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ABSTRACT We developed a wearable assistive robot that directly measures the contact force acting between
the robot and the human body, aiming to enhance the safety of such wearable devices. The force acting on
the body is not directly measured, instead, it is estimated by measuring the torque acting on the robot joint
in the wearable assistive robot. Despite the risk of failing to recognize dangerous forces due to modeling
errors, the forces actually at work have not been examined. Here, we developed an arm-mounted assistive
robot that directly measures the contact force as the distribution information to build a system and evaluate
safety; in addition, the contact state between the robot and the human body was discussed. Accordingly, two
experiments were conducted with 10 subjects. The first verified the contact force measurement performance
of the robot, while the second demonstrated the application of contact force information to check the safety
of the robot. The proposed robot can accurately measure the contact force, and the robot movement is safe
under general control, for example, using the pain tolerance limit as the safety index. This eliminated the
risk of not directly monitoring the forces acting on the surface of the human body. Furthermore, our result
have implication for evaluating structural problems of the robot by evaluating contact conditions during
movements.

INDEX TERMS Assistive robot, contact force distribution, exoskeleton, wearable robot.

I. INTRODUCTION

Wearable assistive robots, which are devices directly attached
to the human body to assist in several tasks, are garnering
significant attention in several fields, such as rehabilita-
tion, nursing care, transportation, and agriculture [1], [2].
Currently, wearable assistive robots are being developed to
enhance physical function and reduce physical burden.

HAL [3], a wearable assistive robot in nursing care
developed by Cyberdyne, is a physical extension example.
HAL employs electromyography (EMG) sensors to predict
the wearer’s movements. It supports the wearer’s movements
by calculating the necessary torque required to enhance the
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physical functions of patients with weakened muscles and
nerve paralysis. For the elderly, it is crucial to prevent mus-
culoskeletal disorders and circumvent the need for nursing
care by undergoing appropriate rehabilitation after these
disorders emerge. In Japan and other advanced countries with
aging populations [4], there are increasing expectations for
wearable assistive robots to help prevent the progression from
musculoskeletal disorders to a state requiring nursing care.
Muscle suits [5] are robots designed to reduce the physical
burden. The McKibben-type artificial muscle, characterized
by its flexibility, lightweight, and high power, is utilized as
an actuator and can exert an assist force of approximately
30 kgf. When the switch is pressed, the artificial muscles
attached to the muscle suit exert an assist force, and the suits
reduce the physical burden on the wearer. As aforementioned,
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various robots are being researched and developed, and their
application in the real world is being promoted.

In this field, developing a framework that can measure and
control the force applied to the wearer by the robot is crucial.
This is because these wearable assistive robots transmit force
to the wearer via direct contact; hence, unexpected excessive
force may injure the wearer. Kong et al. [6] proposed a
joint torque feedback control system that measures the force
applied by the robot to the wearer as the torque of the robot
joints (motors) and controls the robot to eliminate deviation
from the torque command. At the torque level, a framework
to measure and control the force applied to the wearer on the
rotational axis has been established. However, this method
does not directly measure the force applied by the robot on the
wearer and the robot may cause harm to the human body. For
example, when the contact location is close to the joint, a large
risk force capable of injuring the wearer will be measured
as a small torque; hence, the robot cannot identify potential
hazards. In addition, the torque sensor built into the motor
cannot measure the twisting force exerted on the robot joint
and another safety index is required.

This study focuses on measuring and evaluating the contact
force between the wearable assistive robot and human body
following a general wearable robot configuration, but with
contact sensors, and using the existing control method.
We employ the directly measured contact force, instead
of the estimated value obtained from the joint torque, for
safety assessment and to improve the safety management
performance of wearable assistive robots. Accordingly,
we developed a robot that directly measures the contact
force between the robot and wearer. By attaching contact
distribution sensors to the contact surface between the
robot and human body, the robot can directly measure the
contact force exerted by the robot on the human body.
This system enables visualizing the contact force per small
contact area as a surface distribution, which is yet to be
adequately discussed in conventional robots. We conducted
two experiments with 10 subjects involving a dumbbell
lifting exercise while assisted by a wearable assistive robot.
The first experiment verified the contact force measurement
performance of the robot, and the second demonstrated the
application of contact force information to check the safety of
the robot. Consequently, we verified that the proposed robot
can accurately measure the contact force and demonstrated
that the robot movement is safe under general control using
pain tolerance limit as the safety index.

