
C omputed tomography (CT)-guided interven-
tional procedures are performed by inserting a 

specific needle into a lesion under CT-guidance.  Such 
procedures include ablation,  biopsy,  drainage,  preop-
erative marking,  etc.  CT-guided procedures are more 
advantageous than surgical approaches because they are 
faster,  less invasive,  and less costly.  The advent of the 
CT fluoroscopic system dramatically changed CT- 
guided interventional procedures.  This system enables 

the physician to perform CT scanning,  with near real-
time image display,  anytime during a procedure by 
pressing a foot switch; thereby,  the procedure time is 
further decreased.  However,  physician intraprocedural 
radiation exposure may be a major concern,  as the pro-
cedure usually requires the physician to be positioned 
near the CT scanner during needle insertion (Fig. 1).  
We previously evaluated physician radiation exposure 
during CT fluoroscopy-guided renal cryoablation 
(CRA) and lung radiofrequency ablation (RFA) [1].  The 
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operator’s mean effective dose per procedure was 
6.1 μSv during renal CRA and 0.7 μSv during lung RFA;  
the mean equivalent dose to the operator’s finger skin 
per procedure was 2.1 mSv during renal CRA and 
0.3 mSv during lung RFA.

Therefore,  we hypothesized that a remotely control-
lable robot capable of performing needle insertions 
could eliminate physician radiation exposure.  Since 
2012,  we have been developing a robot with this capa-
bility,  along with medical-engineering cooperation and 
industry-academia collaboration [2-11].  In addition to 
eliminating physician radiation exposure,  this robotic 
procedure has other potential advantages over the tradi-
tional manual procedure including: decreased physi-
cian physical fatigue,  which occurs due to the sitting 
posture required for performing the procedure; stable 
and accurate needle posture without tremor,  which may 
facilitate three-dimensional needle insertion (i.e.,  
off-CT plane insertion); procedure automation,  which 
could decrease procedure time and patient radiation 
exposure; less experience required for proficiency in 
needle insertion skills; decreased variance in needle 
insertion skills among physicians; and increased likeli-

hood of performing the procedure at remote hospitals 
(i.e.,  telemedicine).

Related Work by Other Researchers

Several commercially available robots for CT-guided 
intervention have been developed,  including iSYS 
(Kitzbuhel,  Austria) [12-14],  Innomotion (Innomedic,  
Herxheim,  Germany) [15-19],  and Maxio (Perfint 
Healthcare,  Chennai,  India) [20-23].  iSYS and 
Innomotion are table-mounted robots,  while Maxio is 
a large floor-mounted robot.  The tasks of these robots 
are limited to needle path planning,  needle positioning,  
needle orientation,  and needle insertion guidance.  
Unlike our robot,  these robots cannot perform the nee-
dle insertion; a physician must insert the needle manu-
ally.

Several robots have been developed that can per-
form needle insertions.  Among those,  AcuBot,  a 
table-mounted robot with six degrees of freedom 
(DOF),  has been the most extensively developed [24-
28].  Acubot has been used in clinical interventional 
procedures (e.g.,  ablation,  biopsy,  and nephrostomy) 
[24-26]; however,  it has yet to be commercialized.  
Other robots used for needle insertion under 
CT-guidance are still used in laboratories only.  A light 
puncture robot (LPR) has a specific structure composed 
of a patient-mounted needle holder supported by a spe-
cific frame [29].  Robopsy is a compact disposable 
patient-mounted robot [30].  Won et al.  modified a 
floor-mounted manufactured robot to enable needle 
insertion,  which is controlled using a master-slave sys-
tem [31].  Shahriari et al.  proposed a robot that would 
enable needle insertion under real-time fusion images of 
CT and electromagnetic data [32].  XACT Robotics,  
Ltd (Caesarea,  Israel) developed a patient-mounted 
robot that enables needle insertion during stepwise cor-
rection of needle orientation [33].

