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People suffering from tetraplegia are unable to per-
form many activities of daily living, such as dressing
and toileting. The purpose of this study is to develop
a dummy humanoid robot to assess assistive products
and technologies for patients of tetraplegia. This pa-
per describes the mechanism, motion planning, and
sensing system of the dummy robot. The proposed
dummy robot has upper-arm mechanisms that sim-
ulate the human collarbones based on a functional
anatomy. To realize a variety of body shapes, the pro-
posed robot has deformation mechanisms that use lin-
ear actuators and rotating servo-motors. The sens-
ing system of the dummy robot can measure clothing
pressure before and after exterior deformation is mea-
sured, and can hence detect changes in it.

Keywords: humanoid robots, dummy robots, spinal cord
injury, dressing

1. Introduction

Spinal cord damage can significantly curtail a person’s
mobility and other body functions, and can lead to mus-
cle weakness and paralysis. Many people with tetraple-
gia have great difficulty in living independent lives, are
limited in their activities of daily living (ADL), and typ-
ically require the use of a manual or electric-powered
wheelchair to move. When the independence rates of
patients of tetraplegia (complete lesions at level C4 to
T1), which were rated on a four-point scale, were calcu-
lated, the rates for “eating” and “bed, wheelchair trans-
fer” were found to be high; on the contrary, the rates for
“dressing” and “toileting” were low [1]. Moreover, the
increased time spent “toileting” and “dressing” by people
with tetraplegia may be a reflection of their lower residual
function causing balance and coordination tasks to take
longer to complete [2].
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Patients with spinal cord injuries typically use
wheelchairs and sit in the same position for lengthy peri-
ods. Moreover, elderly patients may have a limited range
of movement and may spend a significant amount of time
seated. Therefore, they are at risk of developing pres-
sure ulcers, which are injuries to the skin and the un-
derlying tissue resulting from prolonged pressure on the
skin [a]. To prevent pressure ulcers, the body of the pa-
tient is turned or depressurized at regular intervals. Pres-
sure ulcers most often develop on skin covering bony ar-
eas of the body, such as the ischial bone and tailbone [3].
Therefore, seats and cushions for wheelchairs must help
reduce pressure on the skin. Some people with tetraplegia
take a long time to defecate, hence spend a lengthy period
seated on the toilet seat, and thus suffer the risk of devel-
oping pressure ulcers. Therefore, clothes and toilet sheets
should be designed to help those with spinal cord injuries
live independently.

In general, attire is expected to be functional as well
as fashionable. The European research project “Fashion-
able” involved the development of integrated technologies
to meet the requirements of people with physical disabil-
ities and special needs [b]. The National Rehabilitation
Center for Persons with Disabilities held a fashion show
— the KOKURIHA fashion show — to arouse people’s in-
terest in fashionable and functional clothing. Fashionable
and functional clothes are expected to promote social par-
ticipation of persons with disabilities.

To promote the development of clothes and toilet seats
for people with a spinal cord injuries, such equipment
needs to be tested. Therefore, the purpose of this study
is to develop a device to test such assistive products and
technologies.
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2. Dummy Humanoid Robot with Exterior
Deformation Mechanism

To evaluate clothing and assistive products and tech-
nologies, a device that can simulate the human body is
proposed here.

2.1. Past Dummy Research

Several robots to simulate the human body have been
developed in the past. Dummy robots to simulate a pa-
tient have also been developed and used for medical edu-
cation. Ishii et al. developed a humanoid robot for airway
management training [4]. This robot was equipped with
force sensors that were used to score the airway manage-
ment performance of trainees in order for them to subse-
quently be able to observe their efforts. Showa Univer-
sity and TMSUK developed a dental patient robot called
“Hanako2 Showa” [c]. This robot looks like a woman,
and has been programmed with certain behaviors used
to objectively evaluate the clinical ability of medical stu-
dents. A method to test a power-assistant device using the
humanoid robot HRP-4C has also been proposed [5]. The
humanoid robot wears a “Smart Suit Lite” and measures
the joint torque of the body. Several human body param-
eters that are difficult to estimate directly can be obtained
using robotics techniques. The shape of HRP-4C is sim-
ilar to that of an average Japanese female and, therefore,
the shape of the robot has to deform to treat various hu-
man bodies. Some robots have been designed to focus on
the shape of the human body. To act as substitutes for real
people trying on clothes, robotic mannequins were devel-
oped. Theses robots can change their shapes and imitate
different human body types [6]. The mechanism of de-
formation is necessary to assess the suitability of attire or
wearable devices for persons. This robotic mannequin did
not have four limbs, and maintained a standing posture.

