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Patient transfer, such as carrying a bedridden patient from a bed to a pedestal pan or a wheelchair and back, is one of the most
physically challenging tasks in nursing care facilities. To reduce the intensity of physical labor on nurses or caregivers, a piggyback
transfer robot has been developed by imitating the motion when a person holds another person on his/her back. As the chest
holder supports most of the weight of the care-receiver during transfer, a human-robot dynamic model was built to analyze the
influences of the motion of the chest holder on comfort. Simulations and experiments were conducted, and the results dem-
onstrated that the rotational motion of the chest holder is the key factor affecting comfort. A tactile-based impedance control law
was developed to adjust the rotational motion. Subjective evaluations of ten healthy subjects showed that adjusting the rotational
motion of the chest holder is a useful way to achieve a comfortable transfer.

1. Introduction

With the advent of an ageing society [1-5], the demand for
nursing care robots that can help on-site caregivers is in-
creasing. Among nursing care tasks, patient transfer, such as
carrying a bedridden patient from a bed to a wheelchair and
back, is one of the most physically challenging tasks in
nursing care. It is a direct cause of disabling musculoskeletal
disorders (MSDs) in caregivers [6]. Therefore, many kinds of
transfer devices [7, 8] have been proposed and developed to
provide comfort and safe transfer. These devices include
Yaskawa transfer device [9], Panasonic integrated bedchairs
[10], and the Robohelper Sasuke [11]. Although some
transfer devices have been commercialized, they are not
widely used in nursing care facilities. These devices require
considerable time and space to perform a transfer task. In
addition, there are still problems with safety, convenience,
and comfort. It was reported that a caregiver’s physical
burden could not be reduced in many cases by using transfer
lifts [12]. To address saving time, dual-arm care robots, such

as the RoNA (Robotic Nursing Assistant System) [13] and
RIBA (Robot for Interactive Body Assistance) [14], have
been developed. These robots have human-type arms for
carrying and moving a care-receiver from a bed to a
wheelchair and back. However, they are expensive and
complicated to operate, making them inconvenient for
practical use.

To solve the above problems, the authors’ group de-
veloped a transfer robot that had a more flexible and simpler
configuration. The robot was designed by imitating the
motion when a person holds another person on his/her back,
as shown in Figure 1. Some research institutions, such as
Toyota Motors [15] and Fuji Machinery Co., Ltd. [16], have
been developing transfer robots based on the same concept.
However, these robots have only two degrees of freedom in
the mechanism of chest support, making them uncom-
fortable. To make the robot safer and more comfortable, the
chest holder of our robot had three degrees of freedom, and
it could carry a care-receiver similar to the motion of a
person holding up another person on his/her back.
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FiGURE 1: Transfer motion

Furthermore, the robot had hip support that could auto-
matically spread out to support the care-receiver when the
robot moved after holding up a care-receiver [17].

Care-receiver comfort is an essential consideration for a
transfer device. Most devices only use passive cushions
[18, 19], such as sponge mats, to increase comfort and
prevent harm to the care-receiver. Although this can help to
reduce the impact and pressure concentration acting on the
body of a care-receiver, the passive cushion deformation
range is limited. It is difficult to make a robot adapt to the
body of the care-receiver and to change posture softly by
using only a passive cushion. Since these robot motions have
been designed in advance, they cannot be adjusted when the
care-receiver has a posture that changes suddenly during
carrying. Thus, the motions of the robot should be adjusted
during carrying.

To achieve a comfortable carrying motion for the patient
transfer robot developed by the authors’ group, a tactile-
based motion adjustment approach was proposed and in-
troduced to the robot. A dynamic model of the human-robot
system was also built. Experimental results for 10 subjects
demonstrated that the robot using the adjustment motion
approach can carry a care-receiver more comfortably than
before.

The paper is organized as follows. Section 2 describes the
configuration of the patient transfer robot, including the
mechanical structure and specifications. Section 3 intro-
duces the dynamic model and demonstrates that the angle
adjustment of the chest holder is the most effective way to
achieve a comfortable transfer for a care-receiver by using
dynamic simulation and six subject experiments. Section 4
presents the motion adjustment approach, the experimental
design, and the test results. Section 5 covers the conclusions
and a brief explanation of future work.
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of the proposed robot.