The contribution of this paper is threefold. First, we devel-
oped a robot that directly measures the contact force
distribution between the robot and human body. Second, the
application of contact force information was demonstrated
in evaluating the safety of the control method in terms
of the pain tolerance limit, in addition to the general
safety management framework. Third, we inferred that the
contact force distribution information can help evaluate
structural problems. Third contribution is also a practical
implication suggested by the experimental results. These

114856

findings contribute to improving the safety management
performance of conventional wearable robots. We believe that
safety evaluation in research on the latest wearable assistive
robots should be based on actual contact forces measured
directly.

Il. RELATED WORK

Various sensors have been proposed for the development
of wearable robots. In general, the following sensors are
mounted on a wearable robot for safety management or
control purposes: torque sensors, force sensors, inertial mea-
surement unit, and electromyography sensors. Torque sensors
have been used for a long time, but it is difficult to perform
rigorous control and measurement with torque information
alone; hence, they are often used in combination with other
sensors in recent research. Force sensors are also used in
many robots, but often as switches to trigger something
and do not directly contribute to measurement. Inertial
measurement units and electromyography sensors have long
been used in combination with joint sensors to estimate
the state of the human body and robot. We summarize
the characteristics, purpose of use, and limitations of these
sensors for the safety assessment performance.

One of the simplest configurations is the robot using joint
sensors [7], [8], [9], [10], [11], [12], [13]. As this robot
is originally mounted on an actuator, it does not require
additional sensors. When measuring positions in a redundant
system, a robot can be stopped by detecting mounting
misalignment [13]. In addition, measuring torque enables
feedback control, as described in a [6], and its applications
also exist in impedance control [8]. However, they are only
used in robot joints.

Some robots are equipped with force sensors to directly
measure force [14], [15], [16], [17], [18], [19], [20], [21].
Such robots focus on human interactions, as they directly
measure applied force. By employing a force sensor, the
robot’s posture can be controlled by admittance control [16].
However, this sensing offer minimal control and contact
conditions cannot be comprehensively observed. Regarding
force sensors, foot sensors are often used in lower-limb robots
[22], [23], [24]. These sensors measure idle time or trigger
assist torque timing and do not contribute to safety. D. Sanz-
Merodio’s robot differs from the others in that although its
foot force is measured by distribution, it is employed for
control and analysis and does not measure assist forces or
improve safety.

Inertial measurement unit sensors are commonly used
sensors, especially in lower limb robots [23], [25], [26], [27],
[28], [29]. They are used to observe falls and analyze robot
behavior; however, using them to manage safety and prevent
hazards is challenging.

EMG sensors are another typical sensor type. By measur-
ing the muscle load, the robot’s assist performance can be
evaluated [29], [30], [31]. Although there have been attempts
to employ them for control [3], [32], EMG sensors have low
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reproducibility [33], and several related issues need to be
addressed.

Finally, wearable robots that are not joint-driven are
described. These robots apply air pressure to cylinders to
drive their joints [34], [35]. The exerted force and joint angle
are calculated from the internal pressure and distance of the
cylinder; however, this robot does not differ from other robots
in that interaction forces are not measured directly. Owing
to the advancement of soft actuators, robots with McKibben
artificial muscles have also been developed [36]. However,
these robot types cannot directly sense the exact force applied
to the device and wearer. Thus, the robot proposed in [36]
only assures safety by physically restricting the range of
motion.