Therefore, a dummy robot with both a multi-linked
body mechanism and a deformation mechanism is pro-
posed in this study.

2.2. Humanoid Robot Simulating Person with
Spinal Cord Injury

The motor functions of a patient with a spinal cord in-
jury differ depending on the area of the nerve injury [7].
Patients with a CS spinal cord injury have difficulty in
straightening their elbow joints, whereas patients with a
C7 injury can straighten their elbows. Some patients with
a cervical cord injury (over C8) have disabilities in their
upper limbs because of weakened upper limb muscles,
moreover, some patients with a spinal cord injury (below
T1) have sufficient motor function in their upper limbs
to roll a wheelchair by themselves, with their upper-arm
muscles having been developed, as well as a widespread
joint range of the upper limbs to independently carry out
many ADLs. The physical activity level (PAL) of persons
with paraplegia is lower than that of able-bodied adults,
and most participants are obese [8]. The body shapes of
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persons with spinal cord injuries may be statistically dif-
ferent from those of able-bodied adults. Considering the
reduced and increased muscle mass and the accumulation
of abdominal fat, it is necessary to extend the exterior of
the shoulder, chest, arm and abdomen as the maximum
deformation between 30 mm and 90 mm.

Therefore, the proposed dummy robot should have a
deformation mechanism of the shoulders and stomach to
adapt to several levels of spinal cord damage. The pro-
posed dummy robot must have an upper-limb mechanism
based on the human body to realize several daily motions,
such as wheeling motion and reaching motions.

In this study, in order to measure the contact force from
the environment, tactile sensors should be implemented
throughout the body of the dummy robot. In particular,
the dummy robot should be expected to clarify the wear
comfort or easy-to-wear nature of clothing based on cloth-
ing pressure.

This paper describes the development of the proposed
dummy robot, and a system for evaluating clothing with
respect to the body shape of persons with a spinal cord

injury.

3. Mechanism of Superior Limb Girdle

This section is dedicated to a description of the mech-
anism of a superior limb girdle. The joint range of the
superior limb of the proposed dummy robot needs to be
wide. Thus, a superior limb mechanism with a collarbone
link is proposed in this paper.

The superior limb of a human consists of a collarbone,
blade bone, upper-arm bone, ulna, and radius. However,
most humanoid robots only have a mechanism simulating
the upper-arm and forearm, the motion range of which
is narrow. Therefore, several robots with a mechanism
simulating the collarbone and blade bone have been de-
veloped. Tkemoto et al. developed a superior limb girdle
robot driven by McKibben pneumatic artificial muscles.
This robot realized dynamic throwing motions [9].

To realize real human motions using humanoid robots
with a wide joint range, a mechanism is needed to sim-
ulate the motions of the collarbone [10]. This study is
aimed at developing a superior limb mechanism that real-
izes various poses as well as a deformation of body shape.
Moreover, the function of this dummy robot is sufficient
to realize several static poses, but dynamic motion is not
treated.

3.1. Robot Arms with Collarbone Link

The degree of freedom (DOF) of a human superior limb
girdle includes flexion motion along the horizontal plane
and abduction motion along the lateral plane [10]. Thus,
the arm of the proposed robot has two DOFs to control the
position of the shoulder, three DOFs to control the altitude
of the upper-arm, and an elbow joint (with one DOF). This
robot arm does not have any DOF for the wrist because
the hand contributes little to the mobility of the wearer.
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Collarbone Link

(a) Link Model (b) 3D CAD data

Fig. 1. Mechanism of robot arm with a collarbone link.

Table 1. The specifications of the range of motion and the
actuator of each joint.