2. The Piggyback Transfer Robot

The configuration of the piggyback transfer robot is shown in
Figure 2, and its basic specifications are summarized in Table 1.
The chest holder is the most important part of the robot and
can carry a person similar to how a person holds another
person by using a hybrid structure. It is driven by three electric
cylinders and has three degrees of freedom, including rotation
and movement in the horizontal and vertical directions. Al-
though the motion of the whole robot on its wheel can work to
compensate for horizontal motions of the chest holder kine-
matically, such a freedom degree is still required in the chest
holder since the robot’s heavyweight makes it difficult to drive
the robot at a high response. During transfer, a care-receiver is
carried up by supporting his/her chest and armpits with the
chest holder and axillary holders, respectively. In addition,
flexible arms hold the care-receiver tightly to prevent him/her
from falling off the robot. As shown in Figure 1, most of the
weight of the person who is lifted is supported by the chest
holder in carrying. To ensure the safety and comfort of the lifted
person, the chest holder, axillary holders, and flexible arms are
covered with polyurethane foam (see Figure 2(a)).

The basic motions of the robot are created by interpo-
lating several postures designated in advance. The motions
that involve different persons, however, need adjustment to
the actual situation. The previous test results of the prototype
showed that the robot could carry and move a person from a
chair to a toilet pan or a bed and back.

3. Motion Analysis of the Chest Holder

3.1. Human-Robot Dynamic Model. The force between a
care-receiver and the robot is the main factor affecting care-
receiver’s comfort. To analyze the relationship between the
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FIGURE 2: Structure of the piggyback transfer robot. (a) The piggyback transfer robot. (b) Joint configuration of the robot.

TaBLE 1: Basic specifications of robot.

Item Value
(a) Width 755
(A) Dimensions (mm) (b) Depth 1160
(c) Maximum height 1964
(B) Weight (kg) 162
(a) Chest holder 3
(b) Cart 4
(C) Degree of freedom (c) Saddle 1
(d) Paddle 1
(e) Antioverturning device 1
(D) Maximum load (kg) 90

forces exerted on the care-receivers and the posture of the
robot during carrying, a dynamic model of the care-receiver
and robot is established and shown in Figure 3. In this
model, a care-receiver is regarded as a four-link, which has a
uniformly distributed mass, to simplify the complex situa-
tion in actual carrying. In carrying, the care-receiver’s chest
is in full contact with the chest holder and moves with it. The
forces acting on a care-receiver vary with the posture of the
chest holder, including the change in horizontal and vertical
displacement and angle variation. The position and posture
of the chest holder are represented by (x, y,«), where x is
the horizontal distance between the joint of the chest holder
and the origin of the world frame, y is the vertical distance

FIGURE 3: Human-robot dynamic model.

between the chest holder’s joint and the origin of the world
frame, and « is the angle between the chest holder and the
ground.

During carrying, a care-receiver puts his/her foot on the
robot pedal. His/her feet do not move relative to the robot
pedal. The center of the ankle joint is regarded as the origin
of the global coordinate system. The positions of the center
of mass of the care-receiver’s torso, thigh, and calf are
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where l,, [,, and I; are the lengths of the torso, thigh, and calf
of a care-receiver. The angles of the hip, knee, and ankle
joints are gg (x, y,®), g, (x, y, @), and gy, (x, y, @). The angle
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where I; is the inertia tensor. The potential energy is
Py=-mgy;. (3)

The care-receiver’s Lagrangian dynamic equation is

3 3
L=K-P=)K;+) P, (4)
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where the Lagrange operator is L. The care-receiver torso’s
Lagrangian dynamic equation is

I . .
dt 0gy, (x,y,a) 0qp (x,y, &)

(5)

T

where the care-receiver’s hip joint torque is ;.

The friction between a care-receiver and the robot is not
considered in this model. The care-receiver’s chest and
armpits are supported by the robot’s chest holder and armpit
supports, respectively. There is no relative movement be-
tween the care-receiver and the robot. As shown in Figure 3,
the care-receiver’s torso gravity is m, g, the force between the
torso and legs are F,, , and F,, ,, respectively, the force acting
on the care-receiver’s armpits is 2F ,, and the force acting
on the chest of a care-receiver is Fy;,. According to the force
and moment balance equation, the forces acting on the care-
receiver’s chest and an armpit Fy; Fy, are obtained.

. . . l 1 .
{FNI —mygcosa—F,, =mqy (X, y,a),2Fy, -mgsina—F,, = myqg, (X, s “))51 Fyy _51 mygsina =1, (6)

where the force between the torso and legs F,, ., F5, can be
obtained by balancing the forces and torques of each part of
the lower limbs.

3.2. Dynamic Simulation and Experiment. A dynamic sim-
ulation is performed in ADAMS to analyze the effect of the
chest holder’s motion on the force exerted on a care-receiver.
The chest holder’s motion, including horizontal and vertical
displacement and angle variation, directly affects the forces
exerted on a care-receiver.

