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Abstract

To more efficiently enhance the patient transfer skills of nursing students, this study aims to integrate a transfer skills evaluation
system and a robot patient. The evaluation parameters, namely, the translational acceleration of the waist, rotational speed of
the chest, and joint angles of the shoulder, hip, and knee, were selected on the basis of the pre-experimental results obtained
with a simulated patient acted by the human individuals. To measure these parameters, inertial measurement unit (IMU) and
angular position sensors were installed on the robot patient. An experiment was conducted with four nursing teachers to verify
whether the robot patient could distinguish the incorrect methods of the transfer skills, determined to be a common mistake
made by the nurses. According to the results, most transfer steps had the same effect on the simulated patient and the robot
patient, which demonstrates that the robot patient is a suitable substitute for an actual patient. However, in certain steps, the
robot patient was not able to distinguish between the correct and incorrect methods using the chosen parameters owing to the
differences being insignificant. These insignificant differences were mostly attributed to the passive joint design of the robot
patient.
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1 Introduction

According to demographic statistics, the number of elderly
people worldwide has recently surpassed 700 million [1].
As this population is at a high risk of suffering from aging-
associated diseases [2], there is an increasing demand for
nursing healthcare at hospitals and care centers. However,
the current supply of qualified nursing candidates does not
meet these requirements [3]. Potential causes of this shortage
may stem from the current situation at nursing schools. Sev-
eral previous studies claim that high student—faculty ratios
and large class sizes at nursing schools are possible barriers
to learning [4,5]. As it is difficult for teachers to supervise
each student and provide individualized feedback, students
are unable to improve their skills [6,7]. Moreover, students
only have few opportunities to practice with actual patients,
which limits their opportunities to obtain practical experience
[8]. As a result, new nursing school graduates may require
several years to become experts after launching their careers
at hospitals [9]. Therefore, human patient simulators (HPSs)
and evaluation systems to assess student skills are becoming
crucial in nursing education.

Various evaluation systems have been proposed to assess
the skills of trainees. For example, in the field of sports,
a system was implemented to analyze swimming skills
[10]. An evaluation system using inertial sensors was pro-
posed for golf training by [11]. Gray et al. and Furuya
and Kinoshita [12,13] observed the differences between the
arm movements of novice and expert baseball players and
pianists. An approach to evaluate musical performance was
also introduced into a robotic system in [14]. In the nursing
field, an RGB-D camera-based learning system for a bed-
making activity was proposed by [15]. A method to assess
trainee behavior related to clinical teamwork was introduced
in[16]. Additionally, in a previous study, we proposed a trans-
fer skills evaluation system that uses a Kinect camera and
color markers attached to patients and students [17]. Evalu-
ation systems for nursing skills require that a patient receive
care from a nursing trainee during the evaluation. As previ-
ously mentioned, there is an insufficient number of faculty to
portray the patients. Therefore, HPSs should be considered
as a means to improve the education at nursing schools.

Unlike simulated patients (SPs) portrayed by experienced
individuals (e.g., therapists and experienced nurses), an HPS
is a simulator that emulates a living patient. The first HPS,
i.e., a mannequin, was introduced in the 1950s to teach phys-
ical assessments to nursing students [18]. Since then, HSPs
have been widely developed and implemented for different
training tasks. For example, upper and lower limb robots
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[19,20] were developed to train physical therapists, as well
as a robotic hand designed for rehabilitation purposes [21].
Computerized simulators have been employed in trauma
management training [22], dentist training [23], and epidural
injection [24]. A patient mannequin was developed to train
nurses in changing patient clothing [25]. Others have been
developed for medical diagnosis training for prostate and
cardiac examinations [26,27]. Other studies have introduced
simulators that simulate the airway [28,29] and swallowing
difficulties [30] to facilitate clinical assessments and rehabili-
tation activities. Additionally, in previous studies [31,32], we
developed and employed a robot patient for transfer training;
also [33] verified that trainees who practiced with the pro-
posed robot patient revealed a significant improvement in
most skills of transfer task, which is similar to the results of
nurse teachers practicing with SPs. However, most developed
HPSs do not consider evaluation systems. Thus, the teachers
must still accompany the student to assess their performance
during practice.

