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Abstract

This paper presents the maneuvering stabilization method for the rescue robot. In general, the stability index such as center of mass
(CoM), zero moment point (ZMP), moment height stability (MHS), and force angle (FA) measure during maneuvering can be used for
the mobile manipulator. Among these stability indices, the appropriate stability index can be determined according to the target applica-
tion. In this paper, the new rescue robot is introduced to accomplish various missions including the rescue and maneuver with a wounded
person. The CoM as the stability index is determined due to relatively low closed-loop bandwidth of the tracked lower body for the res-
cue robot. Therefore, the maneuvering stability can be practically obtained by using the CoM tracking control method. Furthermore, the
position-based motion control method using the closed-loop inverse kinematics (CLIK) algorithm is used for the HURCULES. To verify
the effectiveness of the CoM tracking controller using the CLIK method, the experiments were conducted on a longitudinal slope and

uneven terrain. Satisfactory performance of the maneuvering stabilization was obtained from the experimental results.
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1. Introduction

Although humanoid robots have been extensively devel-
oped and emerged with enhanced performances [1], most of
humanoid robots can be challenged to overcome its low ma-
neuvering speed. In contrast to bipedal humanoid robots, mo-
bile robots have an advantage of maneuvering ability. There
are various applications for mobile robots, in which these are
generally composed of wheeled and/or tracked mobiles [2-11].
In practice, one of the major issues during maneuvering for
mobile robots is to maintain the dynamic stability in an arbi-
trary environment. In detail, since mobile robots move on
uneven terrain, the maneuvering stabilization of the mobile
robot is crucial to avoid the tip-over situations. Furthermore, if
the mobile robots deal with a heavy object, the problem be-
comes more complicated.

Until now, the tip-over prevention was realized by using
various methods including an active suspension [3], a mov-
able load [4], and a traction mechanism [5]. In addition, mo-
bile robots with manipulators have been developed to achieve
the various missions, e.g., search and rescue missions. To
guarantee the maneuvering stability, the general dynamic sta-
bility criterions were used. The criterions related to the dy-
namic stability have been proposed and evaluated for various
mobile robots such as zero moment point (ZMP) [6], moment
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height stability (MHS) [7, 8], force angle (FA) measure [9],
and so on. Although the various dynamic stability measures
were widely used and evaluated as a criterion, an appropriate
criterion must be applied according to the characteristics of the
developed robot.

Recently, we have been developing the new rescue robot,
which is referred to as HURCULES (humanoid rescue robot
for calamity response), with specific purposes. Since the
HURCULES has a specific mission that is capable of lifting
and extracting a human, design specifications of mechanical
components were derived to achieve the mission. Moreover, a
wounded person must be stably transported from an injured
area to a safe area. As a result, the dynamic stability during
maneuvering must be considered for the HURCULES. To
achieve the mission of the casualty extraction, an upper body
of general humanoid robots, which is composed of the dual
manipulators and a torso, was adopted for the HURCULES.
To be able to maneuver with a heavy object, the tracked lower
body was applied to maintain the maneuvering stability on
various terrains, as shown in Fig. 1.

Although the dynamic stability indices such as ZMP, MHS,
and FA were effective for mobile manipulators through the
comparative studies, center of mass (CoM) was selected and
used as the stability index in this study because of the closed-
loop actuating bandwidth of the lower leg. Based on the ex-
perimental analysis to investigate the closed-loop bandwidth
of the lower leg, the CoM as the stability criterion is deter-
mined. To control the CoM of the HURCULES, the kinematic



Fig. 1. Maneuvering concepts: (a) Basic posture to maneuver; (b)
climbing up and down a longitudinal slope; (c) maneuvering on a
lateral slope; (d) overcome a vertical obstacle; (¢) maneuvering on a
stair.

control method was utilized in this study. In general, if the
CoM of the robot is within the support polygon of the robot,
the stability of the robot can be regarded as a stable state.
Therefore, in order to maintain the desired stable posture, the
posture of the robot must be autonomously controlled. To
design the position-based joint controller, a closed-loop in-
verse kinematics (CLIK) method base on the differential
kinematics can be used in this study [10-12].

