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Intrafractional motion of patients, such as respiratory motion during radiation treatment, is an important issue 

in image-guided radiotherapy. The accuracy of the radiation treatment decreases as the motion range increases. 

We developed a control system for a robotic patient immobilization system that enables to reduce the range 

of tumor motion by compensating the tumor motion. Fusion technology, combining robotics and mechatronics, 

was developed and applied in this study. First, a small-sized prototype was established for use with an industrial 

miniature robot. The patient immobilization system consisted of an optical tracking system, a robotic couch, 

a robot controller, and a control program for managing the system components. A multi speed and position 

control mechanism with three degrees of freedom was designed. The parameters for operating the control 

system, such as the coordinate transformation parameters and calibration parameters, were measured and 

evaluated for a prototype device. After developing the control system using the prototype device, a feasibility 

test on a full-scale patient immobilization system was performed, using a large industrial robot and couch. The 

performances of both the prototype device and the realistic device were evaluated using a respiratory motion 

phantom, for several patterns of respiratory motion. For all patterns of motion, the root mean squared error of 

the corresponding detected motion trajectories were reduced by more than 40%. The proposed system improves 

the accuracy of the radiation dose delivered to the target and reduces the unwanted irradiation of normal tissue.
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Introduction

  With advances in radiation techniques for imaging and ther-

apeutic purposes, radiation treatment of cancer is becoming in-

creasingly popular. For early-stage lung cancer in particular, 

stereotactic body radiation therapy (SBRT), which facilitates 

hypo-fractionated high-dose irradiation for tumor ablation, has 

been reported to yield treatment outcomes comparable to those 

achieved by surgery.1) Although such a high-precision treat-

ment requires accurate beam delivery, tumors and organs that 

move as a result of breathing compromise the accuracy of ra-

diation delivery, reducing the therapeutic effects of tumor irra-

diation and increasing the irradiation of normal tissue. Accor-

ding to the Task Group 76 report2) of the American Association 

of Physicists in Medicine (AAPM), developing procedures for 

controlling breathing-associated motion during treatment beam 

delivery, and incorporating this control into the treatment proc-

ess, are recommended when treating thoracic/abdominal tumors 

such as the lung, liver, and pancreas tumors, especially if the 

amplitude of breathing-associated motion exceeds 5 mm.

  Methods for managing respiratory motion during radiation 

therapy allowing the patient to breathe freely include gating 

techniques and real-time tumor tracking techniques. In the gat-

ing method, the treatment beam is irradiated during a specific 

phase of the respiratory cycle, calculated by monitoring the 
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Fig. 1. (a) Prototype of the patient 

immobilization system consisting 

of a robotic arm, a couch, a robot 

controller, an optical tracker, and 

a camera. (b) Schematic of the 

motion compensation system.

breathing pattern, but this method is likely to be less accurate 

when the breathing pattern becomes irregular owing to pro-

longed treatment time.3-6) On the other hand, with the real-time 

tumor tracking method the treatment time can be shorter; how-

ever, this method requires sophisticated operation and technol-

ogy for changing the position and shape of the treatment beam 

in real time, by monitoring the three-dimensional (3D) location 

of a tumor. One well-known tumor tracking method uses a dy-

namic multi-leaf collimator (DMLC) for aligning the treatment 

beam to a moving tumor.7-12) However, one problem with this 

approach is that the multi-leaf collimator (MLC) shapes the ir-

radiation beam based on one-dimensional motion of individual 

leaves; therefore, if the tumor moves in the direction perpen-

dicular to the direction of the leaf motion, the moving speed 

of the leaf must be theoretically increased or decreased 

indefinitely. In addition, the multi-leaf collimator is a device 

developed for intensity modulation of the treatment field. 