In the simulation, the chest holder’s horizontal and
vertical displacement and angle are adjusted individually to
find the most significant factors affecting the force exerted
on a care-receiver. Three chest holder postures are selected

as the initial postures for individual adjustment. These
postures, shown in Figure 4(b), divide the carrying motion
into four stages. The range of displacement adjustment is set
to 0-50 mm, and the range of angle adjustment is set to
0-57 deg. In addition, the influence of the care-receiver’s
height on the force between the human and robot is also
considered. Three models with the same weight and different
heights are established, as shown in Table 2.

Figure 5 shows the simulation result. This result is an
average of three models since there are few obvious differences
in the forces on the models of different heights. The result
reflects that the force acting on the care-receivers’ chest has the
most obvious variation with the angle adjustment of the chest
holder. Therefore, it is considered that the chest holder’s angle
adjustment is the main factor affecting the force exerted on the
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FIGURE 4: The force acting on the model’s chest in simulation.

TaBLE 2: The simulation models and subjects parameters.

Model Height (mm) Weight (kg) Subject Gender Height (mm) Weight (kg)
M1 1700 75 S; ﬁiz };88 77665
M2 1750 75 gi 11:44212 };28 7;65
M3 1800 75 22 AMAZiZ 1573?8 3;
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FIGURE 5: The experiment design of motion adjustment. (a) Chest holder with a tactile sensor. (b) Schematic diagram of robot’s motion

adjustment in simulation and experiment.

care-receiver. Furthermore, the care-receiver’s height does not
need to be considered when analyzing the factors affecting the
force exerted on the care-receiver.

To confirm the simulation results, an experiment was
also conducted. Six subjects, shown in Table 2, participated
in this experiment. In the experiment, a tactile sensor
(Tekscan CONFOR Mat (Map #5330E) [20]) was mounted
on the chest holder to detect the force acting on the care-
receiver during carrying. Tekscan pressure sensors are used
in biomechanics research to measure contact loads since
they are thin (2 mm) and soft and offer high resolution and
straightforward data acquisition. The sensor consists of 32
pixels x 32 pixels, and the chest pressure at 1024 individual
pressure-sensing locations can be measured simultaneously
with minimal error. Its pressure range is 0-580 mmHg and
capturing frequency is 100Hz. During experiment, all
subjects were asked to be in a completely relaxed state in

carrying, except for grabbing the robot handles with hands,
to avoid the influence of the active motion of the subjects on
the force. The robot motion in the experiment was com-
pletely consistent with the motion in the simulation.

As illustrated in Figure 6, the change trends of the force
acting on subjects in the experiment are consistent with the
simulation result. The force exerted on the care-receiver has
the most obvious change with the chest holder’s angle ad-
justment. Therefore, the comfort of care-receivers can be
ensured by adjusting the angle of the chest holder. It should
be noted that the position of the pressure center of the care-
receiver’s chest does not change significantly with the in-
dividual displacement and angle adjustment of the chest
holder in the simulation and experiment. Therefore, the
variation in the torque acting on the chest holder’s chest with
motion adjustment is not indicated in the description of the
simulation and experimental results.
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F1GURE 6: The force (pressure) acting on subjects’ chest in the experiment. (a) Subject 1. (b) Subject 2. (c) Subject 3. (d) Subject 4. (e) Subject

5. (f) Subject 6.

4, Tactile-Based Impedance Control of the Chest
Holder and Experiment

The basic motions of the robot have been created by in-
terpolating several designated postures. Although the mo-
tions are designed according to the comfort of the
care-receiver, they cannot ensure the care-receiver’s comfort
when the care-receiver’s posture changes suddenly during
carrying. Thus, the robot motions may need adjustment.

4.1. Tactile-Based Motion Adjustment. The detection of the
force acting on the body of the care-receiver was necessary
for the motion adjustment of the robot. The chest holder’s
posture can be adjusted according to the actual force to
ensure the comfort of the care-receiver. A tactile sensor
consisting of air sacs and air pressure sensors that was
similar to a cushion was installed on the surface of the chest
holder to detect the force acting on the chest of the care-
receiver and is depicted in Figure 7. The sensor measured
the force acting on the body of the care-receiver by using
the air pressure sensor to detect the air pressure change in
the air sac.