This paper is organized as follows. The related works and
the rescue robot are addressed in Sec. 2. In Sec. 3, we describe
the tracked lower body of the HURCULES and how to con-
struct the tracking controller of CoM based on the CLIK
method. The experimental setup and results are addressed in
Secs. 4 and 5 denotes the discussions. The conclusions are
addressed in Sec. 6.

2. Related works and the rescue robot

The BEAR (battlefield extraction-assist robot) was a type of
rescue robot that was built for casualty extraction [13]. It was
designed to lift the heavy object (500 Ibs). The hydraulic ac-
tuators were adopted for the BEAR. Unfortunately, it is diffi-
cult to find scientific literatures, and media reports only exist.
Another similar rescue robot is the RONA (robotic nurse as-
sistant) [14]. Since it was intended to satisfy the demand for
nursing services, the RONA was equipped with a holonomic
mobile platform and usually used in an indoor environment
such as a hospital [15].

Since a few studies have tackled the rescue robots excluding
bipedal robots, the HURCULES is valuable for the purpose of
rescue mission. In order to achieve the safely objectives of
lifting and moving tasks, the instructions to be kept exist; 1)
the whole system weight including a human must be sustained
by the HURCULES. In other words, the high power system is
crucial to accomplish the tasks. 2) the stability during maneu-
vering must be guaranteed by the HURCULES.

The HURCULES has been constructed with specific de-
signs as shown in Fig. 2. In short, the configuration of the
rescue robot is composed of dual-manipulators, a tracked mo-
bile leg system, a torso, and a head. Especially, the dual-
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Fig. 2. Configuration of the rescue robot; it is composed of head, torso,
dual-manipulators, and tracked mobile system.
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Fig. 3. Configuration of the tracked lower body system; it is composed
of one waist joint, two hip joints, two knee joints, and two driving
joints.

manipulator has 10 degrees of freedom (DOFs) to accomplish
the manipulation task. Also, the tracked mobile leg system to
sustain the whole system weight has 7 DOFs. The torso and
head with 2 DOFs are equipped with a main controller and
visual sensors used to visualize the environment.

3. Methods

3.1 Descriptions of the tracked lower body system for ma-
neuvering of the rescue robot

Although the total DOFs of the rescue robot is 19, the con-
trollable DOFs used for the maneuvering is 7 DOFs which is
composed by a waist joint, knee/hip pitch joints, and driving
joints of both leg. In general, the maneuvering stability can be
obtained by using a movement of the upper body and dual
manipulator similar to typical mobile manipulators. Neverthe-
less, using of the upper body and dual manipulator was not
considered to enhance the maneuvering stability for the mini-
mum energy consumption. Therefore, the 12 DOFs excluding
joints of the tracked lower body were not used during maneu-
vering. In addition, the dual manipulator using worm gears
can maintain the posture even in absence of the external en-
ergy. More specifically, the descriptions of the tracked lower
body for the rescue robot are described in this section.

