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Development of a Wearable
Exoskeleton Haptic Interface

We developed a wearable exoskeleton haptic interface to fit the human body. We gener-
ated a force constituting a contrasting moment by pulling a wire using a dc motor. We

also developed a control system, which included a motor controller, an interface, and a
contral software. We evaluated the performance of our interface by conducting a simple
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task experiment. To execute one task, the control data for each joint jaw must be pre-
pared, and we used force control data generated by a rectified and filtered electromyo-
gram (EMG) curve. From the force representation experiments, it was determined that a
force curve based on the EMG data could be used for a haptic interface, and we con-
firmed that a suitable force curve could be obtained for each subject.
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1 Introduction

Haptic information is important for interactive manipulation of
virtual objects and in enhancing the presence of virtual environ-
ments. A number of haptic interface devices [1]. which exhibit
reaction force or tactile sense by touching objects, have been stud-
ied. Grounded-type haptic devices, such as PHANToM [2], SPI-
DAR [3], and Haptic Master [4], have also been applied in nu-
merous types of virtual reality systems. However, these devices
are required to be fixed within their environment, e.g., the floor,
and the working space is limited by the structure.

To improve systom portability, nongrounded or body-grounded
devices [5] have also been developed. GyroCube [6] is a non-
grounded force-feedback device that utilizes a gyromoment for
force generation. Electric motors are controlled to generate the
gyromoment.

Another nongrounded force-feedback device utilizes angular
momentum generated by the mechanical braking of a rotating
wheel (7). Amemiya et al. [8] also developed a force-feedback
device with a linearly reciprocating mass that was driven at dif-
ferent velocities depending on the traveling direction. Because of
this nonlinearity of the force perception property, the user per-
ceives pseudoforces. The nongrounded force-teedback devices
have the advantage of not having to be in a fixed position; how-
cver, there is a trade-ofY between the representative forces and the
device weight.

Wearable haptic displays that sct the force-acting point on the
body were developed. (ne had a wearable joystick [9] allowing
the user to set up the acting point from their forearm. while the
other variant was the HapticGear [5], in which the actuator was at
the back of the vser.

Forces were transferred to the finger through a string, which
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was actuated by a motor. To realize the wide range of haptic area,
we selected a wearable haptic display that set force-acting points
on the body. However, problems arose when the actuators were
placed at the back, and force was transferred to the finger through
the string.

Interference between wires and the human body occurred.
Therefore, much research has to be done on exoskeleton-type hap-
tic displays [10-13] in which the outer frames fit the body, and
joint jaw moments are generated by the haptic interface.

The selection of the exoskeleton type [14,15] to fit the joint jaw
depends on the angle of the joint. Therefore, if a different angle is
selected, the generated force might differ from the target force
value.

The «entral nervous system assigns motion commands, and the
muscles contract in certain human operations. Joint jaw move-
ments are generated by joint jaw moments, which are caused by
the contraction of the muscles [16,17]. The contraction response
has either a first or second order delay system. It is well known
that rectifying and filtering electromyogram (EMG) data correlate
to the power of muscular contractions [ 18],

Therefore, a rectified and filtered EMG curve can be used for
force exceptions of antagonism between two forces that are gen-
erated by activating the cxtensor and the flexor muscles at the
same time.

Therefore, we realized that a force representation method could
be used in which the torque of each joint jaw could be controlled
by EMG signals. This idea is based on our confirmation that con-
traction force is almost proportional to the amplitude of EMG
signals within a specific range. In this case, the activation pattern
of each muscle is dependent on the task: therefore, we needed to
prepare force data (look-up tables) for each joint jaw and each
task and confirm the control method for cach task and each hu-
man.

We can infer the task from the position and relationship be-
tween the human body and the operating object for the realization
of the haptic display in a virtual world. Motion databases have
been investigated in the field of computer graphics [19,20]. We
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can also infer the appropriate task from the position of the acting
part, such as the hand, and the operating object based on the
motion database. From this task estimation, loads can be calcu-
lated by physical simulations and representing forces can be de-
termined from the force curves (look-up tables) for cach task and
force intensity.