The force acting on the care-receiver is also the most
significant factor affecting the comfort of the care-receiver.
An active impedance control [21-29] method was proposed
to ensure the care-receiver’s comfort. The control method
could adjust the angle of the chest holder according to the
deviation between the actual force acting on the care-

receiver’s chest P (¢) and the force, making the care-re-
ceiver comfortable P, ;. The extension and retraction of the
electric cylinder 3 caused the chest holder to rotate around
its joint. The extension of the electric cylinder 3 decreased
the angle of the chest holder and conversely increased the
angle of the chest holder. Therefore, the angle of the chest
holder would be adjusted through the extension and re-
traction of the electric cylinder 3, when there was a deviation
between P, (t) and P,.;. The model of the control method
was

ref*

P (t) = Pos = M 4AX (t) + B4AX (1) + K ,AX(2),  (7)

(8)

The calculation of (7) was actually performed at discrete
sampling times t. In this equation, M 4, B, and K ; are the
virtual inertia, viscosity, and stiffness, respectively. X ¢ (t) is
the designed displacement of the electric cylinder 3. X ¢ (t)
is an adjustment for X, (f) to ensure the care-receiver’s
comfort. P, (t) is the actual force acting on the care-re-
ceiver’s chest. This can be obtained by using the tactile
sensor. The values of M 4, B4, K 4, and P, were important
to achieve a comfortable lift for a care-receiver and were
designed in advance by testing. The control variate method
was used to determine the values of M 4, B4, and K ; in the
simulation and the actual testing. Appropriate values of M 4,
B, and K ; reduce the amount of oscillation and overshoot
in the chest holder system and make the system be stabilized

Ko (1) = Xy (1) + AX (2).
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Figure 7: The tactile sensor mounted on the chest holder.

more quickly. In addition, the stiffness coefficient K ; has a
significant effect on the chest holder system with a low speed
and the comfort of the care-receiver. The determination of
K ; needs to consider the subjective feelings of the care-
receiver, compared with M ; and B ;. P, is also determined
according to the feelings of the care-receiver in advance, and
its value is different for different care-receivers. The previous
test results [30] of the robot showed little difference in both
forces acting on the care-receiver chest when the care-re-
ceivers were being carried in a comfortable posture. It was
feasible that P, could be regarded as a constant value. In
addition, the values of P, are also different for different
care-receivers. This needed to be determined for different
care-receivers in advance. The control method could offer a
care-receiver a comfortable lift when the actual force was
equal to this reference pressure. If the actual force was
excessive, the chest holder’s angle had to be decreased;
conversely, the angle had to be increased.

4.2. Experiment. An experiment considering the care-re-
ceiver’s subjective feelings was conducted to verify that the
motion adjustment method is effective in ensuring the
comfort of the care-receiver. Ten experimenters (see Table 3)
participated in the experiment. The experiment was con-
ducted in the morning to avoid the impact of a full abdomen
on the lifting motion. Additionally, the experimenters was
asked to have a full rest and fast within two hours before the
experiment. To prevent the impact of physical fatigue caused
by the carrying motion, the experimenters were also given
sufficient rest after each experimental step.

In this experiment, the experimenters were carried out by
using the original basic motion and the adjusted motion.
Different experimenters have different feelings due to their
height, weight, and gender. Therefore, the basic motion of each
experimenter was individually designed based on their feelings
of each experimenter in advance to ensure their comfort. In
carrying with the adjusted motion, the angle adjustment range
of the chest holder depends on the impedance parameters.
According to the simulation and test, the active impedance

TaBLE 3: Experimenter’s feelings during experiment.

Height Weigh Subjective feelings
Experimenter Gender eight eight

(mm) (kg) Orig.inal Adjust'ment
motion motion
E1l Female 1670 54 X O
E2 Female 1680 60 X O
E3 Female 1690 65 X (@)
E4 Male 1700 62 X O
E5 Male 1700 76 X O
E6 Male 1750 70 X @]
E7 Male 1750 61 X O
E8 Male 1770 81 X @]
E9 Male 1795 81 X @]
E 10 Male 1810 73 X @]

TaBLE 4: The impedance parameter in the experiment.

Symbol Value

M, 0.001 kPa
By 0.5kPa/s
Ky 4kPa/s*

control parameters are summarized in Table 4. The prere-
corded values of the force making the care-receiver comfortable
P, were determined in carrying based on the subjective
teelings of the experimenters. The optimal value from many test
results was chosen to ensure the comfort of the care-receiver as
much as possible. To ensure the comfort of the experimenter,
P, for each experimenter was individually designed according
to their subjective feelings. In principle, these parameters were
set tentatively for the experiments with the experimenters and
should be optimized for humans in future experiments. The
motion of the chest holder, the force acting on the care-re-
ceiver’s chest, and the feeling of experimenters were recorded.