Fig. 3 shows the mechanical configuration of the tracked
lower body system. The weight of the tracked lower body is
approximately 424 kg. In this study, the total weight of the
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rescue robot including a wounded person with 120 kg body
weight was approximately estimated at 700 kg. Therefore, the
required torque on the hip and knee joints has to be calculated
to maintain the whole weight. The actuator capacities for the
hip and knee joints of the tracked lower body have been stud-
ied through the dynamical analysis. Specifically, the inde-
pendent design specifications of the tracked lower body sys-
tem were adopted for the hip, knee, and driving joints, respec-
tively. The driving joint module was composed of a motor, a
harmonic gear with 51:1 reduction ratio, and belt/pulley sys-
tem. For the knee joint, it consists of a motor, a harmonic gear
with 160:1 reduction ratio, and a worm gear with 20:1 reduc-
tion ratio. The hip joint consists of a motor, a harmonic drive
with 100:1 gear reduction ratio, and a worm gear with 35:1
reduction ratio. The maximum torques of hip and knee joints
were approximately 2500, 4500 Nm, respectively. Note that
the designed actuator system must be considered to achieve
the lifting mission and maneuver with a human of 120 kg
body weight. Therefore, the gear system with the high reduc-
tion ratio was inevitably used to obtain the required torque.
Fig. 4 shows the tracking result of a sinusoidal reference
signal, which is widely used as a chirp signal, for the knee
joint. Fig. 5 shows the Bode plot of the joint angle tracking
result. The data was collected with 20 Hz sampling rate. Al-
though Fig. 4 shows the satisfactory tracking result in the low
frequencies, it cannot track the reference signal in the high
frequency range. The closed-loop bandwidth of the joint is
approximately 0.45 Hz as shown in Fig. 5. The CoM as the
maneuvering stability criterion was determined as follows: As
easily expected, an issue of above actuator system arises from
the closed-loop bandwidth of the system. Since the robot must
be traversed on uneven terrain, relatively high bandwidth is
required to maintain the maneuvering stability at high speed.
However, the control bandwidth of the hip and knee joints is
relatively low, in which it’s approximately 0.45 Hz as shown
in Fig. 5. It implies that the robot can move with respect to the
change of terrain variation within 0.45 Hz. Therefore, the ac-
celeration-based stability index such as ZMP cannot be ap-
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Fig. 5. Experimental result to verify the bandwidth of the knee joint for
the tracked lower body.
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Fig. 6. The definition of pitch joint angles including an estimated ter-
rain slope.

plied for the developed rescue robot due to the low actuating
bandwidth. Therefore, the CoM as the maneuvering stability
index can be selected instead of the acceleration-based stabil-
ity index.

3.2 Design of tracking controller for stabilized CoM

This section provides the design of tracking controller in
maintaining the stabilized CoM. The definition of the pitch
joints is shown in Fig. 6. In this study, the slope angle of ter-
rain can be estimated from a geometric relationship based on
the information of an inertial measurement unit (IMU) at-
tached in the torso. It is noted that minimal energy consump-
tion was considered during maneuvering. Therefore, the
shoulder and elbow pitch angles are predetermined and con-
stant while maneuvering on terrain. In addition, since the
shoulder and elbow pitch joints equipped by the worm gears
were designed and constructed, the non-backdrivable charac-
teristics was observed for these joints. Practically, since the
mass of tracked lower body is relatively larger than the mass
of the upper body, the position control of CoM can be easily
obtained from the manipulation of joints for the tracked lower
body.

Practical point of view, since the weight of the
HURCULES is approximately 550 kg, the robust joint con-
troller must be required to cope with the large payload varia-
tions and flexibilities induced by low natural frequencies.
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Fig. 7. Inverse kinematic algorithm with Jacobian inverse for obtaining
the desired joint angles.

Although the motor current signal of the joint or the direct
measurement of the torque signal are required to apply a
torque-based joint control, it is not available for the
HURCULES due to the high reduction ratio of the gear sys-
tem and the uninstallation of the torque sensor. Instead of the
torque-based control, the use of the position-based joint con-
trol is determined to enhance the mission success and the reli-
ability of the system, which is subject to the large payload.
With this regard, the robust joint controller using the differen-
tial kinematics is proposed and evaluated in this study.

The g¢,,...,q, are the joint angles, which denote the terrain
slope, knee, hip, shoulder, and elbow pitch angles, respec-
tively. As mentioned earlier, the IMU was installed at the
torso of the robot. Therefore, the terrain slope can be easily
calculated from the kinematic relationship among the IMU
pitch angle, hip, and knee joint angles. The position of each
link can be obtained from joint angle measurements and
physical parameters of links. The horizontal and vertical CoM
of the robot can be described in Eq. (1).