This study focuses on the transfer skill as one of the patient
handling skills because of the difficulties involved in employ-
ing the proper body mechanics and its indispensability to
the patient’s daily life. In addition, with a rapidly increasing
aging population in Japan [34], we first target elderly patients
affected by weakness in their lower limbs, and who require
transfer assistance. After the validation, the range of applica-
tions could be extended to other types of patients. Although
previous studies have separately developed evaluation sys-
tems and robot patients for transfer training, as shown in
Fig. 1a, this study aims to integrate them. An HPS, or robot
patient, is indispensable during training because it provides
nursing students a subject on which to practice. Also the
HPS is usually equipped with sensors to measure movement
to convey the condition of the patient. Meanwhile, one of
our early studies [35] demonstrated that nursing skills can be
indirectly evaluated using only patient movements. There-
fore, we intend to use movements measured by sensors on a
robot patient to assess nursing skills, as shown in Fig. 1b. As
a result, the problem described in [17], where camera cali-
bration sensor installation on trainees requires a significant
amount of time (i.e., color markers), can be solved as well.

Developing a robot patient capable of using movement
sensors to evaluate the transfer skills of nursing students
is challenging due to the wide array of data that can be
measured. Limiting the number of sensors installed on the
robot is preferable because this simplifies hardware develop-
ment. Therefore, we analyzed the results of a previous study
conducted with an SP [35], by examining the level of sig-
nificant differences, to narrow the data to the parameters:
the translational acceleration of the waist, rotational speed
of the chest, and joint angles of the shoulder, hip, and knee.
Further, we improved the robot patient reported in [32] by
installing an inertial measurement unit (IMU) and angular
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position sensors to measure those parameters. An experi-
ment was conducted with nursing teachers (n = 4) instructed
to perform correct and incorrect methods of patient trans-
fer. Results show that the parameter values measured by the
robot patient indicate significant differences in nine of the
thirteen incorrect methods of the transfer skill in terms of the
effects on the robot patient. Moreover, a comparison with
[35] showed that, during most steps, the effects on the robot
patient were identical to the effects on the SPs portrayed by
nursing teachers.

The main contribution of this study is to introduce the
assessment method we proposed in our preliminary work
[35] on arobot patient. To achieve this, the number of param-
eters that were measured was first reduced by avoiding the
installation of redundant sensors on the robot. Integration of
the robot patient with the assessment method was verified
by conducting an experiment with nursing teachers. In addi-
tion, the difference between the robot patient and SPs were
analyzed, after which the developed robot patient was deter-
mined to be suitable for use in future applications in clinical
training to enhance nurses’ skills. Furthermore, the results
are beneficial for education purpose especially with respect
to low actual patient accessibility.

The remainder of the study is structured as follows. Sec-
tion 2 introduces the patient transfer process. Section 3
presents the methodology, and Sect. 4 describes robot patient
development. Section 5 describes the experiment and subse-
quently outlines the results. Section 6 discusses and interprets
the results in detail. Section 7 concludes this study and com-
ments on future research that can expand the knowledge
gained in this study.

Measure

Patient Robot \
Sensors on _Evaluate
Robot Patient === Nurse

Sensors Installed on
the Robot Patient

(b)

Fig.1 The evaluation system and robot patient for transfer skill learning from (a) previous study and b the integration of this study

2 Patient Transfer Skill

During a patient transfer, a patient is moved from a bed to a
wheelchair, or vice-versa. This skill is indispensable in the
care of hospital patients who must use the restroom. However,
such transfers are considered difficult [36] due to the involve-
ment of patient-nurse interactions and full body mechanics.
Appropriate body mechanics allow the strength of the patient
to be used during the transfer, which prevents injury to the
nurses. For example, when repeatedly lifting patients to assist
them in standing, inappropriate body mechanics may cause
lower back pain in nurses [37]. Employing correct body
mechanics increases the safety and comfort of patients [38].
However, such body mechanics are difficult to learn with-
out opportunities to practice with patients. Therefore, we
selected patient transfers as the skill that requires enhance-
ment.

According to nursing materials, an appropriate transfer
method differs depending on a patient’s conditions, such
symptoms and disability. In this study, we first focused on
a specific elderly patient who experienced weak muscle
strength and functional independence in the lower limbs.
Patients in situations such as these are in need of transfer
assistance.

2.1 Procedure

In this study, the transfer process begins with the patient sit-
ting on the bed. It involves transferring the patient from the
bed to a wheelchair. Figure 2 presents the transfer proce-
dure. The main steps include placing the wheelchair, moving
the patient to the edge of the bed, mutual hugging, assisting
the patient to stand, pivot turning, placing the patient in the
wheelchair, and final posture adjustment.