Zerobot®

The robotic system (Zerobot®) was designed at 
Okayama University (Okayama,  Japan) and manufac-
tured by Medicalnet Okayama (Okayama,  Japan).  The 
system consists of a robot (Fig. 2) and an operation 
interface (Fig. 3).  The tasks of the robot are to hold,  
locate,  orient,  and insert a needle under CT-guidance.  
The physician manipulates the robot to perform these 
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Fig. 1 A conventional computed tomography (CT) fluoroscopy- 
guided interventional procedure.  The physician stands near the CT 
gantry to hold the needle (arrowhead) using plastic forceps (white 
arrow).  The black arrow indicates the CT gantry controller.



tasks using the interface.  The size of the robot and the 
system configuration are shown in Fig. 2 and Fig. 4,  
respectively.  The robotic system is not commercially 

available at this time.
Robot. The robot is floor-mounted and specifi-

cally designed for use with sliding gantry CT scanners 
for interventional procedures.  Thus,  the robot will not 
fit most conventional (i.e.,  sliding table) CT scanners.  
The robot consists of a manipulator on a base (Fig. 2).  
The manipulator includes an arm,  constructed using a 
parallel link mechanism (Fig. 2).  At the end of the arm,  
a needle is attached to a needle holder (Fig. 2).  The 
robot is mobile,  having four wheels on the base; thus,  
it is placed beside the CT table.  The end of the arm is 
compact and can fit within a 72 cm diameter CT bore.  
The arm can be rotated axially,  allowing the robot to be 
positioned on either side of the CT table (Fig. 5).  
Furthermore,  the arm can be removed from the opera-
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Fig. 2 The Zerobot®.  The robot consists of a manipulator on a 
base.  The manipulator includes an arm with an attached needle 
holder (white arrow).  The needle (arrowhead) is attached to the 
holder.  The black arrow indicates the linear guide mechanism for 
needle insertion.  The base dimensions are 65 cm×110 cm; the 
height is 140-170 cm; the weight is approximately 400 kg.

Fig. 4 System configuration.  AC,  alternating current; UPS,  unin-
terruptible power supply; LAN,  local area network; HDMI,  high- 
definition multimedia interface; I/O,  input/output.

Fig. 5 Arm rotation and robot positioning.  The robot arm can be 
rotated axially,  allowing the robot to be positioned on either side of 
the computed tomography (CT) table.  Therefore,  the robot can be 
positioned at the side of the CT table that coincides with the side 
of the patient where the needle will be inserted.

Fig. 3 Operation interface.  The operation interface is comprised of 
a portable controller (arrowhead),  a touch-screen (white arrow),  an 
operation PC (black arrow),  and a mobile platform.



tive field immediately in case of emergency.  Two force 
sensors are attached to the arm end to provide the phy-
sician with force and torque data.

The needle holder will fit the proximal end of many 
commercially available needles; thus,  a specific type of 
needle is not required.  Currently,  needle holders are 
available for each of the following needles: the biopsy 
introducer needle (TASK Laboratory,  Tochigi,  Japan) 
(Fig. 6),  the Cool-tip RFA needle (Covidien,  Mansfield,  
MA),  the LeVeen RFA needle (Boston Scientific 
Corporation,  Spencer,  IN),  the IceRod CRA needle 
(Galil Medical Ltd,  Yokneam,  Israel),  and the Emprint 
microwave ablation (MWA) needle (Covidien).  The 
needle holders are made of engineering plastic to avoid 
metal artifact and endure autoclave sterilization.

The robot is based on a serial-link mechanism with 
six DOF: two rotational DOF around the A- and B-axes 
for needle orientation; three linear DOF along the X-,  
Y-,  and Z-axes for needle location; and one linear DOF 

along the P-axis for needle insertion and removal 
(Fig. 7).  Needle insertion and removal is enabled using 
a linear guide mechanism (Fig. 2).  The range of each 
axis motion is shown in Fig. 7.  A remote center of 
motion (RCM) function is available for needle orienta-
tion,  allowing the needle angle to change around a 
predefined pivot point,  usually set at the needle tip 
(Fig. 8).  This motion is enabled by the collaborative 
motion of the Y- and Z-axes,  accompanied by A-axis 
motion for lateral needle angulation,  and by the collab-
orative motion of the X- and Z-axes,  accompanied by 
B-axis motion for craniocaudal needle angulation.

Each DOF may be driven in either slow or fast 
mode.  In addition,  an ultrafast insertion (approxi-
mately 500 mm/sec),  achieved by a pneumatic actuator,  
is also available; it is usually used for insertion toward 
the skin and for movable targets.

Operation interface. The operation interface is 
comprised of a portable controller,  a touch screen,  an 
operation PC,  and a carriage (Fig. 3).  The operation PC 
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No. Axis name Motion range

①
②
③
④
⑤
⑥

Z-axis
X-axis
Y-axis
A-axis
B-axis

P-axis

0 to 300 [mm]
0 to 184 [mm]
0 to 334 [mm]
-94 to 99 [deg]
-15 to 17 [deg]

0 to 167 [mm]

Positive direction
Negative direction

Fig. 7 The axes and degrees of freedom (DOF).  The motion range 
of each DOF is shown in the table.