In this study, we considered the construction of a force control
method using force curves (look-up tables) for each joint jaw for
one task. Our method is similar to the event-based haptic render-
ing method [21].

The database based approach is an available method in appli-
cations such as video games, where fast computations are required
and the set of user actions is limited. Therefore, we developed a
wearable exoskeleton haptic interface to fit the human body. We
confirmed the performance of our interface with a simple action
experiment, in which the interface used a force curve generated by
human EMG data. Our target actions were a complex assembly of
parts set in an engine room dynamically changing actions similar
to Judo and dance movements.

2 Haptic Interface

2.1 Force Representation Method. Figure 1 shows the
scheme of the force representation method employed in this study.
Representing force constitutes contrast moment generated by pull-
ing a wire. This moment is equal to the moment at the joint jaw,
which is caused by muscle contraction.

Figure | shows the force representation scheme for a cubital
joint. The actuator motor is set at shoulder level, and the lower
arm is pulled by a wire. Guide rings are set around and under the
elbow in such a way that they do not come in contact with the
elbow and the wire. This is done to maintain a constant moment
and cubital joint angle.

In this study, the motor and force-acting points are installed at,

appropriate points and the length of string is adjusted automati-
cally by a very weak voltage applied to the motor. Thus, a com-
plex design for the force transfer mechanism is not nceded.
Subsequently, we decided how the ice hockey protector could
be fixed to the motor, designed the motor fixture parts, and con-
sidered a method for attaching the string to the force-acting point.

2.2 Development System. Figure 2 shows the entire haptic
interface system. The bobbin is installed at the axis of the dc
motor, and tension is generated by the winding bobbin. Motor A
represents the force applied at the biceps brachii muscle. The
force application point of the lower arm is one side of the biceps
brachii muscles. This is the point where the tendon attaches 1o the
bone.

Motor A is placed at the shoulder level to avoid any movements
of the motor during any actions. Motor B generates the extension
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moment at the wrist joint, and this represents the force to the
palmaris longus muscle. A pulse counter and a wire were set up
separately with the force representation motor to obtain the accu-
rate angle of the joint jaw. The jaw joint moment is controlled by
the numbers on the pulse counter. Similarly. the force representa-
tion motor and pulse counter are set at the back of the lower arm
to represent the force to the palmaris longus muscle. Both the
motor and the pulse counter are fixed with a band on the lower
arm,

Figure 3 shows the system construction. The motor torque is
controlled by the motor driver, a D/A converter, and a personal
computer, The joint jaw angle is measured by the pulse counter,
and the motor torque is controlled using a look-up table, which
corresponds to the joint jaw angle. A preliminary look-up table is
built for each jaw joint angle. The particular building method 1s
described in the next section. The control program is developed
the C++ language.

The EMG sensor data are obtained using an amplifier, a filter,
and an A/D converter attached to a personal computer, which this
EMG sensor only uses on the confirmation experiment, and we
use a look-up table for haptic representation.

2.3 Coalition Method With Physical Simulation. In a vir-
tual environment, when calculating external force by physical
simulations, the task and the internal force for each joint jaw can
be chosen from the force data (look-up tables) for the correspond-
ing task.

The strength of the intemnal force can be adjusted by the exter-
nal force. Force representation can be obtained by these internal
forces for cach joint jaw, and the measurement angle for each joint
jaw 1s transferred from the motor encoder data. In this case, we
believe that it is effective to use a motion database to specify the
task. In our method, we require a look-up table for each joint jaw
and each task.

We confirmed a 28% load reduction case. The results showed a
26% reduction in peak amplitude of the measured EMG signal
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Fig. 3 System construction

Transactions of the ASME



curve, and the data had a similar curve shape. Therefore, our
method using a look-up table can be suitable for varying loads. In
the future, we will develop a method for the automatic acquisition
of look-up tables.

