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A Force Reflected Exoskeleton-Type Masterarm for
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Abstract—Two human-robot interactions, including a haptic
interaction and a teleoperated interaction, are explored in this
paper with a new exoskeleton-type masterarm, in which the
electric brakes with the torque sensor beams are used for force
reflection. In the haptic interaction with virtual environment, the
masterarm is used as a haptic device and tested to examine how
the resistant torque of the electric brake for the force reflection is
implemented in contact regime prior to conducting the teleoper-
ated interaction. Two types of virtual environments, a rigid wall
with high stiffness (hard contact with 10 [KN/m]) and a soft wall
with low stiffness (soft contact with 0.1 [N/m]), are integrated with
the masterarm for the haptic interaction. In hard contact, large
force is fed back to the human operator, and makes the human
operator hardly move. The electric brake with the torque sensor
beam can detect the torque and its direction so that it allows
free motion as well as contact motion by releasing or holding the
movement of the operator. The experimental results show how the
electric brake is switched from contact to free regime to allow the
operator to move freely, especially when the operator intends to
move toward the free regime in contact. In soft contact, the force
applied to the human operator can be increased or decreased
proportionally to the torque amount sensed by the torque sensor
beam, thus the operator can feel the contact force proportional
to the amount of the deformation during the contact. Finally, the
masterarm is integrated with the humanoid robot, CENTAUR
developed at Korea Institute of Science and Technology to conduct
a pick-and-place task through the teleoperated interaction. It
is examined that the CENTAUR as a slave robot can follow the
movement of the operator.

Index Terms—Exoskeleton masterarm, force reflection, haptic
interaction, human-robot interaction, teleoperated interaction.

I. INTRODUCTION

OBOTS do not have sufficient capabilities to perform

complex tasks unless it is completely autonomous.
Numerous studies have been done over the years on the
human-robot interaction through teleoperated interaction (tele-
operation) to make it possible for a supervisor to command the
robot from a remote site monitoring the interaction of the robot
with its environments [1]. In addition to teaching capability,
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the human operator can have more realistic interaction with
the environment by providing feedback. There is an obvious
need to use feedback from widely differing sensors in order
to properly monitor various aspects of the task, especially
for complex tasks. In human-robot interaction for object ma-
nipulation, force and vision feedback are the most important
sensing modes. Vision is useful for aligning objects, while
force ensures reasonable contact forces to be maintained as
parts mating occurs.

In force-reflecting master-slave systems, forces are measured
at the slave and transmitted to the master system. Since the pi-
oneering work of Goertz [2], a number of similar systems and
schemes have been proposed. In recent years, the feedback of
tactile and kinesthetic sensory input have been suggested for
the application through haptic interaction in virtual reality tech-
nology [3]-[5]. The interest in force-feedback systems for vir-
tual reality applications has led to the development of many sys-
tems, ranging from force-reflecting mouses (joysticks) to whole
force feedback arm-exoskeletons [4]-[12].

Most of the exoskeleton-type masterarms have a kinematic
design similar to that of the slave arm, with actuators, usually
electric motors, thus making the masterarm bulky and heavy.
Lee et al. [13] introduced the exoskeleton-type masterarm with
pneumatic actuators, which is very light and compact, but re-
quires a compressed air supply to implement force feedback.
Teleoperation with motion capturing devices was introduced
[14], which generates the slave robot’s motion command from
the partitioned inverse kinematics, showing that the masterarm’s
kinematic structure does not have to be the same as the slave
robot’s. The distributed controller architecture was introduced
[15], which makes possible the efficient allocation of controlling
and sensing communication tasks as well as simple wiring for
better implementation and maintenance. In the latest work [16],
a new exoskeleton-type masterarm for force reflection was pro-
posed based on the previous efforts. To provide electric brakes
as actuators for force reflection with the force functionality to
sense the torque, as well as its direction, the torque sensor beam
was designed and added to each active joint module. By de-
tecting the torque as well as its direction applied by the human
operator, it allowed the electric brake to be used as an actuator
for the force reflection. The use of electric brakes as actuators
for the force reflection made the masterarm light and compact,
less than 3 kg in weight felt by the human operator on each arm.