@ Springer
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Fig.2 A diagram of the patient transfer procedure

2.2 Checklist for Patient Transfer Skill

To evaluate the transfer skill, Lin et al. [35] proposed a check-
list to transfer a patient suffering from weak lower limbs.
The checklist includes both correct and incorrect methods,
which were determined based on discussions with nursing
teachers and reviews of nursing materials, as presented in
Fig. 3 and Table 1. There are a total of 16 steps in a trans-
fer when performed with the correct methods, whereas there
are 12 steps in a transfer comprised of 13 incorrect methods.
The incorrect methods represent common mistakes made by
nurses based on the clinical experience of nursing teachers.
However, both the correct and incorrect methods presented
in Table 1 are only limited to patients who are affected by
weakness of the lower limb. This is because other types of
patients would have to be handled in different ways, and the
corresponding common mistakes would also differ.

3 Methodology

An HPS typically contains a number of sensors that measure
data, which is crucial information that represents the con-
dition of a patient. For example, Noh et al. [28] measured
the pressure and force from the simulator to indicate airway
conditions. However, most previous studies have not inves-
tigated the relationship between the measurements from the
patient and the skill of the nurses or therapists. To address
this issue, Lin et al. [35] examined the relationship between
patient movements and nursing skill. The results revealed
that patient measurements can be used to evaluate nursing
skills. Accordingly, this study aims to use the sensing func-
tion of an HSP to assess the transfer skills of the nurses. The
robot patient can emulate the patient and evaluate the skills
of the nurses without a need for sensors in the environment
or on the trainees. Such integration of a robot and evaluation
system also allows us to solve problems encountered in our
earlier studies [17], in which applicability was reduced due to
the need to calibrate cameras and install sensors on trainees.
Specifically, if the training location is changed, the cam-
era must be re-calibrated, where a large number of trainees
requires a time-consuming sensor installation process.

@ Springer
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3.1 Indirect evaluation of the transfer skill method

This study employed the indirect evaluation method described
in [35], in which only the patient is measured during the
transfer skill evaluation. Employing the indirect evaluation
method allows us to avoid the use of sensors and cameras
to measure nurse movements. Under such a method, patient
movement becomes independent for assessments. This indi-
rect method can assess the nursing skill due to mutual and
physical iterations between the patient and nurse. There-
fore, such indirect evaluation approach it is necessary for the
nursing students who are capable of executing the transfer
correctly or incorrectly to contribute to the patient move-
ment. According to the results of an experiment conducted
with an SP, the skill of the nurse has a significant effect on
patient movement. And the effects of the following incorrect
transfer methods differ from those observed when following
the correct transfer methods, as listed in Table 1. For exam-
ple, in step No. 14, if a nurse does not lower the waist while
helping the patient sit in a wheelchair, the patient would sit
down more rapidly with an increased translational accelera-
tion.

3.2 Evaluation Parameter Determination

In our previous study [35], we measured thirty parameters by
using the simulated patient, as presented in Table 2. However,
some of the data was redundant in terms of the evaluation of
the correctness of the nursing skills. This was because some
of the data did not indicate the different effects of follow-
ing the correct or incorrect methods, and the correctness of a
skill in a certain step can be inferred from more than one mea-
sured data. Moreover, it is preferable to minimize the number
of measured parameters in order to simplify the mechani-
cal development of the robot. Therefore, to more effectively
evaluate the transfer skill, we used a smaller number of
parameters to reduce and determine the evaluation parame-
ters. Toreduce the number of parameters, a statistical analysis
in the form of the t-test was conducted to examine the level at
which the difference is significant, and the independent vari-
able was set as the correctness of the skill (correct/incorrect).
In each step, the parameter which is the most different under
the incorrect method was determined. Accordingly, the thirty
parameters were reduced to eight parameters, as presented
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Fig. 3 The correct and incorrect methods for each step in the patient transfer procedure. The “v"” represents a correct method while the “X”
represents an incorrect method

in Tables 2 and 6. These eight parameters are marked witha  3.2.1 Translational Acceleration of the Waist

cross sign in the table and are also illustrated in Fig. 4.
Translational acceleration can represent the dynamic trans-

lational movement of a patient, which is caused by forces
exerted by a nurse during a transfer procedure. In previous
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Table 1 Transfer skill checklist