Therefore, in conventional assistive robots, sensors are
often used to control or evaluate the model and analyze the
experiments. Even in safety-conscious research, no robot
can observe every contact area. This research will measure
the forces acting between the wearer and robot area as the
distribution information and visualize the wearing condition
to evaluate the robot’s safety. This could be an effective means
of evaluating the effectiveness of assistive robots and the
safety of robots with soft actuators, whose interactions are
difficult to measure.

Ill. FABRICATION OF A ROBOT FOR MEASURING
CONTACT FORCE

This section identifies the design requirements for the
robot employed in this study. We then describe the robot
specifications that satisfy these requirements.

First, we consider a robot mechanism for the flexion-
extension motion of the elbow to explore measurement
possibilities as a basic study. Because linear and twisting
motions were ignored in this study, this exoskeleton robot
solely models the flexion-extension motion as the single-axis
rotational joint. In particular, the silicone in the rigid frame is
positioned significantly close to the human body to measure
the contact force.

A. REQUIREMENTS OF ROBOT

The design of the link part is important for the robot to
measure the contact force and transmit the assist force.
Hence, the requirements are divided into two main categories:
structures to measure the contact force for safety evaluation
and transmit the exerted motor power to the forearm. Here,
we propose a three-layer link configuration to satisfy the
contact, sensor, and frame section requirements (Fig.1).

1) CONTACT SECTION

The contact section measures the contact force and evaluates
safety. Here, the contact force should be measured without
spatial mounting misalignment or absence of time series.
Accordingly, the shape of the inner contact section and human
body surface should match. Hence, the shape is designed
based on statistical data [37] obtained from human body
shape measurements.
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Three parts:

Contact Part
(Silicon)

Sensor

Frame

FIGURE 1. Configuration of arm-mounted assistive robot: The robot
frame consists of a hard outer layer, middle sensor layer, and soft inner
silicone layer.

TABLE 1. Contact distribution sensor specifications.

Spatial Resolution [mm?2] | 20 x 20
Measuring Period [s] 0.05
Max Pressure [N] 10.7

Based on the FY2017 Physical Fitness and Exercise Survey
conducted by the Japan Sports Agency [38], the average body
shape of an adult male is 171.6 cm in height and 65.7 kg in
weight. DhaibaWorks [37] was used to generate the human
model for the previous body shape, and the arm shape was cut
out. The contact section was made from 3D-printed silicone
of thickness 3.8-14.8 mm.

2) SENSOR SECTION

The sensor section measures the contact force generated
by the wearer’s arm movement as absolute values and
distribution information. Absolute values are required to
evaluate whether the measured value is dangerous; in
addition, it can be adopted as a threshold for physical
quantities when using indicators. Distribution information
comprehensively estimates the contact state between the
robot and human body, unlike the torque of one-dimensional
information; thus, the degree of stress concentration can be
visualized.

In addition, sensors cover the entire contact area between
the robot and human body and are attached all over the
frame’s interior. Here, we employed the commercially avail-
able SR Softvision (numerical version) [39], [40] sensors.

Table 1 presents the specifications of the contact distri-
bution sensor. In each upper arm and forearm link, two
sheet-type contact distribution sensors with 5 x 5 cells were
placed, one each on the palmar and dorsal sides. The sensor
cells were placed inside the cylindrical rigid outer frame
without any gaps.

3) FRAME SECTION

The frame section should transmit the exerted torque of the
motor to the forearm of the wearer as the assistive force;
hence, a rigid material was selected. In addition, a cylindrical
structure covering the flexible contact part was adopted to
maintain a constant deformation rate on the attached sensor
and measure a uniform contact force.
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TABLE 2. HEBI robotics X5-9 specifications.

Peak Torque [Nm] 13
Cont. Torque [Nm] 9
Max Speed [rpm] 14

Angular Resolution [°] 0.005
Torque Resolution [Nm] 0.01

The frame was fabricated using a 3D printer (Markforged
Mark Two) that uses a mixture of nylon and carbon fibers
to create a lightweight, highly rigid frame. The length of the
forearm and upper arm links was set at 100 mm. A 90 mm gap
between the forearm and upper arm links ensures the wearer’s
motion. Adjustable parts were prepared to accommodate
individual differences in arm diameter. The inner diameter
of the frame could be adjusted to 120, 125, or 130 mm,
depending on the wearer. Each layer was printed 0.1 mm
thick.