Fig. 8 The remote center of motion (RCM) function.  The RCM 
function enables altered needle orientation around the needle tip 
(right).  When the function is off,  the needle tip moves in the direc-
tion of the altered needle orientation (left).

A

B

Fig. 6 The needle holder for the biopsy introducer needle.  (A) The 
plastic needle holder (arrows) is specifically designed to fit the prox-
imal end of the biopsy introducer needle (arrowheads).  (B) The 
needle holder (arrow) is closed with a draw latch (arrowhead) to 
secure the biopsy introducer needle.



is connected to the robot PC by a local area network 
(LAN) cable (Fig. 4).  The controller consists of buttons 
for every axis motion (+ and − directions),  motion 
speed (fast and slow),  ultrafast insertion and removal,  
and emergency stop.  The touch screen displays various 
information such as needle posture,  position of every 
axis,  force and torque measured by force sensors,  servo 
status,  RCM status,  and wheel lock status.  The touch 
screen also displays touch panel buttons used to initiate 
needle insertion,  turn the servo on/off,  and turn the 
RCM function on/off.

Risk Management

The robotic system is equipped with various risk 
control features.  Emergency stop buttons,  located on 
the controller and the robot,  allow the robot manipula-
tor to be stopped immediately.  Redundant encoders 
and force sensors have been installed to avoid substan-
tial risk by a single fault.  An uninterruptible power 
system (UPS) supplies power to the robot to provide 
against sudden blackout,  and is connected to a com-
mercial power supply through an insulated transformer 
(Fig. 4).  The robotic manipulator does not move unless 
the wheels are locked.  The robot manipulator automat-
ically stops if the robot attempts to move past the axial 
limit or if the motor detects abnormal torque.  
Furthermore,  we are implementing a function that will 
enable the manipulator to stop automatically if the force 
sensors detect abnormal forces.

There are several features installed to prevent unin-
tentional robot motion due to erroneous controller 
operation.  First,  the needle cannot be inserted by the 
controller unless the button to initiate needle insertion 
on the touch screen is pressed.  Second,  the robot 
manipulator cannot move unless the 2 buttons con-
trolling each axis motion and motion speed are pressed 
simultaneously on the controller.  Third,  the button for 
ultrafast needle insertion on the controller is usually 
covered.  Furthermore,  ultrafast needle insertion is lim-
ited mechanically to a 1.0 or 1.5 cm stroke.

To minimize tissue injury due to needle tip move-
ment inside the body,  the RCM function is automati-
cally activated once the button to initiate needle inser-
tion is pressed on the touch screen.  Furthermore,  once 
this button has been pressed,  all axes except the P-axis 
(i.e.,  needle insertion) move in slow mode only,  to 
avoid tissue injury that may occur due to rapid motion 

of the robot.

Robotic Needle Insertion Procedure

A picture of a robotic procedure performed at the 
interventional radiology center of the Okayama 
University Hospital is shown in Fig. 9.  The robotic nee-
dle insertion procedure consists of the following pro-
cesses: robot positioning,  needle targeting,  and needle 
insertion.

Robot positioning. After the robot and the 
peripheral devices have been connected,  the robot is 
turned on,  and the position of origin is acquired.  The 
robot is placed beside the CT table,  and the wheels are 
locked.  Craniocaudal and lateral positions of the robot 
relative to the CT table should be carefully determined,  
based on the position of the target,  needle posture,  and 
motion range of the X- and Y-axes.  Attention should be 
paid to the alignment of the robot relative to the CT 
table.  In the clinical setting,  the arm is covered with a 
specific sterile drape,  followed by attachment of an 
autoclaved needle holder to the arm end.

Needle targeting. Needle targeting (i.e.,  location 
of the needle tip at the skin entry point and orientation 
of the needle toward the target) may be performed 
manually by a physician manipulating the controller or 
semi-automatically by software.
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Fig. 9 An example of a robotic procedure in the phantom experi-
ment.  The physician is positioned away from the computed tomog-
raphy (CT) gantry to control the robot (black arrow) with the opera-
tion interface (black arrowhead) while monitoring the CT fluoroscopic 
images (white arrowhead).  The white arrow indicates the CT gantry 
controller.



1.  Manual needle targeting
The CT scans the target,  and the needle path is 

determined using the CT images.  The needle angle is 
measured,  and the skin entry point is marked on the 
patient.  Using the controller,  the physician moves the 
robot to position the tip of the needle,  with the prede-
termined angle,  at the skin entry point.
2.  Semi-automatic needle targeting

The CT scans both the target and the needle held by 
the robot.  DICOM data of the CT images are trans-
ferred to the operation interface.  The physician deter-
mines the needle path using the software,  and the axes 
motion necessary for needle targeting is automatically 
calculated.  Once the physician presses the button for 
needle targeting on the software,  the robot moves auto-
matically to position the tip of the needle,  with the 
predetermined angle,  at the skin entry point.

