tolerance is succeed by angle offset
compensation control.

Secondly, the motion accuracy is verified in X p-axis
direction. The position of needle is measured each time while
the robot moves along Xp direction from 0 [mm] to 100
[mm] per 10 [mm]. Fig. 14 shows the error when the robot
moves in the X p direction. When operating the robot in the
x-axis direction with the angle offset compensation function,
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Fig. 13.  Needle tip center position error when moving Zerobot in Yp
direction with an installation angle offset of -10.08 degree
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Fig. 14. Needle tip center position error when moving Zerobot in X p
direction with an installation angle offset of -10.08 degree

the needle tip center position error cannot be founded. Fig.
13 and 14 show that the angle offset compensation controls
in the orthogonal direction were successful.

Next, the rotation motion accuracy around ¢ 4-axis direc-
tion is verified. As shown in the Fig. 15 , the angle error
is measured with the inner product of the unit vector of the
ideal needle posture [I zor, lyer, ! ZCT] and the unit vector
of the actual needle posture [AxCT,AyCT,AZCT] as (24).
Unit vector of the actual needle posture is measured from
the deviation of the tip and the root position of the needle
based on the CT image.

Ocrror = cos ' (Yzcr’zer + yor'yer + Yzor’zor) (24)

Tolerance of the angle is set to 1.43 [deg] or less. Because
the needle tip deviation should be suppressed within 2.5 [mm]
when puncturing 100 [mm].

sin™? 25
100
The posture of needle is measured each time while the robot

rotates around ¢ 4 direction from -80 [deg] to 80 [deg] per 10
[deg]. Fig. 16 shows amount of angle error. In the operation

) = 1.43 [deg] (25)
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Fig. 16. Needle posture error when rotating hand of Zerobot around ¢A

direction with an installation angle offset of -10.08 degree

without compensation, the posture of needle also greatly
deviates from the tolerance error. Same as position, posture
error can also be adjusted to the allowable error by angle
offset compensation.

Finally, the motion accuracy in ¢ p-axis direction is ver-
ified. The posture of needle is measured each time while
the robot rotates around ¢p direction from -10 [deg] to 10
[deg] per 2 [deg]. Fig. 17 shows amount of angle error. A
decreasing phenomena of error due to installation angle error
compensation is confirmed as in the other results. It can be
seen that the error after angle offset compensation is within
the allowable range.

Fig. 16 and 17 show that the posture compensation is
also successful. However, it can be seen Fig. 17 that the
error without compensation is so small that compensation is
not necessary in this case, so that no significant effect of
compensation is seen.

VI. CONCLUSION

We have developed Zerobot, a interventional radiology
support robot, to eliminate doctor exposure. Zerobot can
be automatically operated to a target pose. However, the
installation angle offset of the robot was not considered when
using this function. Therefore, a method to compensation of
installation angle offset using CT equipment is proposed. The
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Fig. 17. Needle posture error when rotating hand of Zerobot around ¢B

direction with an installation angle offset of -10.08 degree

installation angle offset compensation is successful on all
axis. Finally motion compensation will be implemented in
automatic targeting and remote center.
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