The frames for the forearm and upper arm are connected
with the motor for the joint part, HEBI Robotics X5-9, which
is compact, has high power, and can input torque and position.
Table 2 presents the specifications of the motor.

B. SPECIFICATIONS OF THE MANUFACTURED ROBOT
Figure 2 illustrates the fabricated robot and the robot attached
to the arm. The extended total length of the robot is 400 mm,
and its weight is 2.3 kg. The total contact force distribution
of the upper arm and forearm links is measured for 100 cells
(each cell is 400 mm?). The controller was implemented in C
on a general-purpose computer (CPU: Intel(R) Xeon(R) CPU
E5-2670 v3, Memory: 64.0 GB). The control cycle was set to
50 ms, equal to the shortest sensor measurement cycle.

IV. VALIDATION OF CONTACT FORCE DISTRIBUTION
MEASUREMENTS

We verify whether this robot can accurately measure the
contact force. Because we could not directly evaluate the
measurement accuracy, we assessed the robot’s validity from
two perspectives. First, we qualitatively verify aligning the
relationship between the wearer’s motion and the transition
of the measured force distribution. Second, we quantitatively
evaluate and validate the accuracy of the measured force
value by adopting the torque-based control [6], a conventional
control method.

First, the distribution transition’s validity was verified
based on two qualitative considerations: whether the expected
force distribution for the wearer’s motion was measured and
whether the reproducibility was observed.

In the quantitative evaluation, the distributed contact force
was converted to joint torque Tsensor and compared to the
torque Sensor (Tgensor) Value built into the motor. Typps0r 1S
calculated using (1) (refer to Fig. 3).

fsensur = ZF(Z)I(Z) (1)

where /(i) represents the moment arm from the joint axis to
the center position of the sensor cell in row i (on the O axis).
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FIGURE 2. Developed wearable assistive robot for arm: (1) 3D printed
robot frame, (2) sheet-type contact distribution sensor (SR sensor),
(3) contact section designed via DhaibaWorks, (4) actuator (HEBI X-9).

F (i) is calculated as

F(i) = ) sP(i, j)cos($)) (@)

J

Equation (2) defines the degenerated force on the O-axis
of the pressure measurement P(i,j) on the j-th sensor cell
in row i. s denotes the area(m?) of the sensor cell while o
represents the angle between the normal vector of the sensor
cell in row j and the dorsal direction (j = 3).

A. IMPLEMENTED CONTROL METHOD
Figure 4 presents an overview of the proposed control method
based on joint torque.

Proportional control, the most basic control method, was
employed because this experiment aimed to evaluate the
measured value and not the control performance. The exerted
motor torque was determined, such that the deviation T,
between the torque command value 7,y and sensor value
Tsensor Obtained from the torque sensor was minimized. The
sensor measures the exerted torque o gy before Foyypyy, the
transmitted assist force generated by the actuator via the robot
frame. Hence, although it can manage the torque condition,
it cannot control the actual assist forces Foumpur OF Foggiss-
K: in Fig. 4 represents the P gain. Fy,,, generated by the
frame acts on the human body to alter the wearer’s posture
¢humanbodyjoint .
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Contact
Distribution
Sensor

FIGURE 3. Coordinate axes and sensor cell definition: The longitudinal
direction of the forearm is defined as the 0-axis. The sensor cell is
defined as i along the 0-axis and j in the arm circumference direction. ¢;
represents the angle between the normal vector of the sensor cell in row
j and the dorsal direction (j = 3).