When leaves move continuously for beam delivery in a sliding 

window fashion for intensity-modulated radiation therapy 

(IMRT), the additional requirement to compensate for the tu-

mor motion increases the system complexity, which inevitably 

reduces the accuracy and reliability of the MLC system. For 

these reasons, approaches that aim at decoupling the tumor 

motion compensation from intensity modulation, where the 

MLC system solely provides intensity modulation of the irradi-

ation field, are preferred in terms of safety and efficacy of 

precision radiation therapy. In this regard, the Vero gimbaled 

linac system13) has recently attracted attention.

  Another proposed way to achieve decoupling utilizes motion 

compensation using couches.14) D’Souza et al.15) tested the 

Hexapod for this purpose and concluded that a low speed limit 

of 8 mm/s was insufficient for ensuring effective respiratory 

motion compensation. In the present study, we aimed to devel-

op an alternative robotic patient immobilization system that 

can compensate the tumor motion in real time. By combining 

a robotic arm with six degrees of freedom (DOF) and a pa-

tient positioning couch, a control system has been developed 

for monitoring the target location in real time and for comput-

ing the compensatory motion of the robot couch. First, the 

system was evaluated by considering a prototype system and 

control algorithms, in a miniaturized test environment. Then, 

we tested our system on a full-scale robot couch, to evaluate 

the applicability and limitations of the robot couch technology 

in real-time tumor tracking radiation therapy.

Materials and Methods

1. System configuration

  The prototype patient immobilization system and the flow 

chart of the process of motion compensation using the system 

are shown in Fig. 1. The prototype system was miniaturized 

and consisted of an industrial 6-axis jointed-arm robot manipu-

lator (HA006-04, Hyundai Heavy Industries Co., Ltd., Korea), 

a couch on the robotic arm, an optical tracker, and a robot 

controller connected to a personal computer (PC) for control-

ling the integrated system. The system was constructed to be 

movable. The weight capacity of the industrial 6-axis vertical 

articulated robot was 6 kg. The mechanical parameters and 

specifications of the HA006-04 robot are summarized in Table 

1. A miniaturized couch for patient support was connected to 
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Table 1. Mechanical specifications and limitations of the two robot manipulators used in this study.

　 HA006A-04 HS160L

Payload 6 kg 160 kg

Max. reach 1,425 mm 3,036 mm

Degree of freedom 6 Axes 6 Axes

Max. motion range S Swivel ±172o ±180o

H For/Backward ＋180
o
∼−78

o
＋180

o
∼−65

o

V Up/Downward ＋180
o
∼−82

o
 ＋230

o
∼−135

o

R2 Rotation 2 ±180o ±360o

B Bending ±135
o

±130
o

R1 Rotation 1 ±360
o

±360
o

Max. speed S Swivel 230o/s 95o/s

H For/Backward 230
o
/s 95

o
/s

V Up/Downward 230
o
/s 95

o
/s

R2 Rotation 2 430o/s 150o/s

B Bending 430
o
/s 145

o
/s

R1 Rotation 1 640
o
/s 220

o
/s

　 R2 Rotation 2 1.2 kgf.m 105 kgf.m

　 B Bending 1.0 kgf.m 105 kgf.m

　 R1 Rotation 1 0.6 kgf.m 50 kgf.m

Repeatability ±0.04 mm ±0.15 mm

Approximate weight 150 kg 985 kg

Max. rated power 4.4 kVA 8 kVA

Controller model Hi5a Hi5a

the flange of the robot manipulator. The industrial robot con-

troller used in this study is shown in Fig. 1(a) (Hi5-N30, 

Hyundai Heavy Industries Co., Ltd., Korea). The robot con-

troller operated based on the teaching-and-playback method. A 

point-to-point interpolation, linear interpolation, and circular 

arc interpolation were also possible in the controller. The robot 

controller received external commands via an Ethernet proto-

col, including commands related to the destination position and 

direction.

  The couch for the phantom or patient support and immobili-

zation was made of carbon fiber reinforced plastic (CFRP). 