Xeowr =

mx;® /Zm,, i=L...,5
‘ ' ()

n n
— g
Zow = 2z 2om
i i

where n is the number of joint angles and m, is the mass of
the links. x* and z* are the CoM position of the local
links in sagittal plane. It is noted that because the physical
parameters of links were estimated from the CAD model, the
errors in the estimated parameters maybe exist.

The direct kinematic equation of the rescue robot can be de-
scribed as

X=f(q @

where g e R' is the joint space variable and X e R' is the
operational space variable. Given the operational variables
X and X, the goal is to find the joint space variables ¢
and ¢ . The time derivative of the direct kinematic equation
can be described as

X =J(q)q @)

where J(q) = 9@ e R™
oq

is the Jacobian matrix of the robot.

The inverse solution of the Eq. (3) can be obtained by using an
appropriate inversion procedure. In this study, the closed-loop
inverse kinematics (CLIK) method is applied for the inversion
process. In this study, the operational space vector X is the
horizontal and vertical CoM position of the robot as in follow-

ing Eq. (4).
X = I:'x('oM Zeom ]T . )

In order to control the position of CoM, the control of knee
and hip pitch angles is proposed by using the CLIK method.
The joint space velocity can be described as follows

0= @ X Ke) )

where X, is the desired velocity of CoM , e is the error
between the actual and desired position of CoM, and K, is
the positive definite gain matrix of the CLIK method. To in-
vestigate the stability, the error dynamics can be defined as
follows

e=X,-X ©
e X,-X.

Substitute Eq. (3) into Eq. (6), the time derivative of the er-
ror can be replaced as

e=X,~J(g)q. )

Using Egs. (5) and (7), the error dynamics with an asymp-
totic stability can be obtained as follows

e+ K e=0. ®)

The proposed method is quite simple but yet effective for
real-world tasks. In addition, it is noted that the CLIK method
has an advantage to remove the drift error arising from an
integration of acceleration or velocity. Although there are
some variants of the CLIK method to avoid kinematic singu-
larities or to prevent a self-motion, the CLIK method used in
this study has no singularities or a self-motion because the
Jacobian matrix is a nonsingular.

4. Experiments

4.1 Experimental setup

This section provides the experimental setup to investigate
the effectiveness of the proposed maneuvering controller for
the rescue robot. Fig. 8 shows the hardware configuration of
the HURCULES with a heavy payload. As mentioned earlier,
the maneuvering control method was applied by using active
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Fig. 8. Hardware configuration of the HURCULES with a heavy load.
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Fig. 9. Software architecture of the HURCULES.

five joints in the tracked lower body. In this study, two ma-
neuvering experiments were conducted to verify the perform-
ance of the proposed controller for the HURCULES with the
heavy load. The first experiment was conducted on 30 degrees
of longitudinal slope. The second test is that an outdoor ex-
periment on sward terrain was performed to verify the maneu-
vering ability for uneven terrain.

Fig. 9 shows the overall software architecture of the
HURCULES [16]. The HURCULES consists of 3 identical
computers (Intel Core i7-3517UE, 1.70GHz CPU, 2 CPU
cores and 4 CPU threads, and 8 GB of RAM). The first one
handled navigation applications including GPS and IMU data.
The second one dealt with image data obtaining from all vi-
sion sensors (CCD, IR and LIDAR). The last computer was
used to control the robot motions based on Ubuntu Linux
12.04 (Linux Kernel 3.4.6) and the Xenomai 2.6.3 real-time
patch. The HURCULES used the EtherCAT with 1 KHz sam-
pling rate for communication with joint controllers. More
detailed description of the software architecture is referred in
Ref. [16].

