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Abstract

A new concept of the' exoskeleton-type masterarm,
composed of serial links, is introduced in this paper.
To provide mazimum range of human motion, sev-
eral redundant joints are added to the serial links. In
order to reduce the number of joints to be measured,
kinematics of serial links was taken into considera-
tion in design. Three measurable, controllable joints
and three redundant free joints are used for the upper
arm (shoulder), similarly to the forearm (wrist) while
one measurable, controllable joint is used for the el-
bow. In particular, a torque sensor beam is designed
for fine force reflection using the strain gauge. It de-
tects the torque as well as its direction applied by the
human operator, which allows the electric brake to be
used as an actuator for force reflection. The electric
brake constrains the joint movement so that the opera-
tor can feel the force. This electric brake outperforms
the motor in terms of torque/weight ratio and makes
the device light and compact. This masterarm mea-
sures the movement of the operator’s arm precisely,
and it can be used for teleoperation with a slave robot,
or as a motion planner for an industrial robot.

1 Introduction

Robots don’t have sufficient capabilities to perform
complex tasks unless it is completely autonomous.
Numerous studies have been done over the years on the
robot teleoperation to make it possible for a supervi-
sor to command the robot from a remote site monitor-
ing the interaction of the robot with its environments
[1]. In addition to teaching capability, the operator
can have more realistic interaction with the environ-
ment by providing feedback. There is an obvious need
to use feedback from widely differing sensors in or-
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der to properly monitor various aspects of the task,
especially for complex tasks. For teleoperated object
manipulation, force and vision feedback are the most
important sensing modes. Vision is useful for aligning
objects, while force ensures reasonable contact forces
are maintained as parts mating occurs. In force re-
flecting master-slave systems, forces are measured at
the slave and transmitted to the master system. Since
the pioneering work of [2], who developed several tele-
operation systems for nuclear application, a number
of similar systems and schemes have been proposed.
In recent years, the feedback of tactile and kines-
thetic sensory input has been suggested for the ap-
plication in virtual reality technology. The interest in
force feedback systems for virtual reality applications
has led to the development of many systems, ranging
from force reflecting joysticks to whole force feedback
arm-exoskeletons [3][4]. Most of the exoskeleton-type
masterarms have a kinematic design similar to that
of the slave arm, with actuators, usually electric mo-
tors, thus making the masterarm bulky and heavy.
(5] introduced the exoskeleton-type masterarm with
pneumatic actuators, which is very light and compact
but requires compressed air supply to implement force
feedback. Teleoperation with motion capturing de-
vices was introduced [6], which generates the slave ro-
bot’s motion command from the partitioned inverse
kinematics, showing that the masterarm’s kinematic
structure doesn’t have to be the same as the slave ro-
bot’s. [7] introduced the distributed controller archi-
tecture, which makes the efficient allocation of control,
sensing, communication tasks as well as simple wiring
for better implementation and maintenance possible.
In this paper, a new exoskeleton-type masterarm with
force reflection based on torque sensor beam is pre-
sented. To provide maximum range of the operator’s
movement, several redundant joints were included and
iterative design analysis was performed to reduce the
number of joints to be measured. After design simu-
lation, three measurable, controllable joints and three
redundant free joints are selected for the upper arm
(shoulder), similarly to the forearm (wrist) while one
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measurable, controllable joint is used for the elbow.
In addition, calibration algorithm is given to compen-
sate the variation of the kinematic parameters. For
the force reflection, an electric brake is used instead
of an electric motor. This electric brake constrains
joint movements so that the human operator can feel
the force. In particular, a torque sensor beam is de-
signed for fine force reflection using the strain gauge.
It can detect the torque as well as its direction ap-
plied by the human operator, and this allows the elec-
tric brake to be used as an actuator for the force re-
flection. The electric brake outperforms the motor
in terms of torque/weight ratio by making the device
light and compact and the operator feels less than 3 kg
of weight on his arm. In the following section, the kine-
matic design and analysis for the proposed masterarm
is described. Calibration is introduced and verified
in section 3. The design concept and experimental
results of force reflection based on the torque sensor
beam are given in section 4, followed by a conclusion.

2 Kinematic Design and Analy-
sis

In designing the masterarm, the following points were
taken into consideration.

e the masterarm’s joint angle is to be measured di-
rectly rather than by using position/orientation

sensors in Cartesian coordinates.

movement of the operator who wears the master-
arm should not be constrained by the joint limit
or collision with links of the masterarm.

To achieve the maximum coverage of the opera-
tor’s movement, extra redundant joints may be
added, if necessary.

Even with redundant joints, less number of joints
with encoders is preferred for simple hardware im-
plementation.

Singular configuration should be avoided.