The miniaturized couch for the prototype system was 600 mm 

long. CFRP is a lightweight structural material, characterized 

by high strength and high elasticity. Although the specific 

strength of CFRP is six times higher than that of steel, radia-

tion transmission through a CFRP couch can be high, owing 

to a low-density foam filling covered by a sheet of CFRP. For 

these reasons, CFRP is commonly used in patient support 

couches and immobilization devices in radiation therapy. To 

improve the accuracy of the radiation treatment, radiation pen-

etrability of a patient supporter or immobilizer is required for 

minimizing the disturbance to beam delivering. According to 

the AAPM Task Group 176 report,16) CRFP couches can in-

crease the skin irradiation dose rate to 40∼80% of the max-

imal absorbed dose, while the original skin irradiation dose 

rate is 20%. Meanwhile, the intensity reduction ratio of CRFP 

for a 6 MV beam is ∼2%, which is within acceptable ranges. 

Moreover, the effects of CFRP couches on beam delivery can 

be processed appropriately in treatment planning systems 

(TPS). Consequently, in the present study the patient support 

couch was manufactured using CFRP. A silicone rubber damp-

er was added to the fixation part of the couch for reducing 

and absorbing the couch vibration. The material for the fix-

ation part was aluminum, which is lightweight.

  The controller PC calculated and sent increments of position 

values for motion compensation, based on the patient position 

data collected by the optical tracker. An industrial PC was 

used as a controller PC owing to its stability and the possi-

bility to incorporate additional input/output (I/O) systems. The 

operating systems on the controller PC were Windows 7 

(Microsoft, USA) and RTX (Intervalzero, USA). RTX is a re-

al-time operating system for transmission of equidistant inter-
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Fig. 2. Real-scale patient immobilization system for evaluating 

the motion compensation performance with respect to the 

respiration-associated motion. 

vals of robotic control signals. Shared memory between 

Windows 7 and RTX was used for sharing the data required 

for controlling the robot. Input and output data processing and 

user interface were implemented on the Windows 7 platform, 

while calculation of the position data and data transmission to 

the robot controller were implemented on the RTX platform. 

The patient motion compensation data were transmitted using 

the user datagram protocol (UDP). For motion compensation 

commands, coordinates in the optical tracker coordinate system 

were transformed into the robot system coordinates.

  An optical 3D marker position tracker (Polaris Spectra, NDI, 

Canada) was used for data generation and for position 

detection. Passive type infrared reflecting markers were at-

tached to the target and the optical tracker detected the mark-

ers’ positions. The marker position data, with three DOF, were 

extracted from the marker shapes, locations, and directions. 

The root mean squared (RMS) error of the target position de-

tection using the Polaris optical tracker was 0.25 mm. The 

sampling frequency of the target position detection system was 

30 Hz. The maximal data transmission speed between the 

tracker and the controller PC was 1.2 Mbps, and the data were 

transmitted via a universal serial bus (USB) cable. The range 

of the tracking area was at most 2,400 mm (3,000 mm for 

special options) and the area was pyramid-shaped.

2. Motion compensation system

  Before using the system for real-time robotic motion com-

pensation, we performed preliminary processing and testing, 

including calibration of the system and transformation of 

coordinates. Before performing position measurements, me-

chanical parameters need to be corrected by the system geo-

metric calibration, to enable high-precision motion control. The 

geometric calibration was performed by measuring the mark-

ers’ positions for 27 different directions and positions. After 

the mechanical parameter correction for geometric calibration, 

we verified the system geometric accuracy by measuring posi-

tion errors for eight different points in space, for different 

couch orientations. 

  Subsequently, the transformation between the robot coor-

dinate system and the optical tracker coordinate system was 

measured and calculated for matching the position data across 

the robot and the optical tracker. Because the robot and the 

tracker coordinate systems are different, coordinates in motion 

compensation commands issued to the robot had to use the ro-

bot coordinate system. To determine the transformation of co-

ordinates, eight different positions with the same couch ori-

entation were provided to the robot controller and were de-

tected by the optical tracker. Then, a 4×4 transformation ma-

trix R was calculated by minimizing the error between the po-

sitions’ coordinates in the robot coordinate system and the co-

ordinates reported by the optical tracker in the tracker coor-

dinate system.