3 Verification Method

3.1 Composition of the Target Force Curve. The simple
action of lifting some weights was used in our verification experi-
ment. Figures 4-6 show the upper force applied by the biceps
brachii muscle EMG and palmaris longus muscle EMG for the
pull-up action with a 2 kg weight. The force sensor was placed in
a fixed position for this experiment. Initially, no force is applied;
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Fig. 6 EMG of palmaris longus for pull-up action
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Fig. 7 Biceps brachii force pattern of pull-up action. (a) Bi-
ceps brachii force pattern 1 (subject A), (b) biceps brachii force
pattern 2 (subject A), (c) biceps brachii force pattern 3 (subject
B), and (d) biceps brachii force pattern 4 (subject B).
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Fig. 8 Biceps brachii force pattern of pull-up action (approxi-
mation). (a) Biceps brachii force pattern 5 (subject A), (b) bi-
ceps brachii force pattern 6 (subject A), (¢) biceps brachii force
pattern 7 (subject B), and (d) biceps brachii force pattern 8
(subject B).
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Fig. 9 Palmaris longus force pattern of pull-up action. (a) Pal-
maris longus force pattern 9 (subject A), and (b) palmaris lon-
gus force pattern 10 (subject B).

however, the force is gradually increased after 3 s. The results
show that the activation patterns of force, biceps brachn muscle
EMG, and palmaris longus muscle EMG are not in perfect
accordance.

One method is calculated using physical simulation to represent
the force, but there is uncertainty in determining each joint jaw
moment. Therefore, the EMG data of each muscle of an examinee
arc measured by actual actions, and the resulting activation pat-
terns are derived from the EMG curves. In this experiment, all
actions must be natural movements.

We used surface EMG measurement instruments, such as a sen-
sor (EMG-21), an amplifier (EMGO025), and dc power supply
(BB-04) {manufactured by HARADA Electric Inc.).

Here, for measuring the biceps brachii muscle EMG, the lower
arm was raised gradually while the wrist was held in a fixed
position. For the palmaris longus muscle, the position of the hand
was lifted gradually while the lower arm remained in a fixed
position.

The sampling time was set to 5 ms, and the data were rectified
and intcgrated every 100 ms. Approximation curves are also com-
puted by polynomial approximation, Trregularity of the integration
or filtering operations lead to unstable control of force represen-
tation, and we thus used the polynomial approximation. We need
to avoid the noise and extract detail characteristic of the data.
Then, a six degree polynomial is used for the least-square fitting
method.

3.2 Result of the Target Force Value. The subjects were
males between 21 and 24 years old. All were engineering students,
and they were novices to this system. We selected two subjects,
whose body fat percentage was almost 10%, because it is easier to
measure their EMG compared with subjects that have a greater
body fat percentage.

EMG data were corrected for the subject’s dominant arm. Force
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Fig. 10 Palmaris longus force pattern of pull-up action (ap-
proximation). (a) Palmaris longus force pattern 11 (subject A),
and (b) palmaris longus force pattern 12 (subject B).

curves for the biceps brachii and palmaris longus muscles are then
selected from EMG measurement data. The data are rectified and
integrated at 100 ms.

There are two data shape patterns—one has a single convex
shape, while the other has two. We selected four types of typical
biceps brachii and two types of typical palmaris longus muscle
force curves; subsequently, we generated approximation data for
each curve using the sixth degree polynomial method.

Figures 7(a) and 7(b) show the typical biceps brachii muscle
force curves for subject A. Figures 7(c) and 7(«) show the typical
biceps brachii muscle force curves for subject B. The rypical bi-
ceps brachii muscle force curves are selected for this study be-
cause they are the most popular pattern lor measuring data. Fig-
ures B(a)-8(d) are the approximation data of biceps brachii
muscle force curves for Figs. 7(a)-T7(d), respectively. Figure 9%a)
shows the typical palmaris longus muscle force curve for subject
A, Fig. 9(b) shows the typical palmaris longus muscle (orce curve
for subject B. Figures 10(¢) and 10(d) are the approximation data
of palmaris longus muscle force curves for Fig. 9(a) and 9(h),
respectively.