A healthy experimenter’s test (height 175cm, weight
60kg) result is shown as an example in Figure 8. During
carrying, the angle of chest holder was obviously adjusted
when there was a deviation between the actual force and the
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FIGURE 8: Experimental results of motion adjustment. (a) Comparison of original and adjusted motions. (b) Angle of the chest holder. (c)

Force of the experimenter’s chest.

reference force P, as shown in Figure 8(a). This result is
also confirmed by Figure 8(b). To eliminate the deviation
between the actual force and the reference force, the angle of
the chest holder was adjusted to be smaller than the original
angle. The adjusted posture of the chest holder was more
horizontal than the original posture. The change of the angle
of the chest holder also directly affected the forces acting on
the experimenter. Figure 8(c) demonstrated that the ad-
justed motion increased the force acting on the chest of the
experimenter, compared with the original motion. As the
adjusted chest holder supported more weight of the ex-
perimenter, the force acting on the experimenter’s armpits
was reduced. Because the robot only supported the chest and
armpits of the experimenter in carrying, the friction between
the experimenter and the chest holder was ignored since
there is no relative motion. The combined force of the forces
acting on the chest and armpits equals gravity, and an in-
crease in the force acting on the chest led to a decrease in
forces acting on the armpits. Moreover, the experimenter’s
armpit was more sensitive to feelings than his/her chest. A
reasonable reduction in the forces acting on armpits made it
easier to ensure the comfort of the experimenter. The ex-
perimenter’s subjective feeling also demonstrated that the
adjusted motion is more comfortable than the original with
the reduction of the force acting on the armpits.

The comfort of the experimenters is the most direct way
to verify the effectiveness of the motion adjustment method.
A sensory test was used to record the feelings of the ex-
perimenters. The sensory test had three stages: discomfort,
moderation, and comfort [31-35]. The evaluation items were
the feeling of the chest, the feeling of the armpits, and the
overall evaluation. Table 3 shows the subjective evaluation

results of the 10 experimenters. These were the experi-
menters’ evaluations of the overall feeling of being carried.

Comparing the results of the original motion and the
adjusted motion, the authors found that the experimenters
had different subjective feelings. Most of the experimenters
had a negative attitude towards carrying with the original
motion because of discomfort in their armpits. The original
motion was designed by interpolating several designated
postures. The angle of the chest holder cannot be adjusted in
lifting with the original motion. It is difficult to make a robot
adapt to the body of experimenters because it has a high
impact on the body of experimenters during carrying, es-
pecially when the experimenters suddenly change their
posture. However, the carrying motion with adjusted mo-
tion has the opposite result. During carrying, the chest
holder can be well adapted to the experimenter’s body by
adjusting its motion according to the pressure of the ex-
perimenter’s chest. In addition, the chest holder supports
most of the weight of the experimenter and reduces the
pressure of their armpits in carrying. Most of the experi-
menters considered lifting with the adjusted motion to be
comfortable. The large contact area between the subject’s
chest and the chest holder made the experimenter’s chest
insensitive to uncomfortable feelings. Therefore, although
the adjusted motion increases the experimenter’s chest
pressure, the subject’s comfort is improved due to the re-
duced pressure on the armpits.

5. Conclusion

To achieve a comfortable lift for care-receivers when a care-
receiver changes his/her posture suddenly, the authors



10

proposed a tactile-based motion adjustment method using
active impedance control for a patient transfer robot. This
method can adjust the chest holder angle of the robot by
measuring the pressure from the chest acting on the chest
holder using a tactile sensor mounted on the chest holder. A
human-robot dynamic model was built. A dynamic simu-
lation and a test of six subjects were conducted to verify that
the angle of the chest holder is a significant factor affecting
the comfort of care-receivers. Moreover, another experiment
was also conducted to verify the effectiveness of the motion
adjustment method.

A dynamic simulation and a test of six subjects con-
firmed that the angle adjustment of the chest holder is the
most effective way to ensure the comfort of a care-receiver
compared to horizontal and vertical displacement. In ad-
dition, experiments were conducted with 10 subjects (3
females and 7 males), and it was confirmed that the proposed
motion adjustment method is effective in ensuring the
comfort of the care-receiver. This method helps to reduce the
impact and pressure concentration acting on the body of a
care-receiver. According to the subjective feelings of ex-
perimenters, the method made the experimenters to feel
more comfortable than without using the method.

Future studies will include the optimization of control
parameters. This will contribute to improving the comfort of
service robots.
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