4.2 Experimental results

Fig. 10 shows the time-sequential snapshots during the
climbing experiment. The HURCULES was stable by using
the proposed CoM tracking controller while maneuvering on
the 30 degrees of longitudinal slope. Fig. 11 shows the track-
ing results of x-directional CoM position, which were main-
tained in the support polygon. The tracking error was bounded
to +0.lm during the motion transition. The terrain slope
angle can be estimated based on the IMU and kinematic in-
formation as mentioned earlier. Fig. 12 shows the estimated

Fig. 10. Time-sequential snapshots of the climbing experiment to ver-
ify the performance of the proposed stabilization controller.
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terrain slope angle and the ZMP position. The climbing speed
of the HURCULES was approximately 0.2 to 0.5 m/s, the x-
directional ZMP was also maintained in support polygon. Fig.
13 shows the time history of the joint angles used in this ex-
periment. Because the symmetric longitudinal slope was used
for the climbing experiment, the motion of the left and right
legs is identical except for the waist joint motion. In order to
verify the maneuvering ability on even terrain, the outdoor
experiment on sward terrain was conducted for the
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Fig. 13. Time history of joint angles for the climbing experiment.

HURCULES with 100 kg heavy payload.

Fig. 14 shows the time-sequential snapshots for the outdoor
experiment. The tracking results of CoM are presented in Fig.
15. From the experimental result, the HURCULES are stabi-
lized during the outdoor experiment. During the experiment,
the variation of the estimated terrain slope was within + 15
degrees, as shown in Fig. 16. In this terrain, the lower leg mo-
tion of the HURCULES was manipulated to prevent the tip-
over situation.

Figs. 17 and 18 show the time history of active joint angles
and wheel joints rpm. Since the robust position-based joint
controller was applied for the HURCULES, errors between
the actual and desired joint angles were bounded to +1 de-
gree. In addition, when the robot traversed on uneven terrain,
the speed of the robot was approximately estimated to 0.5-0.8
m/s from the information of wheel rpm.

5. Discussions

In this study, the proposed stabilizing controller using the
CLIK method was expected to be useful in controlling the
HURCULES on uneven terrain. As analyzed in the Sec. 3.1,
the CoM of the HURCULES was determined as the stability
index due to the low closed-loop bandwidth of the joint. As a
result, the performance of the controller was evaluated and
verified through experiments in Sec. 4. Based on the experi-
mental results, the maneuvering stability on uneven terrain for
the HURCULES including the heavy payload was achieved
by using the proposed CLIK method. As mentioned earlier,
there are a few previous works regarding the rescue robot,
which has a humanoid configuration, even if various mobile
manipulators exist. The representative robots similar to the
HURCULES were introduced in Sec. 2, such as BEAR and
RONA. As opposed to the HURCULES, the hydraulic actua-
tor was applied for the BEAR robot. Although the electric
actuators were utilized by the RONA, it was demonstrated in
an indoor environment. In addition, the ZMP was utilized as

Fig. 14. Time-sequential snapshots of experiment on uneven terrain.



B. Choi et al. / Journal of Mechanical Science and Technology 32 (5) (2018) 2021~2028 2027

Tracking result of CoM

.08
€06 —Zcou
5 — — Desired x, Support
=P ™ CeM | | polygon
g . 7] W T e
s 0.2
o]
O o
0 50 100 150 200 250 300
0.2
E o1 |
=
£ 0 :,hr.lif\kl rk. VJ\LVAVIH\P
= v v |
0.1
0 50 100 150 200 250 300

Time (sec)

Fig. 15. Tracking results of x-directional CoM position for the experi-
ment on uneven terrain.