  The input position data to the robot controller were gen-

erated from a sample patient motion data. The sample motion 

data were organized in terms of the displacement values for x, 

y, and z, in millimeters, sampled with a frequency of 50 Hz. 

The input motion data were generated by sampling the posi-

tion data from a 60-s-long window, with a sampling frequency 

of 10 Hz. From the extracted motion data, several job files 

were created as a possible input to the robot controller. 

Although position and direction data with six DOF could be 

provided to the robot controller, in practice we only controlled 

three DOF in the position data in the present study.

3. Patient-scale system configuration 

  After developing the prototype motion compensation system 

with the miniature couch and robot, we scaled the system to 

realistic clinical dimensions, considering a larger robot manipu-

lator and a patient support couch as in Fig. 2. The robot ma-

nipulator used for this enlarged system was an HS160L in-

dustrial 6-axis vertical articulated robot (Hyundai Heavy Indus-
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Fig. 3. (a) Screenshot of the in-house 

motion detection and control pro-

gram running on the system control 

PC. (b) Algorithm flow chart of the 

developed motion compensation 

system. Pc(ti) and Pp(ti) are 3D 

positions of the marker on the couch 

and the marker on the motion 

phantom at time ti. R is the coor-

dinate transformation matrix, from 

the optical tracker system of coor-

dinates to the robot system of coor-

dinates.

Table 2. Calibration errors between the input positions to the 

robot and the measured positions.

Point number Error (mm)

1 0.07

2 0.10

3 0.08

4 0.07

5 0.10

6 0.08

7 0.10

8 0.06

Average 0.08

tries Co., Ltd., Korea), with 160 kg weight capacity. The me-

chanical parameters and the specifications of the HS160L 

model are listed in Table 1. The real-scale couch was 2 m 

long and was made of CFRP, the same as the prototype couch. 

The robot controller, the system control PC, and the optical 

tracker were the same as those used in the prototype system.

4. Motion compensation implementation and evaluation

  The program for motion control was written in C＋＋, and 

a screenshot of the control window is shown in Fig. 3(a). The 

data flow and data processing algorithm is listed in Fig. 3(b). 

Upon receiving position data from the optical marker tracker, 

the control program calculated the prediction for position data 

in the next time step. Subsequently, the program issued com-

mands to the robot controller to generate equal and opposite 

displacement to the predicted one, for offsetting the anticipated 

displacement in the next time step. Before issuing these dis-

placement commands, the coordinates were converted from the 

optical tracker system to the robot system of coordinates.

  Next, we used a dynamic motion phantom to evaluate the 

performance of the developed motion compensation system. 

First, to measure the delay time of the robot reaction, the ro-

bot was commanded to track uniform circular motion of the 

dynamic phantom isolated from the patient immobilization 

system. The positions of two optical markers on the couch and 

the phantom were tracked simultaneously using the 3D optical 

tracker. Then, the average temporal difference between two 

trajectory data was measured. 

  For measuring the motion compensation accuracy, a respira-

tory motion phantom (Quasar, Modus Medical Devices, 

Canada) was used to realistically mimic respiratory motion 

patterns. Several one-dimensional motion patterns from real pa-

tients were applied to the phantom. For evaluating the proto-

type system, seven types of respiratory motion, including typi-

cal, typical-fast, typical-slow, irregular, drift-artifact, cardiac-ar-

tifact, and jitter-artifact patterns were used. For the enlarged 

real-scale system, only typical, typical-slow, and irregular res-

piratory motion patterns were used because this was deemed to 

be meaningful based on the experiments with the prototype 

system.