Joint motion || Desired max. | Actual max.

range [°] torque [Nm] | torque [Nm]
J1 25 7.90 12.1
12 40 7.17 9.49
I3 230 2.90 3.16
J4 90 2.90 4.74
J5 130 5.67 4.09
J6 120 4.08 4.09

The outline of this robotic mechanism is shown in Fig. 1,
and the range of motion of each joint is determined based
on [10] as shown in Table 1.

The desired maximum torque of each joint within the
joint motion range is calculated and listed in Table 1.

This mechanism uses harmonic drives and bevel gears.
The drive mechanisms can be set in small areas, and there
is sufficient space at the chest and shoulders to implement
a deformation mechanism to realize various body shapes.
The actual maximum joint torque is shown in Table 1.
This superior limb girdle mechanism is considered for use
in the deformation mechanism. This dummy robot can
realize various poses and body shapes, and can simulta-
neously measure the pressure on the surface of the robot
(i.e., the clothing pressures). Thus, various types of cloth-
ing can be tested.

3.2. Motion Range of the Proposed Robot Arms

The working areas of the arms of proposed dummy
robot on the sagittal plane, the lateral plane, and the hor-
izontal plane were calculated under conditions where the
motion of the collarbone-link was both constrained and
unconstrained. These working areas were then compared,
and the increase in the rate of the working areas was cal-
culated. The extension and the flexion of the shoulder
along the sagittal plane (z-x plane), the abduction and ad-
duction of the shoulder along the lateral plane (y-z plane),
and the extension and the flexion of the shoulder along the
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Table 2. Calculation results of the reachable region of the
robotic arm.

Without With Rate of
collarbone | collarbone | increase [%]
link [m?] link [m?]
x-y plane 0.23 0.36 57
y-z plane 0.34 0.43 28
z-x plane 0.44 0.70 60

horizontal plane (x-y plane) were calculated. The results
are listed in Table 2.

The calculation results show that the working area
along the sagittal plane increased by 60%, that along the
lateral plane increased by 28%, and the working area
along the horizontal plane increased by 57%. Therefore,
the increase in the working areas of the dummy robot with
a collarbone-link was confirmed.

3.3. Singular Posture

The joint angles were calculated though inverse kine-
matics based on the position of the hand and the altitude
of the upper limb. When the joint angles of singular pos-
tures were calculated using an inverse kinematics algo-
rithm, the solution of the joint angles was underspecified,
and the computation algorithm indicated instability. The
singular postures of the dummy robot were then consid-
ered. The determinant of the Jacobian matrix J of the
upper limb mechanism is shown in Eq. (1), and each pa-
rameter of the Jacobian matrix is shown in Fig. 1.

det (J) = —1,,c08 04 (I, c0s 6> + I sin 65)
(lexcos 83 cos Os + 1.y, cos 04 sin Os
+loysinB3sinOgsinbs) . . . . . (1)

From Eq. (1), the determinant of the Jacobian matrix
was zero with respect to several patterns of each joint an-
gle, such as 64 = m/2. The motions of the upper limb
were then calculated using inverse kinematics algorithms
that could steadily compute around singular postures [11].

3.4. Simulations of Superior Limb Motion

The proposed dummy robot was developed to test
clothing, and assistive products and technologies, and
therefore must be able to facilitate the activities of daily
life of wheel-chair users. In this study, wheeling motion
was calculated using an inverse kinematics algorithm. As
described in Section 3.3, the robot arm had several singu-
lar poses, and the motions of the robotic arm were calcu-
lated using the Levenberg-Marquardt method [11]. This
method can be used to stably and quickly calculate inverse
kinematics.

The trajectory of the wheeling motion was calculated
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Fig. 2. Simulation environment showing the coordinate ori-
gin, robot arm, wheel and target trajectory.

Table 3. Each parameter of the simulation of the motion of
the superior limb.

[m] [m]
lex 0.04 X0 0.05
ley 0.179 Yo —0.19
Ly 0.266 20 —0.405
ly 0.240 r 0.28

using the following set of equations:

Xyef = X0+ 7sin(0)

Yref = Y0 B 2
Zref = 20 +1c0s(0)

where, [Xyer, Vrers Zref]” is the target position of the hand,
and [xo,y0,20]7, 7, and @ are the center, radius, and ex-
terior angle of the wheel, respectively (see Fig. 2). The
value of the simulation parameters is shown in Table 3.