Estimated Terrain Slope

20
= — Estir)ited terrgin slope
o)
= » M/\v Pl T
_g— L"’\w/ w
"
-20
0 50 100 150 200 250 300
E Comparison of X, &X,\0
c 06
8
= - —_X
é: 04 Lfk 7 CoM
YR ST b ' - \)
x% 0 et tan 1 {\ i \q}u Al Y L\VV\‘M /W’\",\\w-»,
o3
0
&2 0 50 100 150 200 250 300
Time (sec)

Fig. 16. The estimated terrain slope angle and the comparison of x-
directional CoM and ZMP position for the experiment on uneven terrain.

Time history of joint angles

=)

"
f —tLH,
Z | —fire
£ ITYY ]
5 WALV ww“—
-40
0 50 100 150 200 250 300
o -10
% 20 A - RH,
S —|RH
= A A I i
530 ALV e
“ 40 ¥
0 50 100 150 200 250 300
2 30
& V/WW [,—‘\,I\ | LKrei
8 50 M LK
c enc
L
-l
10
0 50 100 150 200 250 300
2 30
ol -]
2 20 — RKenc.
4
5 j \A/ AA
=)
& 10 -
0 50 100 150 200 250 300
B 200 —— WS
= ref
z —WsTY_
& 150
3
(]
= 100
0 50 100 150 200 250 300
Time (sec)

Fig. 17. Time history of joint angles for the experiment on uneven
terrain.

Time history of wheel RPM

= 3000
o
o = My
< 2000 , Ty o
< f ' N
n 1

2 1000 ' W ‘
= H 1
B 0 :
e 0 50 100 150 200 250 300
= 3000
o ——RH
£ 2000 al
R T
£ 1000 | - ¥
z ' i [
[<) I |
g ° :

0 50 100 150 200 250 300

Time (sec)

Fig. 18. Time history of wheel joint rpm for the experiment on uneven
terrain.

the stability criterion. Although the various stability measures
were widely used as a criterion, an appropriate criterion must
be considered and applied according to characteristics of the
developed robot. To the best of author’s knowledge, the
HURCULES equipped with electric actuators is the first res-
cue robot, which has a humanoid configuration with a tracked
lower body, for a rescue operation on uneven terrain.

6. Conclusions

In this study, the new rescue robot (HURCULES), which
has the humanoid configuration and the tracked lower body,
has been developed. According to the characteristics of
tracked lower body for the HURCULES, the CoM was deter-
mined as the stability index. The kinematic CoM tracking
controller based on the CLIK method was designed and
evaluated for the HURCULES. Based on the experiments of
the longitudinal slope and uneven terrain, the effectiveness of
the proposed CoM tracking controller was verified for the
HURCULES. Satisfactory performance of the maneuvering
stabilization was obtained from the experimental results.

Acknowledgment

This work was supported by a grant for the Project managed
by the Agency for Defense Development, “Technology devel-
opment for a rescue robot capable of lifting over 120 kgf”,
funded by Civil Military Technology Cooperation.

References

[1] G. Pratee and J. Manzo, The DARPA robotics challenge,
IEEE Robot. & Autom. Mag., 20 (2) (2013) 10-12.

[2] T. D. Viet, P. T. Doan, N. Hung, H. K. Kim and S. B. Kim,
Tracking control of a three-wheeled omnidirectional mobile
manipulator system with disturbance and friction, J. Mech.
Scie. Technol., 26 (7) (2012) 2197-2211.

[3] K. Iagnemma, A. Rzepniewski, S. Dubowsky and P. Schen-
ker, Control of robotic vehicles with actively suspensions in
rough terrain, Auton. Robots, 14 (1) (2003) 5-16.

[4] A. Diaz-Calderon and A. Kelly, On-line stability margin and



2028

attitude estimation for dynamic articulating mobile robots,
Int. J. Robot. Res., 24 (10) (2005) 845-866.

[5] Y. Liu and G. Liu, Interaction analysis and online tipover
avoidance for a reconfigurable tracked mobile manipulator
negotiating slopes, IEEE/ASME Trans. on. Mechatronics, 15
(4) (2010) 623-635.