Results

1. Measurement data of robot motion

  For the robot calibration and for validating the extent of 

precision of the robot mechanical parameters, we measured po-

sition data of the markers on the couch for 8 points in space, 

for different couch orientations. As is evident from Table 2, 
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Fig. 4. 3D position data measured by the optical tracker, for markers attached to the motion phantom and couch. The typical-slow 

respiratory motion pattern was considered here. (a) Results obtained for the prototype system. (b) Results obtained for the real-scale 

system. The motion compensation was initiated about halfway into the measurement period.

Table 3. Input position data provided to the robot and the measured positions in the robotic coordinate system.

Point number
Robot input positions Converted measurement positions

X (mm) Y (mm) Z (mm) X (mm) Y (mm) Z (mm)

1 310 0 870 310.10 0.12 870.08

2 410 0 870 410.07 −0.03 869.85

3 360 200 870 359.96 199.61 869.95

4 410 200 970 409.94 199.66 969.96

5 310 −200 870 310.09 −199.62 870.08

6 410 −200 870 409.92 −199.82 869.92

7 410 −200 970 410.05 −199.85 970.04

8 410 0 970 409.87 −0.08 970.12

for each detection point the average robot position error was 

0.08 mm. Consequently, the robot position calibration was 

considered to be sufficiently precise. 

  Using the coordinate transformation matrix, the average dis-

crepancy between the position data detected by the optical 

tracker and the data provided to the robot was 0.18 mm. The 

inputted robot positions and the transformed optical positions 

are listed in Table 3.

2. Evaluation of temporal delay and performance of 

motion compensation

  The measured average temporal delay of the prototype robot 

reaction was 200 ms, regardless of the motion direction. For 

the real-scale system, the average temporal delay increased to 

350 ms for all directions. In Fig. 4, the motion compensation 

results are shown for the prototype system (a) and for the re-

al-scale system (b) with the typical-slow respiratory motion 

pattern applied to the Quasar dynamic phantom. In the first 

half of the measurement process, motion compensation was 

not applied. Therefore, only the target position on the phantom 

(red line) moved along the patient respiratory trajectory (blue 

line) inputted to the phantom, while the robot couch position 

(green line) was stationary, as seen for the first halves of all 

trajectories in Fig. 4. Motion compensation was applied during 

the second half of the measurement process. The target phan-

tom motion range (red line) was reduced after applying the 
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Table 4. 3D RMSEs, before and after applying the motion 

compensation, and the reduction ratios of the 3D RMSEs for 

seven motion patterns measured using the small-scale 

prototype device.

Motion pattern 3D RMSE
3D RMSE 

(Compensated)

Error reduction 

ratio (%)

Typical 4.01 mm 1.52 mm 62.2

Typical-fast 4.48 mm 2.30 mm 48.7

Typical-slow 4.70 mm 0.51 mm 89.1

Irregular 3.06 mm 1.35 mm 55.9

Drift-artifact 3.27 mm 1.46 mm 55.4

Cardiac-artifact 2.25 mm 1.24 mm 44.9

Jitter-artifact 3.26 mm 1.50 mm 54.1

Table 5. 3D RMSEs, before and after applying the motion 

compensation, and the reduction ratios of the 3D RMSEs for 

three motion patterns measured using the real-scale device.

Motion pattern 3D RMSE
3D RMSE 

(Compensated)

Error reduction 

ratio (%)

Typical 5.63 mm 2.95 mm 47.7

Typical-slow 6.54 mm 1.77 mm 72.9

Irregular 3.94 mm 2.35 mm 40.4

motion compensation, while the couch (green line) moved in 

the opposite direction to that of the phantom, as shown in the 

second halves of the trajectories. Tables 4 and 5 list the 3D 

RMS errors (RMSEs) before and after applying the motion 

compensation, as well as the reduction ratios of the 3D RMSE 

for the prototype system and for the real-scale system. For the 

prototype system, the 3D RMSE reduction ratio was 55% to 

89% after applying motion compensation, for all types of res-

piratory patterns. For the real-scale system, the 3D RMSE re-

duction ratio was 40% to 70% after applying motion 

compensation. The performance of the motion compensation 

was respiratory pattern-dependent. The most significant reduc-

tion in the error was observed for the typical-slow respiratory 

pattern, while the motion compensation was less effective for 

fast motion or motion containing artefacts.