4 Verification Experiment

The verification experiment was executed using the pull-up ac-
tion with both hands. One hand brought up the weight (actual
action), and the force was transferred to the other hand by our
haptic interface.

Here, the EMG of both hands for the biceps brachii and pal-
maris longus were measured, and we compared the EMG curves
of the actual actions and force representations.

The experimental procedure was as follows:

(1) Haptic interface was set on the right hand.
(2) Subjects pulled up 1 kg weight by the left hand.
We deduced the weight by the maxunum motor output
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End state

Fig. 11 Outline procedure of experiments

force using the bobbin, which was approximately 9 N. It is
difficult 1o get an obvious EMG curve because of the light
load, and then experiment time was reduced from 3 sto 2 s
for the force curve pattern selection measurements, Eight
force curves of the biceps brachii and four force curves for
the palmanis longus are used for the haptic interface force
representation.

We used three lead time patterns (0 ms, 50 ms, and 100
ms) o compensate for the force delay of the muscle action.
The condition number was sct usipg a combination of a
varicty of force curves and lead times.

Calibration between the joint jaw angle and the pulse value
of the encoder was executed for each subject.

We performed four experiments for each condition and
conducted a questionnaire survey and measured the EMG
data for each experiment.

We executed this experiment in a step-by-step process.

First. the optimal conditions were determined for force
representations of the biceps brachii. Second, we performed
the experiment with force represemtations of the biceps
brachi and palmaris longus and decided the optimal condi-
tion of two force representations.

In these processes, we verified the haptic interface
through an evaluation of the guestionnaire results and a
comparison between the EMG curves of the haptic inter-
face and the actual actions of five subjects having body fat
percentage of approximately 10%.

The subjects were 21-24 year old males. All were engi-
neering students and novice to this system, Force represcn-
tation was performed for the subject’s dominant arm, and
actual action was executed with the nondominant hand.

(%]

(4

The questionnaire items were as follows:
(1) Was the sense of the haptic interface’s force recognizable?

: perfectly recognized

: almost perfectly recognized
: not entircly recogmzed

: difficult to recognize

: not recognized

_— s e e n

(2) Was the timing of the force in sync?
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Fig. 12 Average effect of lead time for force patterns 1-4. (a) Average effect of lead time for force pattern 1, (b) average
effect of lead time for force pattern 2, (c) average effect of lead time for force pattern 3, and (d) average effect of lead time

for force pattern 4,

. perfectly synchronized

: almost perfectly synchronized
: not entirely synchronized

: poorly synchronized

: not synchronized

—hD Lt s oln

(3) Was the sense of the haptic interface’s force similar 1o ac-
tual action?
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o

: perfectly same

: similar

: little similarity

. very little similarity
. dissimilar

(S IR

4.1 Force Representation Experiment for Biceps Brachii.
Earlier. we verified the haptic interface for its force representation
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Fig. 13 Average effect of lead time for force patterns 5-8. (a) Average effect of lead time for force pattern 5, (b) average
effect of lead time for force pattern 6, (c) average effect of lead time for force pattern 7, and (d) average effect of lead time

for force pattern 8.

of biceps brachii. We used eight force curves (patterns 1-8) and
three lead times (O ms, 50 ms, and 100 ms). The experiments were
repeated four times for each condition. Subjects were five persons.
Figure 11 shows the outline of our experiments.

4.2 Result of Force Representation Experiment for the Bi-
ceps Brachii. Figures 12 and 13 show the average effect of each

Journal of Computing and Information Science in Engineering

lead time for each questionnaire, which is computed by the se-
quential classification method. Patterns 5 and 8 show better results
for all questionnaires. The average scores of questionnaire 1 were
calculated to be 4.2; questionnaire 2, 3.8; and questionnaire 3, 3.8,
respectively, for pattern 5. The average scores of questionnaire 1
were calculated to be 4.7; questionnaire 2, 4.0; and questionnaire
3, 3.8, respectively, for pattern 8. The lead times 0 ms and 50 ms
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Fig. 14 (a) Motor driven voltage, (b) EMG data of haptic inter-
face, and (c) EMG data of actual action

showed a good score for pattern 5. Moreover, pattern 8 with a lead
time of 100 ms showed a better score. In general, several approxi-
mate force curve patterns (5-8) were better than some nonap-
proximate patterns (1-4).