Each joint should have an actuator for force feed-
back

Using 3D graphic modeling/simulation package, var-
ious designs of the masterarm is testified. Various
combinations of the joint types, either revolute or pris-
matic, and link parameters were tested. Similar sim-
ulation was performed for the wrist part. The final
optimal design is as follows.

e 3 measurable/controllable joints + 3 free joints
for shoulder.
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e One measurable/controllable joint for elbow.

e 3 measurable/controllable joints + 3 free joints
for wrist.

The final design of the masterarm is shown in Figure
1. For shoulder, the first three joints have an encoder
plus electric brake module, and the rest three are free
joints. Without measuring the free joints, the move-
ment of the arm can be completely calculated, which
is described in the following in detail. The master-

Figure 1: Exoskeleton-type Masterarm

arm coordinates are defined as shown in Figure 2. As
previously mentioned, the first three joints are mea-
surable, but the rest three joints are not. The upper
arm forward kinematics is defined as getting the loca-
tion 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 achieve
the forward kinematics.

e The locations of the shoulder and wrist center are
known

e The initial location is known

e The shoulder joint is modeled as a ball-socket
Jjoint

Along with these assumptions, only the upper arm
kinematics is described since that of the forearm is
very similar. The first three angles (61, 02, 63) are
measurable and 84, 65 and g are not. First, 64 can be
derived by finding the intersection point of two spheres

as described in Eqs. (1) and (2).
22 4+ y? + 22 :l?—f—lé

(1)

(= Pi)* +(y—Pa)? +(z—P)?=d?+d2 (2
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Figure 2: Masterarm Coordinates
where (Pyg, Pyy, Py,) is the shoulder center point
looked at from the origin of 64’s coordinates, O;s4. The
intersection point, A, is located on the dotted circle as
shown in Figure 3. Let the point, A be (z4,v4,ls) ,
then Egs. (1) and (2) becomes

=8 ®

(x4 — Piz)? + (ya — Py)? + (s — P)’> =di +d3 (4)

from Egs. (3) and (4),

Py % /(aPi)? + (BP}, ~ o?)(PE, + P})

e PZ, +F},
_ a — IL'4P4£
Ya = P4y (6)
where
Pf + Pl 412 —d} - d3+ (Is — Pp.)?
a= 5 (7)

One of these solutions is not real, and actual solution
is

04 = tan"(yq, xq) — 7 (8)

Intersection point, B, can be calculated by solving
Egs. (9) and (10), and is shown in Figure 4.

?+y?+ 22 =1 +d (9)

(@ = Poo)* + (y— Poy)’ + (2= Px)? =5 (10)

=
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Figure 3: Intersection point A

By substituting (s, ys, ls) into z, y, z respectively, the
solution is derived as Eqs. (11} and (12).

BPao % \[(BP50)” + (B P2, — B2)(PZ, + P3)
N P+ B,

(1

T5

B=25Pss

P, (12)

Ys =

where

- P2 4+ P2+ 13+ d? —d} + (I — Ps.)?
B 2

(13)

Similar to 64 , only one solution is valid.

Shoulder Center

Figure 4: Intersection point B

f5 = tan™ " (y5, 75) — z (14)

2
Since 84 and 5 are determined, the solution of g is
unique as in Eq. (15).

Og = tan_l(PGy, P@z) (15)
where Ps; ,FPsy are z,y coordinates of shoulder center
point looked at from the origin of the 6! rotational
base.
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3 Calibration

Analytical forward kinematics is derived in the previ-
ous section with several assumptions, but the location
of the shoulder center varies depending on the oper-
ator and the location of the initial end point is not
always the same. To calibrate these unknown para-
meters, an encoder is used to measure 64 only for cal-
ibration. Once those parameters are calculated from
calibration, 84 doesn’t have to be measured any more.
Figure 5 shows the concept of calibration: the cen-
ter of the virtual shoulder means the shoulder center
point. The location of P in Figure 5 is always on the
surface of a sphere centered at the virtual shoulder.
The location of the virtual shoulder center and the
radius of the sphere can be calculated from the least
square method. In other words, various locations of P
are sampled by freely moving operator’s arm and then
the center and racius of the sphere are calculated from
the least square method. The location of the initial
end point is directly calculated from assigned posture
of the operator. Figure 6 shows the measured and cal-

Center of Virtual
shoulder

— B

Figure 5: Virtual Shoulder

culated @4 before/after calibration, respectively. The
calculated 84 after calibration is well matched with the
measured one. The convergence of the least square
" method to find the center and radius is achieved only
after 5 iterations with 45 data sets of P. Figure 7
shows the result of the calibration. The small spheres
are the measured P locations. The large sphere’s ra-
dius and center location are estimated from calibra-
tion. The operator’s shoulder joint is not exactly a
ball-socket joint and the joint location changes as he
moves his arm. When the operator stretches or lifts
the upper arm, the shoulder joint also moves. Thus
the calculated virtual center/radius only produces the
least amount of error, but not zero. This calibration
algorithm is verified using the real ball-socket joint
and various sampled points of P are located exactly
on a sphere after calibration. Similar kinematics and
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Figure 6: Measured 6,4, Estimated 64 without Calibra-
tion and Estimated 684 with Calibration

calibration algorithms are derived for the wrist part.