Step

Correct Method

Incorrect Method

Effect on patient under incorrect method

No. 1

No. 3

No. 5

No. 6

No. 7

No. 12

Place the wheelchair at the
bedside and adjust the angle
to 20 — 30°

Place the wheelchair near the
bed

Apply the wheelchair brakes

Place one of your feet
behind you and the other
foot between the feet of the
patient

Enable the patient to sit on
the edge of the bed by shift-
ing the position of their bot-
tom

Adjust the patient’s leg pos-
ture and move the patient’s
ankle closer to the bed

Place both arms of the
patient on your shoulders
and hug patient

Clutch the lower back of the
patient

Place your right foot behind
you and the left foot between
the feet of the patient

Squat down and lower your
waist to prepare to help the
patient stand up

Make the patient lean for-
ward, then assist the patient
to stand

Use your left foot as a pivot
axis to help the patient turn
toward the wheelchair

Place the wheelchair at the
bedside at a large angle

Place the wheelchair very far
from the bed

Do not apply the brakes

5-(1) Move the patient to the
edge by pulling the patient
straight without shifting
their bottom

5-(2) Do not move the
patient to the edge of the bed

Move the patient’s ankle far
from the bed

Do not place both arms of the
patient on your shoulders

Place your feet in incorrect
positions: left foot behind
you and right foot between
the feet of the patient

Do not bend your knees and
lower your waist

Do not make the patient lean
forward first; make them
stand up vertically

The patient must be turned
at a large angle while turn-
ing them from the direction
of the bed to that of the
wheelchair

The patient must be moved
a long distance from the bed
to the wheelchair

The wheelchair will slide
backward when the patient
sits down in the wheelchair

The patient’s trunk will
not be rotated. Instead, the
trunk will be directly pulled
toward the edge of bed

The patient’s trunk must be
bent down at a relatively
large hip angle to allow them
to stand up from a sitting
position at the inner side of
the bed

The knee angle will become
smaller when the patient’s
ankles are placed far from
the bed; the maximum value
of the knee angle also
becomes smaller during the
standing process

The patient’s arms should
hang down during the turn-
ing process

The patient experiences
unstable movements, such
as lateral swaying, during
a turn from the bed to the
wheelchair

The patient will be lifted up
rapidly with greater upward
acceleration

The patient’s hip angle
extends without a flexion
while standing up because
the trunk was not bent

@ Springer
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Table 1 continued

Step Correct Method Incorrect Method Effect on patient under incorrect method

No. 13 Place one of your feet — —
behind you and the other
foot between the feet of the
patient

No. 14 Lower your waist to prepare Do not lower your waist but The patient’s hip angle
to assist the patient to sit bend your knees to assist the extends without a flexion

patient to sit down while sitting down because
the trunk is not bent

No. 15 Lean the patient’ trunk for- Do not allow the patient Patient will rapidly sit down-
ward while assisting the to first lean forward before ward with increased down-
patient to sit assisting them to sit down ward acceleration

No. 16 Make the patient sit Lift the patient up vertically The hip angle will first
against the backrest of and release the patient to extend and then flex when

the wheelchair by leaning
the trunk down and pulling
back

allow them to sit against the
backrest of the wheelchair

following the incorrect
method, which differs from
the correct method, i.e., the
hip angle will first flex and
then extend

Table 2 Parameters obtained by
measuring the SPs in [35]

Table 3 Level at which the
difference is significant
(p-value) of translational

Type of measurement

Measured locations

Z.
e

Translational acceleration

Rotational speed

Joint angle

AWaist
Chest
Both arms
Both legs
Waist
2Chest
Both arms
Both legs

Shoulders (extension/flexion)

Shoulders (external/rotation rotation)
4Shoulders (abduction/adduction)

Elbows (extension/flexion)

 Hips (extension/flexion)

Hips (external/rotation rotation)
Hips (abduction/adduction)

4Knees (extension/flexion)

Ankles (plantarflexion/dorsiflexion)

NN NN NN NN NN~ = NN = =

#Represents the determined parameters to be measured from the robot patient

Step

Value Waist Chest

R_arm

L_arm R_leg

L_leg

No. 3

acceleration measured at

different locations of the SPs

No. 10
No. 14

0.034
0.494
0.046

0.162
0.572
0.178

0.432
0.901
0.067

Peak-to-valley
Peak-to-valley
Peak-to-valley

0.296
0.612
0.067

0.485
0.535
0.230

0.485
0.854
0.172
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Table 4 Level at which the

difference of the rotational Step Value Waist Chest R_arm L_arm R_leg L_leg

speed measured from different No. 1 Angular displacement 0.091 0023 0040 0056 0057  0.073

locations of the SPs is . .