The calculation results involving motions of the collar-
bone link were compared with calculation results where
joints J1 and J2 were fixed to zero. A snapshot of the sim-
ulation is shown in Fig. 3, the calculated joint angles are
shown in Fig. 4, and the hand trajectories are shown in
Fig. 5.

From Fig. 5, each calculation result tracked the target
value; however, there was a difference in the angle trajec-
tories between the two calculation results. The calcula-
tion results of J1, J2, J4, and J5 with the collarbone link
changed significantly, but the results of J3 (shoulder pitch)
and J6 (elbow) change only slightly, comparison with the
results obtained without a collarbone link. Based on these
results, motion compensating those of the shoulder and
elbow along the pitch axis was generated by the proposed
superior limb mechanism.

When the dummy robot was tested for clothing and
the assistive products and technologies, the wheeling mo-
tion was calculated based on the body movements of
wheelchair users. The measurement and analysis of the
ADL of wheelchair users will form the focus of future re-
search in the area.
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(a) Robot arm with a collarbone link
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(b) Robot arm without a collarbone link

Fig. 3. Snapshots of each simulation condition. (a) The mo-
tion was calculated using inverse kinematics involving the
collarbone link. (b) Motion was calculated without the col-
larbone link.

4. Mechanism of Exterior Deformation

The bodies of patients with damaged spinal cords are
different from those of healthy people according to the
level of spinal cord injury and lifestyle. The dummy
robot needs to change its body shape in order to test
different types of clothing. Some people with damaged
spinal cords can translate their bodies using their upper
limbs, which they can use to roll wheelchairs themselves
because the circumference of their upper arms, and the
thickness of their chests and shoulder muscles tend to be
greater than those of healthy people. At the same time, the
amount of abdominal subcutaneous fat is higher in them,
and the circumference of their abdomen may be greater as
well.

4.1. Deformation Mechanism of the Arm and Body

The dummy robot has joints in the pectoral girdle to
adjust the pose of the upper limbs. Therefore, the de-
formation mechanism was mounted to allow the dummy
robot to assume several poses. The degree of the defor-
mation was decided based on the difference between the
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Joint No. 1 [degree]
Joint No. 2 [degree]

Joint No. 3 [degree]
Joint No. 4 [degree]
S

Joint No. 5 [degree]
Joint No. 6 [degree]

0.5 1

time [s] time [s]

robot arm with collarbone link

----- robot arm without collarbone link

Fig. 4. Simulation results of joint angles calculated through
the inverse kinematics.

-0.12 + 1
-0.14 + 1
-0.16 1
-0.18 + 1
-0.20 1
-0.22 + 1

z(vertical direction) [m]

0241 |

0 005 01 0.5 02 025 03
x (forward direction)[m]

mmmmm  robot arm with collarbone link
----- robot arm without collarbone link

_____ target trajectory

Fig. 5. Hand trajectories determined by joint angles calcu-
lated by inverse kinematics and target trajectories.

average and the maximum calculated by [d], in consid-
eration of the space in the trunk of the robot. The trunk
of the dummy had linear actuators to realize expanding
deformation. The deformation mechanism with linear ac-
tuators is shown in Fig. 6, which shows Miniature Linear
Actuators developed by Firgelli Technologies, Inc., with
strokes/maximum lengths of 30 and 50 mm. The dummy
robot controlled these linear actuators to adjust its body
shape.

Moreover, the linear actuators could not be mounted on
the superior limb girdle mechanism, and the deformation
of the superior limb was instead realized by rotating the
servo-motors. The deformation mechanism using the ro-
tation motors is shown in Fig. 7.
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Linear actuators

Horizontal displacement

of actuators

Front f’;\\

Adjustment orf body shape

Fig. 6. Exterior deformation mechanism of chest region
using linear actuators.

Rotation actuators

Adjustment shoulder shape
ﬂl et}

Chest Arm

Fig. 7. Exterior deformation mechanism of shoulder using
rotating servo motors.