B. EXPERIMENTAL CONDITIONS

The experiments, approved by the Ethics Committee with the
Faculty of Engineering, Nagoya University, were conducted
with 10 male adult participants. A DC power supply
(Meanwell ESP20-480-24) was used to power the motor.
Throughout this experiment, the participants remained seated
on a chair. First, the participant put on the robot and fixed it
such that the entire lower surface of the upper arm touched the
desk. The radius of the frame section was adjusted according
to the tightness and comfort level of the participants before
the experiment. The arm angle 6 was defined as the angle
between the ground and forearm, with the fully extended
arm at 0° (initial state; Fig. 5). During the experiment, the
participant performs movements while looking at the screen,
as displayed on the right side of Fig. 5. The same movements
were reproduced as much as possible between participants by
referring to the robot’s current and reference positions that
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move at a constant velocity to the desired angle in 3 s. The
participant initially held a 2 kg dumbbell and repeated the
following motions five times.

(i) Hold® = 0° for 3 s

(i1) Bend arms until & = 60° over 3 s
(iii) Hold at & = 60° for 3 s
(iv) Extend arms until § = 0° over 3 s

In (ii) and (iv), the current and target elbow angles were
presented to the participants such that they could move
their arms at a constant speed (refer to Fig. 5). During the
movements, the torque command value was set to T, = 6 for
movements (i), (ii), and (iii), requiring an enormous exertion
of muscular force, and 7. = 1 for movement (iv), requiring
a relatively small exertion force. The forearm’s length is
approximately 0.35 m, with a 2 kg dumbbell corresponding
to a 6.86 Nm load on the wrist. The amount of assistance
corresponds to 87% of the load in (i), (ii), and (iii), and 15%
of the load in (iv).

C. RESULTS

1) QUALITATIVE VERIFICATION

Figures 6 and 7 present the forearm contact force distributions
obtained for Participants E and B. The participants repeated
the experimental motion five times; however, we illustrate
only the third cycle because of their reproducibility within
the same subject. Fully extended, bending, fully bent, and
extending correspond to motions (i), (i), (iii), and (iv),
respectively. Figure 6 presents the results of the participant
closest to the standard body shape (BMI 22.8), while Fig. 7
presents the results of the participant farthest from the
standard body shape (BMI 17.3). A similar transition in
contact force distribution is observed in the two participants
regardless of their body shape. Moreover, the force on the
wrist side is more significant than that on the elbow side. This
difference is believed to be because the silicone in the contact
area sinks deeper as it gets closer to the wrist, for there is no
mechanism to support the wrist when handling the dumbbell.
The distribution was widespread over i = 1,...,4 in
extension (24, 25, 26 s) while it concentrated around i = 1 in
flexion (30, 31, 32 s). Owing to the silicone’s flexibility, the
movements were not perfectly synchronized between the
robot and human body. This may have caused the silicone
above the sinking level to be more pronounced in flexion
than in extension. The same result was observed in other
participants. The transition of the contact force distribution
was practical for the motion, although bias during the motion
was observed for the above reasons.

2) QUANTITATIVE VERIFICATION
Figures 8(a) and 8(b) present the Tyensor and Tgensor values
obtained during the exercise, respectively.

The horizontal and vertical axes represent time (s) and
torque (Nm), respectively. The solid line and shaded area
represent the mean and standard deviation for the ten subjects,
respectively.
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Robot

Tref . Terror Toutput

Foutput’ (;bhuznan body joint

Body

; K, || Actuator [ Frame
Torque
Sensor
Tsensor|

FIGURE 4. Signal flow of torque-based control: 7, is the torque command value. tsensor is the sensor value obtained from the torque
Sensor. Terror is the deviation between 7, and tsensor- Toutput is the exerted torque. 75,4p, is transformed to Fygp e, the contact force
the frame exerts on the human body via the robot frame. ¢pymanbodyjoint is the wearer’s posture. Proportional control was employed

and K represents the gain.

The monitor showed
the guide of movement

Target Position
Current Position
o

OEEEELD
Current Time

FIGURE 5. Experiment and guide screen displayed to participants: The
subject performs a 2 kg dumbbell lifting exercise. The subject moves the
arm while watching the guide monitor. The guide monitor shows the
current position (green), target position (red), and current time relative to
the robot movement angle during the experiment. The target position
moves 60° for 3 s at a constant velocity during the bend and extend
motions.
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FIGURE 6. Transition of contact force distribution by torque-based
control (Participant E, BMI: 22.8).