significant (p-value) No. 5-(1) Variation of angular distance 0.042 0.020 0.042 0.030 0.040 0.164
No. 9 Min.-to-max. 0.079 0.045 0.416 0.463 0.165 0.362

studies [35], the translational acceleration was measured at
six locations of SPs to investigate the effect of both correct
and incorrect skills. Based on the comparisons in Table 3,
the parameter measured from the waist reveals the most sig-
nificant difference in the steps (Nos. 3, 10, and 14) related to
upward/downward and front/back movements of the trunk.
In addition, it indicates that the translational acceleration of
the waist allows for a more effective evaluation of the steps
related to standing and sitting compared with other locations.

The peak-to-valley value of the translational acceleration
(z-axis), where the valley is subtracted from the peak value,
can reveal the forces that are exerted on the patient. A sin-
gle peak and valley is generated when acceleration occurs
due to an inertial measurement unit inside the IMU sensor
that senses the oscillation. For example, in step No. 10, if
a nurse does not lower their waist while lifting the patient
to a standing position, the patient will move upward more
rapidly with an increased translational acceleration. Addi-
tionally, while attempting to seat a patient in a wheelchair,
if a nurse follows an incorrect method and does not lower
the waist (step No. 14), this leads to increased translational
acceleration because the patient is not supported stably.

In addition, the translational acceleration (x-axis) experi-
enced while sitting in the wheelchair in step No. 3 can reveal
that the nurse has not applied the brakes on the wheelchair.
If the brakes are applied before the patient is seated in the
wheelchair, this will increase the peak-to-valley value of the
translational acceleration measured when the patient stops
moving backward. We measure the translational accelera-
tion beginning at the waist of the patient because the nurse
takes hold of the patient’s waistband to move the patient dur-
ing a transfer. Therefore, measurements from the waist can
reveal the most sensitive movement.

3.2.2 Rotational Speed of the Chest

In our previous study [35], the rotational speed was measured
at six different locations on the patient. Based on the analysis
presented in Table 4, the rotational speed (z-axis) of the chest
revealed the most significant difference in steps involving the
rational movements of the patient. This is because the rota-
tional speed measured from the chest (i.e., the upper trunk)
can more sensitively reflect movements, such as unstable
swaying or lateral rotation, of the upper body during rotation.

@ Springer

Therefore, among the six measured locations of rotational
speed, the chest was determined to be the most sensitive.

The variation in angular distance, which is calculated
using the rotational speed (z-axis) of the chest, can reveal
how different transfer methods affect patients during a trans-
fer to the edge of a bed in step No. 5. If the nurse follows
incorrect method 5-(1) and directly pulls the patient to the
edge of the bed without shifting the position of their bottom,
there is no obvious variation in angular distance. In addition,
the rotational speed (z-axis) can be used for inferring the cor-
rectness of nursing skill during pivot turning. For example,
in step No. 1, the angular displacement was computed by
multiplying rotational speed by time and performing a sum-
mation. The obtained angular displacement can illustrate the
differences in the results obtained under correct and incorrect
methods.

Also the min.-to-max. rotational speed value can represent
the rotation-related motions of a patient during transfer. The
min.-to-max. value is calculated by subtracting the minimum
value from the maximum value, and its range represents the
speed variations that occur while the patient is being turned. It
was found that the min.-to-max. Value of the rotational speed
during the turning process could illustrate the differences
between the correct and incorrect methods. Accordingly,
with incorrect foot placement of step No. 9, it is difficult
for a nurse to turn the patient; thus the patient that cannot
be smoothly and stably turned would be have a lager min.to-
max. rotational speed.

3.2.3 Joint Angle of the Shoulder, Hip, and Knee

Based on the results in [35], the joint angles are essential
when interpreting the change in a patient’s position. Further-
more, more than one joint angle can reveal the significant
difference in a single step. Thus, to minimize the parameters
relating to the joint angle, we compared the level of signifi-
cance of the difference obtained in the statistical analysis, as
presented in Table 5. Finally, the joint angles of the shoulders
(abduction/adduction), hips (flexion/extension), and knees
(flexion/extension) were determined to assess the steps in
which each of them exhibits the most significant difference.
However, uninformative joint angles, such as the elbow, were
excluded, as presented in Table 6.