Figure 7: Visualization of Calibration

4 Force Reflection based on
Torque Sensor Beam

4.1 Design and Analysis

Electric motors have been widely used as actuators
for force reflection of exoskeleton-type masterarms. A
torque sensor, so called torque sensor beam through-
out this paper, using strain gauge is designed to allow
an electric brake to be used as the actuator for force
reflection. It is necessary that the torque sensor beam
has the capabilities to detect both torque and its di-
rection applied by the human operator. Each mea-
surable/controllable joint module is composed of an
encoder (A), electric brake (B), gear head (C), torque
sensor beam (D), and cover with link (E) as shown in
Figure 8. The encoder is used to measure the joint an-
gle, and the electric brake is to constrain the joint mo-
tion with the applied torque. Once the electric brake is
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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. Figure 9 shows the calibra-
tion result of the torque sensor beam (moment versus
strain gauge voltage).

Figure 8: Joint Module and Torque Sensor Beam

Calibration of Torqu: Sensor

Output (Votts)
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Figure 9: Calibration Result of the Torque Sensor
Beam

4.2 Integration with Virtual Environ-
ment

This masterarm is integrated with a real robot and
virtual environment. Trajectory commands are gener-
ated as human moves his arm and at the same time,
the force information is fed back to the masterarm con-
troller for force reflection. The force imposed to the
robot is measured by the force/torque sensor attached
at its wrists or the torque sensor at each joint. The
measured force is converted to the force command to
masterarm. The distributed controller architecture [7)
is used for the masterarm. The torque applied to the
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human operator is based on the following equations

T=Jn(O)F, (16)
where J ; masterarm’s Jacobian
F, ; nx1 slave robot’s force/moment vector
7 ; 13x1 masterarm’s joint torque vector

This masterarm is integrated with a virtual environ-
ment using graphics, too. For simplicity, the first wrist
joint, fs is integrated with VE. The schematic dia-
gram for the experiment is composed of three parts as
shown in Figure 10 : free motion regime (I), contact
regime (11), and virtual wall regime (III). The motion
of the masterarm is restricted by the initial force sent
from VE in the contact regime (II). As long as the
contact is being kept, the force can be increased or
decreased proportionally to the amount of the torque
sensed by the torque sensor beam. When only the
torque smaller than the initial offset(note that this is
different from the initial force) is sensed, the opposite
direction is detected and thus the electric brake is re-
leased so that the operator can move freely. Figure 11
shows the experimental result, and the trajectories are
angle (a), PWM command (b), and torque signal (c)
respectively. The contact regime was set at 20 degree.

Once contacted, the force is fed back to the mas-

Virtual Wall ﬁ
I
I

' I

+ Direction

Top View

Figure 10: Experiment

terarm to activate the electric brake and at the same
time. The initial offset(the dotted line, (c)) for detect-
ing the opposite direction is set. During the contact,
we can see that the PWM command(the solid line,
(b)) decreases(from 50 to 0, note that torque gener-
ated from the brake is inversly proportional to PWM
command) and increases (from 0 to 50) proportionally
according to the torque amount sensed by the torque
sensor beam: the difference between the sensed torque
signal(the solid line, (c)) and the initial offset(the dot-
ted line, (c)) is reflected to control the electric brake.
When the torque smaller than the initial offset (169)
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Figure 11: Experiment Result

is sensed(the circle of (c)), the opposite direction(from
II to I) is detected and thus the electric brake is re-
leased(the PWM command becomes 255). This sim-
ple experimental result shows clearly that the force
applied to a human operator can be increased or de-
creased proportionally to the torque amount sensed by
the torque sensor beam. In other words, this master-
arm based on the torque sensor beam allows the oper-
ator to feel the same force during the contact without
the numerical computation which causes difficulties in
determining visco-elastic parameters. With this pro-
posed masterarm, we can freely design the force as
the virtual robot interacts with the environment and
the force reflection can make the operator feel as if
he moves toward to an object with a particular shape
and grasp it.

5 Conclusion

A new exoskeleton-type masterarm with force reflec-
tion based on the torque sensor beam is presented. In
this paper, large working range is achieved by adding
several redundant free joints. The operator’s move-
ment can be calculated without measuring the free
joints, which reduces the number of necessary joints
with encoders. Calibration algorithm is developed and
verified. For force reflection, electric brakes are used
as actuators instead of electric motors based on the
torque sensor beam by detecting the torque and its
direction. The electric brake outperforms the motor
in terms of torque/weight ratio: the operator feels less
than 3 kg of weight on his arm with the lighter and
more compact device. Therefore, this proposed mas-
terarm can be used for teleoperation with a slave robot
as well as a motion planner for an industrial robot.
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