Needle insertion. Examples of CT images 
acquired during a typical robotic needle insertion in 
vivo are shown in Fig. 10.  Needle insertion is usually 
performed under CT-fluoroscopic guidance by manual 
controller manipulation by the physician.  After press-
ing the button to initiate needle insertion on the touch 
screen,  the physician begins the needle insertion using 
the controller.  Because needle deviation and target 
movement may occur during needle insertion,  needle 
adjustment during the procedure is usually necessary 
for accurate insertion.  Therefore,  if needle deviation 
and/or target movement occur on the CT-fluoroscopic 
image,  the physician stops the insertion and adjusts the 
needle orientation.  Once the needle has been re-di-
rected to the target,  needle insertion resumes.  This 
process is repeated until the needle tip reaches a satis-

factory position.

Results of Non-Clinical Studies

Electrical safety was tested based on Japanese 
Industrial Standards (JIS) T 0601-1 by the Japan Quality 
Assurance Organization.  Electromagnetic compatibil-
ity (EMC) was also tested based on JIS T 0601-1-2 at the 
EMC West Japan Center of the Mitsubishi Electric 
Engineering Co.,  Ltd.  In addition,  approximately 30 
non-clinical studies on robot safety and performance 
were performed through May 2018.

We evaluated the insertion of biopsy introducer nee-
dles using Zerobot® in phantom and animal experi-
ments [10].  In the phantom experiment,  robotic inser-
tion was compared with manual insertion under three 
continuous CT-fluoroscopic images of 2 mm thickness.  
The accuracy of the robotic needle insertion was equiv-
alent to that of the manual insertion (mean accuracy 1.6 
and 1.4 mm for robotic and manual insertion,  respec-
tively).  The physician’s effective radiation dose during 
robotic insertion was always 0 μSv,  while that during 
manual insertion was 5.7 μSv on average (p < 0.001).  In 
the animal experiment,  robotic needle insertions were 
attempted toward 1 mm targets in the liver,  kidneys,  
lungs,  and hip muscle of three swine using a single CT 
image of 4 mm thickness in dynamic mode.  Robotic 
insertion of biopsy introducer needles was safe and fea-
sible in the animals,  with an overall mean accuracy of 
3.2 mm.  We also tested robotic insertion of various 
ablation needles in swine liver,  kidney,  lung,  and hip 
muscle [11].  The ablation needles tested were the Cool-
tip RFA needle,  LeVeen RFA needle,  IceRod CRA nee-
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Fig. 10 An example of a typical robotic needle insertion toward a target in vivo.  (a) The needle (arrow) is directed toward the target 
(arrowhead).  (b) The needle deviates slightly to the right of the target.  (c) The needle tip is re-directed toward the target.  (d) The target 
moves slightly to the left of the needle tip during needle advancement.  (e) The needle is re-directed toward the target.  (f) The needle tip 
hits the target.



dle,  and Emprint MWA needle.  The overall mean 
accuracy of all four needles in all four locations was 
2.8 mm.  There were no significant differences in inser-
tion accuracy among the needles (p = .38) or the loca-
tions (p = .53).

Current Status and Future Perspective

Recently,  the arm was redesigned to eliminate the 
following problems: 1) the possibility of the linear 
guide mechanism interfering with the patient’s body 
during needle targeting,  and 2) limited oblique needle 
insertion for the craniocaudal direction.  The new arm 
was completed in April 2018.  In addition,  the base will 
be redesigned by the end of 2018.  New software for 
needle insertion planning and semi-automatic needle 
targeting is being developed in collaboration with the 
Cannon Medical Systems Corporation.

Based on the above-mentioned encouraging results 
in animals,  the first in vivo human trial entitled 
“Computed tomography fluoroscopy-guided biopsy 
using a robot (Zerobot®): single institution,  single arm,  
open-label,  prospective,  feasibility trial,” which is not 
based on good clinical practice (GCP),  began in April 
2018.  This trial includes 10 subjects,  and is being con-
ducted to evaluate the feasibility and safety of robotic 
needle insertion in humans.  After completion of this 
small trial,  a larger clinical study based on GCP will be 
conducted; the trial size and design will be discussed 
with the Pharmaceuticals and Medical Devices Agency 
(PMDA).
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