In this paper, our work is extended to human-robot interac-
tion by using the proposed masterarm. In Sections II-V, our
previous efforts on the development of the proposed masterarm
are reviewed. A kinematic design and analysis for the proposed
masteram is reviewed in Section II. Calibration algorithm to
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Fig. 1. Design simulation for the upper arm.

compensate the variation of the kinematic parameters is de-
scribed in Section III. Each active joint module of the proposed
masterarm for force feedback is tested in Section I'V, and the two
experimental results follow. In Section V, two human-robot in-
teractions with the masterarm, including a haptic interaction and
a teleoperated interaction, are explored in which electric brakes
are used as actuators for force reflection with the torque sensor
beam. In the haptic interaction, the masterarm is used as a haptic
device, while it is used as a motion commander in the teleoper-
ated interaction. In the haptic interaction with virtual environ-
ment, the masterarm as a haptic device is tested for force reflec-
tion in the contact regime prior to conducting the teleoperated
interaction. Two types of virtual environments, a rigid wall with
high stiffness (hard contact with 10 [KN/m]) and a soft wall
with low stiffness (soft contact with 0.1 [N/m]), are integrated
with the masterarm for the haptic interaction. The masterarm
is integrated with the humanoid robot, CENTAUR developed
at the Korea Institute of Science and Technology (KIST). The
postures and motions of the robot and the operator are measured
and compared to examine that the humanoid robot as a slave can
follow the movement of the operator. Two mastergloves and a
Fastrak sensor are added to the overall system to generate the
motions of the CENTAUR’s waist, neck, and hands (fingers).

II. KINEMATIC DESIGN AND ANALYSIS

The following design goals are taken into consideration in
designing the proposed masterarm with a serial link mechanism.
1) The masterarm’s joint angle is to be measured in joint co-
ordinates, rather than by using position/orientation sen-
sors in Cartesian coordinates, thus simplifying the for-

ward kinematics of the masterarm.

2) Movement of the human operator who wears the mas-
terarm should not be constrained by the joint limit or col-
lision with the links of the masterarm.

3) To achieve the maximum coverage of the human op-
erator’s movement, additional redundant joints may be
added, if necessary.

4) Even with redundant joints, fewer numbers of joints with
encoders and actuators are preferred for implementation.

5) Itis preferred not to have any singular configuration.

Fig. 2. Proposed exoskeleton-type masterarm. (a) The front, (b) the back, and
(c) the photograph of the human operator on the masterarm.

6) Each joint should have an actuator for enabling force feed-
back.
Using a three-dimensional (3-D) graphic modeling/simula-
tion package, various designs of the masterarm are tested as in
Fig. 1. The final design is as follows:

1) Three measurable/controllable (active) joints +3 free
(passive) joints for the shoulder.

2) One measurable/controllable (active) joint for the elbow.

3) Three measurable/controllable (active) joints +3 free
(passive) joints for the wrist.
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Fig. 4. Intersection point, A.

In Fig. 1, the upper arm is modeled with a ball-socket joint.
By rotating the upper arm, the working range without collision
is tested. Various combinations of the joint type, either revolute
or prismatic, and link parameters are tested iteratively. Similar
simulation is performed for the wrist part.

The final design of the masterarm is shown in Fig. 2. For
the shoulder, the first three joints are active with encoders and
electric brakes enabling force feedback. The other three are pas-
sive (free joints). Without measuring the free joints, the move-
ment of the arm can be completely estimated, which is described
in the following in detail. The weight of the masterarm is less
than 3 kg.

The coordinates are defined as in Fig. 3. As previously men-
tioned, the first three joints are measurable, but the other three
joints are not. Forward kinematics is defined as getting the ini-
tial location where the shoulder of the masterarm is fixed at
the upper arm from the first three measurable joint angles. The
following assumptions are used to complete the forward kine-
matics.

1) The locations of the shoulder and wrist center are known.

2) The location of the initial end point is known.

3) The shoulder joint is modeled as a ball-and-socket joint.

Along with these assumptions, only the kinematics of the
shoulder part is described, since that of the wrist part is very
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(x4 — P4m)2 + (ya — P4y)2 + (ls — P4z)2 = d% + d%. (4) Fig. 7. Comparison of the measured, and calculated 6, with/without
calibration.