The hip and knee angles represent a patient’s lower limb
movements. For example, for the standing and sitting move-
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Table 5 Level of significance (p-value) of the difference in the joint angle measured at different locations of the SPs

Hip (ext./flex.) Hip (abd./add.) Hip (rot.) Knee (ext.) Ankle (add.) Shoulder (abd./add.) Shoulder (rot.) Shoulder (ext./flex.) Elbow (ext./flex.)

Value

0.140
0.061

0.484

0.471

0.450 0.050

0.057

0.377 0.337

0.025

Angular distance

No. 2

0.430

0.150
0.490
0.225

0.380
0.030

0.340
0.050

0.040

0.160
0.128
0.330
0.441

0.360
0.500
0.130
0.442
0.204
0.030

< 0.001
0.011

No. 5-(2) Maximum

0.083

0.430

< 0.001
< 0.001
0.440
0.046

Initial

0.6

N

0.282

0.100
0.030

0.330

0.300
0.440

0.010

Maximum

0.500
0.470

0.250
0.200

0.450

< 0.001
0.120
0.631

0.250

Maximum

No. 7

0.235

0.076

0.160
0.530
0.410

0.027

Maximum

No. 11

0.623

0.535

0.560
0.080

0.031

0.015

Init.-to-max.

0.453

0.080

0.110
0.053

0.430 0.410

0.140
0.035

0.020

Maximum

No. 15

0.356
0.370
0.320

0.632

0.234 0.053

0.034

0.240
0.320
0.452

0.001

Extremum (min./max.) < 0.001

Max.-to-end

0.030

0.110
0.230

0.200
0.435

0.160

0.462

0.010

0.190
0.121

No. 16

0.632

0.040

< 0.001

Extremum-to-end

ments in step Nos. 5-(2), 11, and 15, the maximum hip joint
angles are smaller when following incorrect methods. Addi-
tionally, the init.-to-max. angle of the hip joint is smaller
when using the incorrect method described in step No. 11.
Here, the initial angle is the angle before standing. Similar to
step No. 6, the initial, which is the angle measured after the
nurse adjusts the patient’s ankle before standing, and max-
imum angle of the knee joint reveal how the correct and
incorrect transfer methods can affect the patient. When fol-
lowing the incorrect method, the initial and maximum angles
become smaller. Similar to step No. 2, there is an increase
in the variation in the angular distance of the hip joint if the
wheelchair is placed at a distance from the bed as such a
placement forces the patient to walk additional steps, which
increases the variation in the hip angle.

In step No. 15, the common mistake is assisting the patient
to sit on the wheelchair without performing downward lean-
ing of their trunk. This incorrect method leads to a decrease in
the maximum and max.-to-end hip joint angles. Here, the end
angle is the angle measured after completion of this step’s
sitting procedure. The last step, i.e., No. 16, involves adjust-
ing the patient’s posture, making them sit against the backrest
of the wheelchair. The correct method is to hold both arms
of the patient, make the patient lean forward, and then pull
the patient back to sit against the backrest. In the incorrect
method, the patient is lifted upward by their armpits and then
released to lay on the backrest. The extremum (max./min.)
and extremum-to-end values of the hip angle illustrate the
differences between the correct and incorrect methods. The
correct method yielded a minimum value while the incorrect
method resulted in a maximum value. Also, the extremum-
to-end value, which represents the variation in the hip angle
from the extremum value to the end when the patient lays on
the backrest, yielding a smaller value when using the incor-
rect methods. Furthermore, the shoulder angle can be used to
infer the correctness of the nursing skill during the patient’s
upper limb placement in step No. 7.

4 Development of a Robot Patient

In our previous studies [32], patient movements were sim-
ulated through the development of a robot patient and
controlling methods. To integrate an evaluation system into
the robot patient, we improved the prototype robot patient by
installing IMU and angular position sensors to measure the
parameters used for evaluation.

4.1 Hardware
The robot comprises a head, upper limbs, waist, hips, and

lower limbs, as shown in Fig. 5. The size of the robot was 158
cm, which was designed considering the height of an aver-
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Table 6 The parameters measured by the robot patient to evaluate a nurse’s transfer skills