In particular, patterns 5 and 8 are better force curves for haptic
interfaces, the favor of the two patterns are different depending on
the subject. We used lead time to compensate for delays in the
reaction. The lead time required differed for each pattern.

Figure 14{a) shows the representation motor driven voltage for
force curve pattern 5. This voltage is the input of the motor am-
plifier. Wire force is 9 N at 1.8 V for the motor amplifier. Figure
14(h) shows the EMG data of the biceps brachii for Fig. 14(a)
force representation. Figure 14(c) shows the actal action EMG
data of the biceps brachii. Three figures were of a similar pattern.
Figure 15(a) shows the representation motor driven voltage for
force curve pattern 8. Figure 15(b) shows the EMG data of the
biceps brachii for Fig. 15(a) force representation. Figure 15{c)
shows the actual action EMG data of the biceps brachii. Three
figures were of a similar pattern.

Table 1 shows the correlation coefficients (CCs) of EMG data

041009-8 / Vol. 8, DECEMBER 2008
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Fig. 15 Motor driven voltage, EMG data of haptic and actual
action for pattern 8, and lead time: 100 ms (subject B). (a) Mo-
tor driven voltage, (b) EMG data of haptic interface, and (¢)
EMG data of actual action.

between the haptic interface and the actual action for patterns 5
and 8. These coefficients exceed 0.5, showing a good correlation:
pattern 3 data are negative. We selected force curve patterns 3 and
8 from the results of the questionnaires and the EMG data.

4.3 Force Representation Experiment for the Biceps
Brachii and Palmaris Longus. We used approximation force
curve pattern 11 (Fig. 10(c)} for palmaris longus in the prelimi-
nary experiment. The verification experiment of force representa-

Table 1 Correlation coefficient of the EMG data between the
haptic interface and the actual action for pattern 5 and pattern 8

Pattern Correlation coefficient
5 0.85
8 0.75

Transactions of the ASME



tion for both the biceps brachii and the palmaris longus was ex-
ecuted using force curve pattern 3, pattern 8 was used for biceps
brachii, and pattern 11 for palmaris longus.

The condition number was set using a combination of pattern §,
pattern 8, and three lead times. Pattern |1 was the common con-
dition. Forces are applied to the biceps brachii and palmaris lon-
gus by the haptic interface, which was set on the right hand, and a
| kg weight held to the left hand.

The pull-up action was performed by both hands. In this experi-
ment, motor driven voltages for force representing the biceps
brachii, EMG of right biceps brachii, EMG of left biceps brachii.
motor driven voltages for force representing the palmans longus,
EMG of right palmaris longus, and EMG of left palmaris longus
were recorded. Three questionnaires were conducted at the same
time. Subjects repeated the actions four times for each condition.

4.4 Results of Force Representation Experiment for Bi-
ceps Brachii and Palmaris Longus. Figures 16 and 17 show the
average effect of each lead time for cach questionnaire, which is
computed by the sequential classification method. The average
scores of questionnaire 1 were calculated to be 4.6; questionnaire
2, 2.4; and questionnaire 3, 3.4. respectively. for pattern 5. The
average scores of questionnaire | were calculated to be 4.8: ques-
tionnaire 2, 3.5; and questionnaire 3, 3.4, respectively. for pattern
8. The Jead time 50 ms showed a good score for pattern 3. More-
over, pattern 8 with a lead time of 0 ms showed a better score.