[6] J. Kim, W. K. Chung, Y. Youm and B. H. Lee, Real-time
ZMP compensation method using null motion for mobile
manipulators, Proc. of IEEE Int. Conf. on Robotics & Autom.
(ICRA), Washington, USA (2002) 1967-1972.

[7] K. Alipour and S. A. Moosavian, Dynamically stable motion
planning of wheeled robots for heavy object manipulation,
Adv. Robots., 29 (8) (2015) 545-560.

[8] S.Moosavian and K. Alipour, On the dynamic tipover stabil-
ity of wheeled mobile manipulators, Int. J. Robot. & Autom.,
22 (4) (2007) 322-328.

[9] E. Papadopoulos and D. A. Rey, The force angle measure of
tipover stability margin for mobile manipulators, Vehicle
Syst. Dyn., 33 (1) (2000) 29-48.

[10] B. Siciliano, A closed-loop inverse kinematics scheme for
on-line joint based robot control, Robotica, 8 (3) (1990) 231-
243.

[11] P. Chiacchio, S. Chiaverini, L. Sciavicco and B. Siciliano,
Closed-loop inverse kinematics schemes for constrained re-
dundant manipulators with task space augmentation and task
priority strategy, Int. J. Robot. Res., 10 (4) (1991) 401-425.

[12] J. Wang, Y. Li and X. Zhao, Inverse kinematics and control
of a 7-DOF redundant manipulator based on the closed-loop
algorithm, Int. J. Adv. Rob. Syst., 7 (4) (2010) 1-10.

[13] G.R. Gilbert and M. K. Beebe, United states department of
defense research in robotic unmanned systems for combat
casualty care, Report No. RTO-MP-HFM-182, Port Detrick,
Frederick USA (2010).

[14] J. Hu, A. Edsinger, Y. Lim, N. Donaldson, M. Solano, A.
Solochek and R. Marchessault, An advanced medical robotic
system augmenting healthcare capabilities-Robotic nursing
assistant, Proc. of IEEE Int. Conf. on Robotics & Autom.
(ICRA), Shanghai, China (2011) 6264-6269.

[15] J. Ding, Y. Lim, M. Solano, K. Shadle, C. Park, C. Lin and
J. Hu, Giving patients a lift — the robotic nursing assistant

B. Choi et al. / Journal of Mechanical Science and Technology 32 (5) (2018) 2021~2028

(RONA), Proc. of IEEE Int. Conf. on Tech. for Practical
Robot Applications (TePRA4), Woburn, USA (2014) 1-5.

[16] Y. Lee, W. Lee, B. Choi, G. Park and Y. Park, Reliable
software architecture design with EtherCAT for a rescue ro-
bot, Proc. of IEEE Int. Symp. on Robotics & Intel. Sensors
(IRIS), Tokyo, Japan (2016) 1-6.

Byunghun Choi received Ph.D. degree
in Department of Mechanical and
Aerospace Engineering from Seoul
National University, Seoul, South Korea
in 2013. In 2013, he joined the Agency
for Defense Development (ADD),
Dacjeon, South Korea, where he is
currently a Senior Researcher. His
current research interests include intelligent control of robotic
systems, including aerial and ground robots.

Gyuhyun Park received M.S. degree in
Department of Mechanical and Aero-
space Engineering from Seoul National
University, Seoul, South Korea in 2014.
Since 2014, he has been a Researcher
' with the Agency for Defense Develop-
‘ ment (ADD), Daegjeon, South Korea.
His research interests are concerned
with whole-body motion control and dynamic balance stabili-
zation.

Youngwoo Lee received M.S. degree in
Electrical Engineering from Korea Ad-
vanced Institute of Science and Tech-
nology (KAIST), Daejeon, South Korea
in 2013. Since 2013, he has been a Re-
searcher with the Agency for Defense
Development (ADD), Daejeon, South
Korea. His current research interests are
concerned with robot software architecture, real-time systems,
and real-time networks.