Step Effect on Measure parameter Value
No. 1 Turning toward the wheelchair Rotational speed of the chest (z-axis) Angular displacement
No. 2 Moving toward the wheelchair Joint angle of the hip (flexion/extension) Variation of angular distance
No. 3 Sitting down on the wheelchair Translational acceleration of the waist (x-axis) Peak-to-valley
No. 5-(1) No. 5 Rotational speed of the chest (z-axis) Variation of angular distance
No. 5-(2) Standing up Joint angle of the hip (flexion/extension) Init.-to-max.
No. 6 No. 6 & Standing up Joint angle of the knee (flexion/extension) Init. & max.
No. 7 No. 7 Joint angle of the shoulder (abduction/adduction) Maximum
No. 9 Turning toward the wheelchair Rotational speed of the chest (z-axis) Min.-to-max.
No. 10 Standing up Translational acceleration of the waist (z-axis) Peak-to-valley
No. 11 Standing up Joint angle of the hip (flexion/extension) max. & Init.-to-max.
No. 14 Sitting down Translational acceleration of the waist (z-axis) Peak-to-valley
No. 15 Sitting down Joint angle of the hip (flexion/extension) Max. & Max.-to-end
No. 16 No. 16 joint angle of the hip (flexion/extension) Extremum (min./max.) &
Extremum-to-end
a motor. Furthermore, the waist joint was developed with
7~ » two pitch-and-roll DoFs using a motor and harmonic drive.
809,;;;,/ + - O\ [ Ny MU The knee joint was equipped with an electromagnetic brake,
e \ii ( k 0 which was applied when the robot assumed a standing pos-
shoulder angle [ /| “mu : Hip angle ture. Finally, the ankle joint was designed as a free joint to
(abduction) 0 ‘ i\ (__fextension) allow posture adjustments on the footrest of the wheelchair.
k ‘I A J E = 12\0\1 All mechanisms were connected to an ARM development
’ { } | , “ ' ’:‘)\\ board through RS485 ports. The Poard was.ﬁ.xed to t.he chest
(L— | )| L_ | ;’ Keen";ngle of the robot. A speaker and a voice recognition device were
y y | y x | [ P ({extension) installed to respectively relay the voice of the robot and

Fig.4 The determined parameters to evaluate a nurse’s transfer skills

age Japanese female. Because a heavy load could increase
the possibility of injuring the nurse lower back during incor-
rectly executed skills [39], the robot’s weight was temporarily
reduced to 32 kg, which is 60 % of the average weight of a
Japanese adult female of 53 kg. If necessary, the weight can
be adjusted by adding weight units to a hollow space within
the robot’s chest and limbs.

The robot patient was developed with 18 degrees of free-
dom (DoFs) in total to reproduce the movements required
to learn the transfer skills. Four DoFs were implemented for
each robot arm using servomotors. These include the pitch,
roll, and yaw rotation of the shoulder and pitch rotation of
the elbow. Additionally, each lower limb was designed with
four DoFs, representing the pitch and roll rotation of the hip
and pitch rotation of the knee and ankle. The pitch rotation
of the hip joint was developed using a motor connected to a
reduction gear. The roll rotation reproduces passive adjust-
ments performed by nurses to correct the sitting posture of
a patient. Thus, we developed a free rotation joint without

@ Springer

receive commands from the nurses.

To measure the joint angle, servo motor encoders were
employed on the shoulder and hip joints. In addition, an
angular position sensor was installed on the knee joint to
measure the joint angle. In the working of the angular posi-
tion sensor, the rotation causes changes in the resistance,
which subsequently get converted to changes in the output
voltage that can be computed as a corresponding angle. The
encoder also generates different pulses by employing a rotat-
ing code disc during rotation and transmitting it to an angular
position. The encoders and angular position sensor were also
connected to the ARM development board through RS485
ports. Furthermore, to measure the translational acceleration
of the waist and rotational speed of the chest, we used two
six-axis IMU sensors. An IMU is based on MEMS technol-
ogy. Furthermore, it collects both translational acceleration
and rotational speed based on the principle of the piezoelec-
tric effect. Each IMU sensor was connected to a Raspberry Pi
board through an SPI serial communication. Both Raspberry
Pi boards were placed on the chest, such that one was con-
nected to the ARM development board, as shown in Fig. 5. To
minimize the need for wired connections, a router was used
to connect both Raspberry Pi boards to external computers.
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Fig.5 The configuration of the developed robot

4.2 Software

To reproduce patient actions, Huang et al. [31] proposed a
robot patient controlling method. The action planning for the
robot patient involved five steps: preparing to stand, standing
up, turning, sitting down, and sitting. Voice commands and
limb posture of the robot patient were used by the nurse to
identify the steps being executed. The trigger for preparing to
stand is the shoulder angle that occurs when the nurse places
the arm of the robot patient on their shoulder before standing
up. The trigger that begins to turn after standing up is the
knee angle that extends to 10°, which represents the end of
the standing up step. The trigger to sit down is the voice
command “Please sit down.” The trigger for sitting occurs
when the angle of the knee joint indicates a flexion greater
than 80°.