Figure 18{«) shows the representative motor driven voltages of
the biceps brachii for the force curve pattern 5. Figures 18(b) and
18(c) show the EMG data of the biceps brachii for Fig. 18(a)
force representation and actual actions.

Figure 19(z2) shows the representative motor driven voltages of
palmaris longus for force curve pattern 11. Figures 19(b) and
19(c) show the EMG data of the palmaris longus for Fig. 19(a)
force representation and actual actions. The patterns in Figs.
18(a)-18(c¢) are almost similar. In addition, Figs. 19(a)-19(¢) had

almost similar patterns.

Figure 20(a) shows the representative motor driven voltages of
the biceps brachii for the force curve pattern 8. Figures 20(h) and
20(c) show the EMG data of the biceps brachii for Fig. 20(a)
force representation and actual actions. Figure 21(a)shows the
representative motor driven voltages of palmaris longus for force
curve pattern 11.

Figures 20(f) and 21(c) show the EMG data of the palmaris
longus for Fig. 21(a) force representation and actual actions. The
patterns in Figs. 20(a)-20(c) are almost similar. In addition, Figs.
21(a)-21{¢) had almost similar patterns.

Table 2 shows the correlation coefficients of EMG data between
the haptic interface and the actual action for patterns 5 and 8.
These coefficients exceed 0.5, showing a good correlation. From
these experiments, we investigated the best force curve from the
haptic interface for force-recognition, timing, and similar effects
with actual actions.

5 Discussion

In this paper, we have studied a wearable exoskeleton haptic
display that uses internal forces calculated from EMG signals ob-
tained by performing the task of pulling up a 1 kg weight. From
the experiment, a suitable force representation has been investi-
gated using intcrnal force curves. The appropriate force pattern
depends on the individual.

In this study, patterns 5 and 8 suited the subjects. We used lead
time to compensate for delays in reactions; however, the suitable
lead time differs for each pattern. For future applications, we need
to verify whether this control method can be effective for the same
task with a slightly different angle for each joint jaw, using the
same look-up table. Furthermore, as the acceleration and velocity
of the target action vary, we need to consider a scaling factor w0
compengate the look-up table.
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Fig. 18 (a) Motor driven voltage, (b) EMG data of haptic inter-
face, and (c) EMG data of actual action

In addition, we need to consider another task look-up table for
each joint jaw. We also need to consider an automatic acquisition
method. For a complex task, there are a large number ol muscles
that must be used, and we need to consider what level of activa-
tion must be considered to realize the minimum construction of
the force representation mechanism. Further, we need to consider
the rotational tasks realized by multiple muscle activations, as in
the wrist.

6 Conclusion

We developed a wearable exoskeleton haptic interface to fit the
human body. In this study, the exoskeleton frame was fit to the
joint jaw. and the joint jaw moment was generated. Multiple dc
motors were used for representing the force at a number of
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Fig. 19 (a) Motor driven voltage, (b) EMG data of haptic inter-
face, and (¢) EMG data of actual action

moments. In addition, we developed a control system that in-
cluded a motor controller, a data collection interface, and the con-
trol software,

A simple weight pull-up action experiment was used for the
verification of the haptic interface. Appropriate force curves were
generated from the EMG data, Experiments were evaluated by
analyzing questionnaire results and comparing the EMG data be-
tween the haptic interface and the actual actions. From these ex-
perimental results, it was determined that the smoothed EMG
curves could be used as force curves of the haptic interface for
force representation.

In addition, we confirmed that the EMG data shapes provide
force representation similar to the actual action under good con-
ditions. The force curves for cach joint are different for each in-
dividual.

In the future, we will try to use this haptic display in a real
application. Rotation action, as in a wrist, will also be considered
using our method.
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Fig. 20 (a) Motor driven voltage, (b) EMG data of haptic inter-
face, and (c) EMG data of actual action

Table 2 Correlation coefficient of the EMG data between hap-
tic interface and the actual action for patterns 5 and 8

CC of CC of
Pattern biceps brachii palmaris longus
5 0.82 0.57
8 0.64 0.82
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