Figure 8(a) indicates that the implemented torque-based
control is functional, tracking approximately 6 and 1 Nm in
(1) and (iii), respectively. Figure 8(b) also demonstrates that
(i) and (iii) can be followed by 6 and 1 Nm, respectively. The
standard deviation is larger than that in Fig. 8(a); however,
the average value is similar to the actual value.
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FIGURE 7. Transition of contact force distribution by torque-based
control (Participant B, BMI: 17.3).

The time average of the absolute difference between Teps0r
and Teensor for all participants was 0.592 Nm. Because the
moment arm from the elbow joint of the robot to the contact
sensor is approximately 150 mm, the error amount of the
force at the average position of the sensor cell was estimated
to be 0.09 N. The measurement noise generated in the contact
sensor cell was approximately 0.05 N in standard deviation
based on the preliminary measurement; hence, the error is
considered to be triggered by the measurement resolution of
the contact sensor. Contact force distribution allows for the
calculation of torque values that are close to the actual values,
demonstrating the requisite measurement performance for
safety evaluations.

V. SAFETY EVALUATION USING CONTACT FORCE
DISTRIBUTION

We demonstrate the application of the contact force distri-
bution information and verify the safety of the robot and
controls based on the contact force values and distribution.
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FIGURE 8. Time series of joint torque from torque and contact sensors.

Here, the safety of the general torque-based control was
verified using the dumbbell lifting experiment described
above. First, the transitions in the contact force distribution
were observed to confirm the emergence of discontinuous and
sudden forces. An excessive force exerted abruptly suggests
a structural defect or control breakdown. Second, histograms
of the contact forces measured during the experiment were
presented. The results demonstrated that the robot operated
at a significantly small level compared to the pain tolerance
limit.

A. CONTACT DISTRIBUTION TRANSITION
For safety evaluation, the results from Figs. 6 and 7 were
employed. In both figures, contact distribution transitioned
continuously in time and space; hence, no unexpected
intermittent force is observed, allowing the safe and smooth
operation of the robot. The result was similarly verified
for all participants. However, although a constant force
concentration is observed near the wrist, the distribution
information does not numerically ascertain whether this force
is harmful. Consequently, this is discussed in the next section.

The developed robot was designed to imitate the structure
of human arms and can move in perfect synchrony with
the human body by managing only the joint torque ideally.
Consequently, the robot moved smoothly, even on the general
control.

Thus, it was verified that the torque-based control was
safe based on the appropriate robot design by analyzing the
contact force distribution.

B. ASSESSMENT OF SAFETY BY CONTACT FORCE

Figure 9 presents the frequency distribution of the contact
force magnitude generated in each sensor cell during the
experiment. The horizontal and vertical axes represent
the contact force magnitude and frequency of occurrence,
respectively. The upper and lower panels present the palmar
G = 1,...,5) and dorsal G§ = 6,...,10) sides,
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Contact Force [N] Pain Tolerance Limit

FIGURE 9. Frequency of contact force appearance throughout all
experiments (torque-based control): frequencies of both sides of the
forearm (blue) indicate that all measurements are significant under the
pain tolerance limit for all participants. Results on the palmar and dorsal
sides indicate that large contact forces work on the dorsal side.

respectively. Although a few differences exist in the measured
contact force magnitudes, the two control results are almost
equivalent, as described in the following paragraphs.

In Fig. 9, the lower panel has a larger contact force than the
upper panel. This is because the contact force on the dorsal
side is more significant than that on the palmar side, owing
to the dumbbell load. Regarding safety, Fig. 9 demonstrates
that the maximum contact force is approximately 12 N. This
force is significantly lower than the arm’s pain tolerance limit
of approximately 150 N [41]. This result implies that the 87%
assistance for a 2 kg dumbbell load is safe even with existing
methods.

The obtained results indicate that the contact force
distribution measurement is beneficial from the perspective
of safety evaluation and the control is actually safe.