4.2. Tactile Sensor

Some robots that use tactile sensors on their entire bod-
ies have been developed to communicate with humans
and generate several types of motion. Ohmura et al. de-
veloped tactile sensors and implemented these on a hu-
manoid robot to achieve whole-body motion with tactile
feedback control [12, 13]. Maggiali et al. developed an ar-
tificial skin system based on a conformable mesh of sen-
sors in a triangular shape. These sensors were intercon-
nected to form a networked structure [14]. They simu-
lated the human skin to monitor the pressure on the entire
body. ‘“Macra” can monitor the deformation of the soft
structure of the entire body using three-axis force sensors,
and can sense several contact states using human commu-
nication [15]. However, this sensing system provides only
coarse resolution, and more expensive sensors are needed
for higher-quality resolution.

The sensing mechanism of the dummy robot was de-
veloped based on the mechanism of the sensor in ref-
erence [12]. This photo-reflective sensor consisted of a
light-emitting diode (LED) and a photo-detector. The
scattering ray generated from the LED changed through
the deformation of the urethane foam, and this change was
measured by a photo-detector. The sensing mechanism is
shown in Figs. 8(a) and (b).

The sensor was evaluated by adding test weights (1 g,
2¢g,5g, 10g,20¢g,50 g, and 100 g) to it. As value of
pressure, the load of each test weight divided by the area
of each test weight was used. The area of each test weight
was calculated based on the size and shape of each test
weight. The measurement results are shown in Fig. 9(a).
The horizontal axis indicates the sensor value (voltage),
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Fig. 8. Mechanism of the tactile sensors: (a) before and (b)
after pressurizing the urethane foam.
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Fig. 9. Measurement results of the tactile sensor, and the ap-
proximate curve calculated using multiple regression analy-
sis.

and the vertical axis shows the pressure value. Refer-
ence [16] has shown that comfortable pressure values for
clothing range from 19.6 hPa to 39.2 hPa, and uncomfort-
able ones from 58.8 hPa to 98.0 hPa. Thus, these ranges of
clothing pressure were included in the measurement range
of the sensor in our study.

From Fig. 9(a), it is clear that the sensor obtained val-
ues in comfortable and uncomfortable pressure ranges.
Moreover, the non-linear curve of pressure values can be
estimated based on the voltage using a regression algo-
rithm. The cubic polynomial computed using a multiple
linear regression analysis of voltage and pressure based
on the results of Fig. 9(a) is thus shown in Eq. (3), and
the standard deviation of the sensor value is shown in
Fig. 9(b).

p=448.01v° —4110.3v2 + 12592y — 12714 . (3)

where, p [hPa] is the pressure on the sensor, and v [V] is
its voltage. Using this approximate curve, the value of the
pressure applied to sensors can be estimated based on the
sensor voltage. To calculate the approximate curve, errors
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Front Rear
(a) Appearance of Dummy Robot

(b) Before Deformation  (c) After Deformation

Fig. 10. Appearance of dummy robot. (b) and (c) show the
dummy robot wearing a shirt.

between the actual measured values and the those calcu-
lated by the approximate curve are shown in Fig. 9(c).
The difference between the measured and the estimated
values is divided by the measured values, and these nor-
malized values are the errors. The errors were less than
0.20, which is quite small. Therefore, the sensor can eval-
uate whether clothes are comfortable. The hysteresis of
this sensor was not measured in this study; however, the
characteristic of the hysteresis may approximate the tac-
tile sensor developed by Ohmura et al. [12].

5. Measuring Clothing Pressure with Exterior
Deformation

The clothing pressure on the developed dummy robot
system before and after deformation was measured to con-
firm whether the robot can test the comfort of the worn
clothing.

The proposed dummy robot is shown in Fig. 10(a).
Each body measurement of the dummy robot was made
based on the average anthropometrical data of a Japanese
male [d]. The shape of the exterior of the deformation
was designed based on a male mannequin on the market.
Moreover, the dummy robot wearing a shirt before and af-
ter the deformation of its exterior is shown in Figs. 10(b)
and (c), where the deforming exterior covers the chest,
shoulders, and the blade bones.
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Fig. 11. Experimental results from the tactile sensors before
and after exterior deformation.