From (3) and (4)
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05 is calculated similarly. The intersection point B is calculated

by solving (9) and (10), and is shown in Fig. 5 Similar to 4, only one pair of solutions is valid

_ T
Py =B d O 05 = tan™(ys, 25) = 5. a4
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Fig. 8. Visualization of Calibration.

Since 4 and 05 are determined, f¢ is unique as in

0 = tan™2(Psy, Pss) (15)
where Ps, and Fg, are x and y coordinates of shoulder center
point looked at from the origin of sixth rotational base.

III. CALIBRATION

Forward kinematics is formulated geometrically in Section IT
with several assumptions. The masterarm has some parameters
to be calibrated: the location of the shoulder center varies. The
location of the initial end point is not always the same. The pro-
posed masterarm uses encoders to measure 6, and 61; (fourth
joint of the upper arm and eleventh of the forearm) only for the
purpose of the calibration. Once those parameters are estimated
from calibration, it is not necessary to measure 6, anymore.
Fig. 6 shows the concept of calibration: the center of the vir-
tual shoulder is the shoulder center point. The location of P in
Fig. 6 is always on the surface of a sphere centered at the vir-
tual shoulder center. The location of the virtual shoulder center
and the radius of the sphere are calculated using the least square
method. In other words, various locations of P are gathered by
freely moving the operator’s arm from the measured 61, 5, 63,
64 and then the center and radius of the sphere are estimated.
The location of the initial end point is calculated from the as-
signed posture of the operator. Fig. 7 shows the measured and
calculated 6, before/after calibration, respectively. The calcu-
lated 6, after calibration (the dotted line) is matched well with
the measured one (the solid line). The convergence of the least

(b)

Fig. 9. (a) Active joint module and (b) torque sensor beam.

square method to find the center and radius is achieved only
after five iterations with 45 data of P. Fig. 8 shows the results
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of the calibration. The small spheres are the measured P loca-
tions. The large sphere’s radius and center location are estimated
from calibration. The operator’s shoulder joint is not exactly a
ball-and-socket joint, and the joint location moves slightly as he
moves his arm. When the operator stretches or lifts the upper
arm, the shoulder joint also moves. Thus, the calculated vir-
tual center/radius only produces the least amount of error, but
not zero. This calibration algorithm is verified using the real
ball-and-socket joint and, in this case, various sampled points
of P are located exactly on a sphere after calibration. Similar
calibration algorithms are derived for the wrist.

IV. ENABLING FORCE REFLECTION

A. Design and Analysis

Most of the exoskeleton-type masterarms use the electric mo-
tors for force reflection. A torque sensor beam using the strain
gauge is designed to allow an electric brake to be used as the
actuator for force reflection [7]. It is necessary for the torque
sensor beam to have the capabilities to detect both torque and its
direction applied by the human operator. Each active (measur-
able/controllable) joint module is composed of an encoder (A),
an electric brake (B), a gear head (C), a torque sensor beam (D),
and a cover with link (E) as shown in Fig. 9. The encoder is used
to measure the joint angle, and the electric brake is to constrain
the joint motion with the applied torque. Once the electric brake
is activated, the torque and its direction can be sensed from the
torque sensor beam. In case the operator wants to move his arm
toward the opposite direction of the applied torque, the electric
brake is released so that he can move freely. Fig. 10 shows the
calibration result of the torque sensor beam in terms of moment

Calibration result of the torque sensor beam (moment versus strain gauge voltage).