Discussion and Conclusion

  In this study, as an interim stage, a miniaturized mobile ro-

botic couch system, characterized by ease of access and con-

trol, was used for developing an integrated control system and 

for determining its feasibility. The developed control system, 

based on the miniaturized system, was confirmed to be equally 

applicable to a full-size robot couch system, except that the 

delay time of the real-scale system response increased 1.5-fold, 

owing to a relatively large size of the real-scale system. The 

two systems (miniature and full-scale) performed equally well 

in terms of their driving mechanism, control algorithm, and 

operating environment. Longer reaction time in the larger sys-

tem is apparently caused by a heavier burden on the 6-axis 

joint robot arm, owing to a heavier weight. Therefore, reaction 

time should be determined for a situation in which the weight 

of the patient is fully loaded on the patient supporting couch 

system. The development and application of the motion pre-

diction algorithm to the motion compensation control program 

can prevent a reduction in the position determination accuracy 

by effectively compensating the response delay. In this case, 

simply adjusting the delay time according to the weight load-

ing is expected to yield the same correction accuracy and 

efficiency. 

  Although the larger robot used in this study is difficult to 

access and move, it is possible to incorporate the full-scale ro-

botic couch system developed in this study into the actual 

treatment room environment in the future. However, since this 

study has confirmed that there is no significant difference be-

tween the two scale systems, it is preferred to conduct addi-

tional investigations using the smaller system, and then 

fine-tune the relevant control parameters in the full-scale 

system.

  In this study, we only considered the couch movement with 

three DOF, i.e., the 3D translational motion of the robot couch 

was incorporated into the design of the computerized robot 

couch. However, according to a study involving 40 patients, in 

which a six DOF computerized robotic couch was used for the 

patients’ setup during brain cancer SBRT, average rotation er-

rors of 0.23o±0.82o (longitudinal), −0.09o±0.72o (lateral), and 

−0.10o±1.03o (vertical) were obtained.17) In addition, according 

to another study involving 29 patients, in which position 

changes of implanted markers were measured in liver SBRT, 

the average range (2∼98 percentile) of the translational/rota-

tional motion was 2.0 mm/3.9o (right-left), 9.2 mm/2.9o 

(superior-inferior), 4.0 mm/4.0o (anterior-posterior), and 10.5 
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mm in three dimensions, and the error was reduced in half by 

correcting the rotational motion.18) Therefore, the robot motion 

compensation treatment units should be designed to provide 

motion with six DOF, consisting of three-axis translational mo-

tion and three-axis rotational motion.

  In the present study, we developed a robotic couch control 

system using industrial robot systems for real-time respiratory 

tumor motion compensation during radiation therapy. As an in-

terim stage, a miniaturized test model was used to provide a 

preferential environment for developing and testing the control 

driver system, following which the same control system was 

tested on a full-scale system. In real-time tumor tracking ex-

periments, using a three DOF respiratory motion phantom the 

demonstrated compensation efficiency exceeded 40%. In this 

study, we focused only on the geometrical accuracy due to the 

respiratory tumor motion, with and without couch tracking. 

However, the dosimetric impact of the geometric errors is the 

most relevant issue for estimating clinical implications. 

Therefore, additional quantitative analysis of dosimetric impact 

has to be performed on several variables, such as the delay 

time, beam energy (6/15 MV), treatment delivery (3D/4D), 

treatment type (conformal/IMRT), beam direction (AP/PA), and 

breathing training type (free breathing/audio instruction/visual 

feedback). Nonetheless, further development of the prototype 

robot couch system proposed in this study is expected to im-

prove the precision of treatment and thus to further alleviate 

the treatment side effects.
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