VI. DISCUSSION

In addition to safety evaluation, contact force distribution
was employed to investigate the inherent structural problems
of the proposed robot. The previous experiment revealed
unevenly distributed contact force around the dorsal wrist
(i = 1,j = 3) and palmar elbow (i = 5,j = 7). Although
it was verified in the chapter V-B that the robot and control
method are safe, the firmly contacted and half-floating parts
in the robot link limit robot assistance.

Although other reasons can be considered, the primary
cause of this phenomenon could be as follows. The design
objective of the proposed robot was to measure the contact
force without any leakage; hence, silicone contact parts were
used to fit the body evenly. However, silicone deformation
can generate significant stress, as described in the experiment.
In addition, the deformation of the flexible contact section is
difficult to consider in the design phase. The results obtained
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from the contact force distribution suggest the need for a
wrist support mechanism in arm-mounted assistive robots for
performance improvement. Hence, measuring contact force
distribution is beneficial for evaluating safety and contact
conditions during movements.

However, it is unreasonable to conclude that this sensor can
achieve complete safety management as only vertical contact
forces are measured and not the shear forces. Therefore,
the frictional force that could cause the attachment to shift
has not been measured. A sensor that can handle such
forces is required for more advanced observation of contact
conditions. Furthermore, current sensor technologies are still
emerging; therefore, sensors with faster measurement cycles
must be developed to achieve practical operating speeds.

Furthermore, a simple structure was considered because
the robot was designed to measure the contact force directly.
In addition, the obtained contact force distribution is within
the expected range, although it is worth proving with
actual measurements. Moreover, if the robot can imitate the
structure of the human body, it is structurally difficult to
measure and discuss unknown contact force distributions. For
example, in assistive robots targeting the torso, motion is
approximated by reducing the number of robot joints relative
to the number of human body joints. Conventional methods
of estimating contact state from joints are difficult to apply to
multi-joint robots as the joint angles between the human body
and robot are not uniquely linked. Using such multi-joint
robots could increase the practical value of our method.

VII. CONCLUSION

Conventional wearable robots estimate contact conditions
based on joint information for safety management and
control. Even if the robot is equipped with a force sensor,
a point sensor that cannot provide distribution information
is employed. Our robot can directly visualize and evaluate
the contact state by attaching a force sensor that measures
the contact force between the robot and human body as a
distribution.

We designed and fabricated an arm robot that directly
measures contact forces to improve the safety of wearable
assistive robots and provides a novel approach to evaluate
the robot’s safety. An experiment using test participants
verified that the robot could measure the contact force
distribution information during the robot’s motion. In addi-
tion, we demonstrated that the contact force distribution
information is beneficial in evaluating the safety of the
robot; for example, the robot’s safety can be ascertained by
adopting a conventional index such as the pain tolerance
limit. When a mounted one-degree-of-freedom assistive robot
was employed for the flexion and extension of the elbow
joint, a general control method could be efficiently employed
within a sufficiently safe range. This study also verified the
concentration of contact force near the wrist and determined
a guideline for improving the robot mechanism with less
burden on the wearer. Thus, contact force distribution
information can help evaluate structural problems.
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This study contributes to improving the safety management
performance of conventional wearable robots. The contents
can be divided into three main categories. First, we developed
a robot that can directly measure the distribution of contact
forces between the robot and human body. Second, the
application of contact force information in evaluating the
safety of the control method in terms of the pain tolerance
limit was demonstrated, in addition to developing a general
safety management framework. Third, it was inferred that
the contact force distribution information can help evaluate
structural problems, and this is also a practical implication
suggested by the experimental results.

However, sensor measurement performance and measure-
ment limitations due to the robot’s structure became apparent
in this robot. In the future, we will study the measurement
and control performance with a robot that cannot imitate the
structure of the human body, such as the torso. Moreover,
we will attempt to improve the robot such as frame design,
joint locations, sensors used, including this arm-mounted
type, based on the contact force distribution.
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