and the strain gauge output voltage. It shows linear characteris-
tics

B. Distributed Controller Architecture

Most exoskeleton-type masterarms have encoders for mea-
surement of the joint angles and actuators for force feedback.
The actuators at each joint of the masterarm are to be controlled
and the encoders are read for angle measurement. However,
these simultaneous tasks make the control loop update rate
low due to the sequential encoder reading (joint by joint) and
actuator control. This may lead to some negative potentials:
the wiring becomes quite bulky and induces electrical noise.
The distributed controller architecture as shown in Fig. 11 is
used for the proposed masterarm, instead of the centralized
controller architecture: the controller of the proposed mas-
terarm is composed of a host controller and satellite controllers.
TMS320C31 (50 MHz) is used for the processor of host con-
troller and PIC16C73 (20 MHz) for the satellite controller. The
host controller performs the forward and the inverse kinematics
calculation and data transmission to the slave robot controller.
The satellite controller reads its joint angles as well as controls
its actuator (brake). This distributed controller architecture
reduces the control load of the host controller, thus, a higher
data-update rate can be obtained. The host controller communi-
cates with the satellite controllers via serial peripheral interface
(SPI) protocol which requires only three wires and supports the
daisy-chain connection: three signals (clock, serial data out, and
serial data in) are required and each line is commonly shared
by the satellite controllers (Fig. 12). The SPI network excels in
implementation, maintenance, and expandability. Each satellite
controller module is added to the SPI network with its unique
identification number. (For more details, see [15] and [17].)
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Fig. 13. Information flow of the VE with impedance causality: accepts
position (velocity) and generates force.

C. Force Reflection

The proposed masterarm is used as a haptic device integrated
with a computer-generated virtual environment (VE) for haptic
interaction, as well as a motion commander integrated with a
real robot for teleoperated interaction. Fig. 13 shows the in-
formation flow of the VE with impedance causality: accepts
position (velocity) and generates force. Trajectory commands
are generated as the human operator moves his arm. At the
same time, the force information is fed back to the masterarm
controller for force reflection. The force from the VE in con-
tact is generated according to the torque sensed by the torque
sensor beam (the force imposed to the robot is measured by the
force/torque sensor attached at its wrists or the torque sensor at
each joint). This force is converted to the force command to the

Fig. 14. Schematic diagram for experiment: (I) free motion regime, (II) contact
regime, and (III) virtual wall regime.

masterarm to enable the force reflection. The torque applied to
the human operator is based on the following equations

— T N1
Ti = Jmaster,i(ei)FSlaveyi (16)
where
J masterarm’s Jacobian
Flavei m x 1 slave robot’s force/moment vector
T 13 x 1 masterarm’s joint torque vector

For simplicity, the first wrist joint g is integrated with the
VE. In this test, the force exerted from the VE is calculated and
reflected to the human operator. The experiment is composed of
three parts as shown in Fig. 14: 1) free motion regime; 2) contact
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Fig. 15. Experiment result: (a) angle, (b) PWM, and (c) torque. The force applied to the human operator can be increased or decreased proportionally to the

torque amount sensed by the torque sensor beam.

Fig. 16.

regime; and 3) virtual wall regime. The motion of the masterarm
is restricted by the initial force sent from VE in the contact
regime. As long as the contact is being kept, the force varies
proportionally to the amount of the torque sensed by the torque
sensor beam. When only the torque smaller than the initial offset
is sensed (note that this is different from the initial force), the
opposite direction is detected and, thus, the electric brake is re-
leased so that the operator can move freely. Fig. 15 shows the

(b)

(a) Graphic model of a humanoid robot and (b) the haptic interaction with the human operator on the masterarm.

experimental results, which are 1) angle; 2) PWM command;
and 3) torque signal, respectively. The contact regime was set
at 20 °. Once contacted, the force is fed back to the masterarm
to activate the electric brake at the same time. In Fig. 15(c), the
initial offset (the dotted line) for detecting the opposite direction
is set. During contact, we can see that the PWM command (the
solid line) decreases (from 50 to 0, note that torque generated
from the brake is inversely proportional to PWM command)
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and increases (from 0 to 50) proportionally to the torque amount
sensed by the torque sensor beam: the difference between the
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Fig. 18.(a)  Soft contact with low stiffness (0.1 [N/m]): angles, (b) each
trajectory at end-point, (c) forces reflected from the VE, (d) torques fed back
to the human operator, and (e) increasing/decreasing PWM value to drive the
brake torque proportionally to the torque sensed by the torque sensor beam.

sensed torque signal (the solid line) and the initial offset (the
dotted line) is reflected to control the electric brake. When a
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Fig. 19. Humanoid robot. (a) CENTUAR and (b) its coordinates definition (back view, in millimeters).

torque smaller than the initial offset (169) is sensed (the circle),
the opposite direction (from II to I) is detected, and, thus, the
electric brake is released (the PWM command becomes 255).
This masterarm based on the torque sensor beam allows the op-
erator to feel the same force during the contact without the nu-
merical computation, which causes difficulties in determining
visco-elastic parameters. With this proposed masterarm, we can
freely design the force as the virtual robot interacts with the en-
vironment and the force reflection makes the operator feel as if
he were moving toward an object and manipulate it. The pro-
posed masterarm has been applied to various human—robot in-
teractions, and some results are explored in Section V.