5.1. Measurement Result

From Figs. 10(b) and (c), the chest and shoulders of
the dummy robot are expanded by the deformation of the
exterior. The linear actuator of the central chest extended
by 20 mm. The servo-motors of the left and right chest,
shoulder, and blade bones were rotated 20°. Then, the
left and right chest, shoulder, and blade were extended to
15 mm. The changes in the tactile sensors are shown in
Fig. 11, where the relative values of each sensor element
were calculated with reference to sensor values without
clothing. The solid lines represent sensor values before
deformation, and the hatched lines show those after de-
formation. The numbers along the horizontal axis repre-
sent the number of each sensor element along the exterior,
where the positions of each sensor are shown on right in
Fig. 11. Thirty samples were obtained for the steady state
of each sensor element, and the average values of each
sensor element were calculated. The pressure values were
then calculated based on the voltage values using the cu-
bic polynomial in Eq. (3).

Several sensor values (solid lines) were increased
through the wearing of clothes, and several tactile sensor
values (hatched lines) were increased due to exterior de-
formation. The second sensor element decreased in value
after deformation; however, the variance of the sensor val-
ues before deformation was large, and this sensor value
before deformation may have been unstable. The vari-
ance in the values of the tactile sensor elements along the
shoulder (7th, 9th, 10th, and 11th) was smaller than the in-
creasing values of these sensor elements before and after
deformation, and these sensor values may have been sig-
nificantly increased by exterior deformation. The changes
in the sensor values along the shoulder were frequent,
which means that the clothes may have bound the supe-
rior limbs of the person with a spinal cord injury, thereby
suggesting that the dummy robot can evaluate the mobil-
ity of the clothing.
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5.2. Discussion

Tanaka et al. measured the clothing pressure of the
entire female human body using Finite Element Method
(FEM) simulation [17]. From the simulation results,
clothing pressure distributions along the breast and shoul-
der were the highest for the entire body. The shape of the
body was designed based on the female anatomy, and the
clothing pressure on the breasts tended to increase. On the
contrary, the shape of the dummy robot in this study was
developed based on the male human body, and the dummy
robot hence did not have a swell in the breasts. Therefore,
the clothing pressure along the shoulder was higher than
that on the chest.

The measured clothing pressure values before deforma-
tion were smaller than 50 hPa, and several values were in-
cluded in the comfortable pressure range [16]. Then, after
the exterior was transformed by deformation, the clothing
pressure of the 9th element was found to lie in the uncom-
fortable ranges, and several clothing pressure values (e.g.,
Ist, 7th, and 10th) being at around 50 hPa, were also not
in the comfortable range. Thus, this shirt did not fit the
deformed dummy robot.

In these experiments, the clothing pressure on the
blade bone was smaller than on other areas on average.
From [18], when male humans lift their upper limbs to
90°, the clothing pressure values of the scapular and back
armhole increase. Thus, the clothing pressure may drasti-
cally change due to motions of the upper limbs. In future
work, the clothing pressure due to various human poses
will be measured, and the method of mobility of cloth-
ing based on the pattern information concerning the inte-
grated sensor values will be discussed.

This study confirmed a change in the clothing pressure
in the static pose of a dummy robot through deformation,
thus, confirming the potential of this dummy robot sys-
tem to simulate the static pose of a person with spinal
cord injury. In future research, clothing pressure will be
measured when the dummy robot performs the motion of
rolling a wheelchair in order to implement a simulation
that can capture a unique characteristics of a person with
a spinal cord injury.

6. Conclusion

The purpose of this study was to develop a humanoid
dummy robot capable of evaluating assistive products
and technologies for tetraplegia patients. The proposed
dummy robot simulates a person with a spinal cord in-
jury, has a large movable range in its upper limbs, and
is incorporated with a mechanism for changing its body
shape. Tactile sensing systems were developed to measure
the clothing pressure on the dummy robot. These sen-
sors were then implemented on the exterior of the dummy
robot, and confirmed the increase in clothing pressure
based on exterior deformation.

In future research, several daily movements of a per-
son with spinal cord injury will be measured and imple-
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mented on the dummy robot in order to establish even
more sophisticated criteria for clothes using tactile sen-
sors based on actual data of spinal cord injury. Moreover,
the lower body of the dummy robot will be developed to
evaluate the risk of pressure ulcers. The criteria for evalu-
ating the clothing and toilet seat for a person with a spinal
cord injury were established using the proposed humanoid
dummy robot.
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