V. HUMAN-ROBOT INTERACTION

A. Haptic Interaction With Virtual Environment

In this section, a haptic interaction with VE is explored using
the proposed masterarm as a haptic device to allow the human
operator to feel the forces virtually generated from the computer
graphic contact model. Fig. 16 shows the graphic model of a
humanoid robot and the haptic interaction with the operator

The force generated from the VE in contact is based on the
following Hooke’s law:

Fyg = kA a7)
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where, Fy, is the reaction force, k is the stiffness, and A is the
amount of the interpenetration.

The torque applied to the human operator is obtained from
(16). Haptic interactions with two different VE’s are explored.
The contact regime starts at x = —500 [mm], and the moment
of roll-pitch-yaw direction is assumed to be zero for simplicity.

Hard Contact With High Stiffness: First, the masterarm is
intergrated with VE with high stiffness (10 [KN/m]), which is
arigid wall. In this case, with such a rigid wall, the movements
by the human operator (Az, Ay, Az) are very small, while the
applied joint torques are very large. Therefore, in contact, the
electric brakes should make the human operator hardly move.
Also, it should allow the human operator to move freely in a free
regime without contact by releasing the movement, especially
when the human operator intends to move his arm toward the
free regime in contact. Fig. 17(a) shows the joint trajectories of
1,2,3,and 7 (61,62, 85, 07) for this case. Fig. 17(b) shows each
trajectory of z, y, z at end-point, and the movement is restricted
to = axis. Fig. 17(c) shows how the electric brakes work as the
human operator intends to move from contact to free regime.
Fig. 17(c) shows how the electric brake is switched from contact
to free regime by resetting the PWM value of the electric brake
to zero to allow free motion. By detecting the torque and its
direction, the electric brake allows the contact motion as well as
the free motion by restricting or allowing the movement of the
human operator.

Soft Contact With Low Stiffness: Second, the masterarm is
intergrated with VE with low stiffness (0.1 [N/m]), which is a
soft contact allowing deformation. Fig. 18(a) and (b) shows that
the movements of the operator are relatively large compared to
those of the hard contact with high stiffness. Fig. 18(c) and (d)
shows the forces reflected from the VE and the torque fed back
to the each joint of the masterarm, respectively. Fig. 18(e) shows
the corresponding PWM value to drive the torque of the brake
proportionally to the torque sensed by the torque sensor beam.

The haptic interaction with the proposed masterarm is tested
and validated in two different cases. In soft contact with low
stiffness, the force reflected is proportional to the amount of the
deformation (equivalent to the amount of the torque sensed by
the torque sensor beam) during contact allowing soft feeling.
On the other hand, in hard contact with high stiffness, the force
is realized as if the human operator feels the force contacting
with a rigid wall by providing each joint with large torque (thus
sending a large force command for force reflection).

B. Teleoperated Interaction

KIST Humanoid Robot: The proposed masterarm is de-
signed not for a specific type of a slave robot. It can be
integrated with a slave robot with adequate Kinematic transfor-
mation that matches the posture of the slave robot to that of the
human operator. In this section, Kinematic transformation is
described for integration with the humanoid robot CENTAUR.
The photo and the coordinates definition of CENTAUR are
shown in Fig. 19. CENTAUR has 3, 1, and 3 degrees of freedom
(D.O.F.) in each shoulder, elbow, and wrist, respectively. It has
also 2 D.O.F. on the neck and waist. Its kinematics structure
is similar to that of a human. From the forward kinematics
of the proposed masterarm in Section II, the followings are

Fig. 20. Posture/motion test: (a) left arm posture, (b) right arm posture, and
(c) upper body posture.

also determined for Kinematic transformation to the humanoid
robot.

A operator’s shoulder center point
B operator’s elbow center point
C operator’s wrist center point

O me masterarm’s elbow joint angle

Rot operator’s wrist orientation matrix (3 by 3)
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Fig. 21.

(d) calculated joints of the forearm.

The Kinematic transformation of the proposed masterarm to
CENTAUR is achieved as following:
1) CENTAUR’s upper arm is calculated with A, B, and C.
2) Elbow angle is matched to 6,
3) Wrist angle is calculated from the comparison between
matrix Rot and rotation matrix of CENTAUR’s wrist.
The transformation is described as follows. Considering the

right arm only, and defining angles as 61,6, ..., 07 from the
shoulder to the wrist
_9 _— —
61 = tan™*(ABy,, ABy,) + 7 (18)
—_—
0y = tan 2(ABay, ABs,) + 7 (19)
o sA A T
93 = tan (Bng,BCg,z) + 5 (20)
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Joint trajectories of the masterarm during the posture/motion test: (a) the measured and (b) calculated joints of the upper arm, and (c) the measured and

—
where XY,, means vector XY viewing at the nth coorninate
system.

For the elbow and the wrist

04 = —0me (2D

s = tan 2 <\/r%3 + 7'%3,’)"33> (22)

b5 = tan % [ o 20 (23)
sinflg’ sinfg

by = tan=2 [ — 22 9 (24)
sin fg’ sin fg

where r,,, means element in the mth row and the nth column
in Rot matrix. (For more details, see [18] and [19].)
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Fig. 22. Joint trajectories of the robot sent from the masterarm during the posture/motion test. (a) the upper arm joints and (b) the forearm joints. Those joints

are all calculated by the joint coordinates transformation and sent to the robot to follow the movement of the human operator on the masterarm.

Pick-and-Place Task: Kinematics described above show
how to integrate the masterarm with any slave robot. A tele-
operated interaction is performed using the masterarm as a
motion commander. Some snapshots of the experiments are
given in Fig. 20, showing the robot follows the movement of
the operator. Figs. 21 and 22 show all the joint trajectories of
the masterarm and the robot measured and calculated during
the experiment. After this validation, on the motion following,
a human-robot integration through the teleoperated interac-
tion is conducted. The given task is a complex sequential
pick-and-place task. The robot picks up a rose and a vase
using each arm/hand separately, puts the rose into a vase, and
places the vase on the table commanded by the operator’s

movement. Fig. 23(a) shows the schematic diagram of the
teleoperated interaction with the humanoid robot. Two mas-
tergloves and a Fastrak sensor (motion-capturing sensor) are
added to the overall system, as shown in the figure to gen-
erate the motions of the CENTAUR’s waist, neck, and hands
(fingers). The mastergloves are used for the robot fingers’
grasping motion, only without force feedbacks, because robot
fingers do not have force-sensing capability. The VME bus
based on multicontrollers is used with the VxWorks real-time
operating system for controlling the robot. Fig. 23(b) and
(e) shows some snapshots of consecutive teleoperated inter-
action (which lasted for about 2.5 min) using the proposed
masterarm.
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Masterarm Station

Fastrak
Masterarm - s;:l:::ll;:;:
Masterhand
TCP/IP Humanoid robot

CENTAUR Station

Humanoid robot
CENTAUR

-

VME Controller

(a)

Fig. 23. Teleoperated Interaction. (a) Schematic diagram, (b) the robot
approaching the table, (c) picking up the vase, (d) putting the rose into the vase,
and (e) placing the vase on the table.

VI. CONCLUSION

Human-robot interactions are explored in this paper with a
new exoskeleton-type masterarm, in which electric brakes com-
bined with the torque sensor beam as actuators for force reflec-
tion. In hard contact, the electric brake with the torque sensor
beam can detect the torque and its direction so that it allows the
free motion or constrained motion. The results show how the
electric brake is switched from contact to free regime to allow
free motion of the human operator, especially when the human
operator intends to move toward the free regime in contact. In
soft contact, the force applied to a human operator is propor-
tional to the torque amount sensed by the torque sensor beam,
and the human operator thus can feel the contact force propor-
tional to the amount of the deformation during contact. The mas-
terarm is integrated with the humanoid robot, CENTAUR.
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