To observe and analyze patient movement, we must ensure
that all data are measured and saved within the same time
series. Specific values must be extracted from the data at cer-
tain times to ensure an accurate comparison. For example,
the peak-to-valley value may of translatioinal acceleration
require extraction at the exact moment the robot sits down
in the wheelchair. Therefore, an algorithm to measure and
save the data in a synchronized manner was implemented
using three programs in the ARM development and Rasp-
berry Pi boards. Figure 6 shows a flowchart of the algorithm.
Raspberry Pi board (1) was configured as the master board
that receives angle data delivered from the ARM develop-
ment board, as well as the triggers sent from Raspberry Pi
board (2). The rotational speed of the chest and joint angles

were stored in Raspberry Pi board (1) while the translational
acceleration of the waist was saved in Raspberry Pi board
(2). The communication between the Raspberry Pi boards
was performed using Wi-Fi while communication between
the Raspberry Pi and ARM boards was achieved with a USB
cable. Furthermore, all data were recorded with a time stamp,
enabling the segmentation of the time series data. As the
transfers being evaluated are not typically performed at high
speeds, we selected a sampling rate of 20 Hz. The synchro-
nization capability of the proposed algorithm was verified.
The time tolerance between different data measuring identi-
cal action was 10 ms, which was within the range of allowable
error.

5 Experiment
5.1 Purpose

Differing from the previous experiment, which employs the
nursing teacher SPs and measures thirty parameters, the fol-
lowing experiment aims to verify if the proposed evaluation
method, which uses a robot patient with lesser parameters,
is feasible. Furthermore, we aim to analyze the similarities
between the robot patient and the SP interactions during
transfer procedures to validate the simulated learning carried
out using the robot patient.
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Fig.6 A flowchart of the proposed measuring system

5.2 Participants

Four experienced nursing teachers, two males and two
females, participated in the experiment. The age was 48 £
4.55 years (mean £ SD), aheight of 168.5 £ 12.16 cm (mean
4+ SD), and a weight of 58 £ 9.9 kg (mean + SD). All
nursing teachers possess clinical experience in hospitals and
teaching experience at nursing schools. They were asked to
conduct both correct and incorrect methods. The experiment
was approved by the Ethics Committee at the University of
Tokyo. All participants provided their written informed con-
sent in advance.

5.3 Experimental Setting and Procedures

The environmental setting for the patient transfer included a
bed and wheelchair. The height of the bed was set to 50 cm,
which allowed the knees of the patient to bend at 90° while
the patient sat on the bed. A camera was installed to record the
experimental trial, which was used as a reference to extract
the time series data for the translational acceleration, rota-
tional speed, and joint angle. In addition to the participants,
there were two staff members in charge of remotely operating
the Raspberry Pi boards through two laptops. Another staff
member stood beside the robot patient to handle emergent
incidences, such as accidental falls.

At the beginning of the experiment, an orientation of the
robot patient was performed. The teachers were then allowed
to gain experience with the developed robot patient for a
brief period. During this time, all participants were asked to
perform the steps of the correct and incorrect methods, as
shown in Fig. 7. Each method was performed twice. Based
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Fig. 7 Experimental trials conducted by the nursing teachers with the
robot patient

on concerns that students can be considered novices with-
out clinical and teaching experience, they have difficulties
repeatedly reproducing both correct and incorrect methods.
This may also lead to a variation in the difference of the
incorrect methods, which are common mistakes based on
the clinical experience of the nursing teachers. Therefore,
we recommend that the nursing teachers conduct both the
correct and incorrect methods. In addition, to avoid the order
effect, the trial order was rebalanced for each participant.

After completion of the transfer trials, the time series data
were extracted from the raw data. The extracted data gener-
ated during the performance of correct and incorrect methods
were subsequently compared and analyzed.
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5.4 Results

The experiment results were analyzed by using the t-test to
determine whether a significant difference exists between
the correct and incorrect methods. In addition, Tukey’s HSD
was employed to modify the level of significance between
evaluation parameters. Furthermore, the specific values in
the time series data, such as the maximums, were extracted
from the row data. For the analysis, the input of each teacher
represented the average values from two repeated trials.
Tables 7, 8, 9 list the experimental results, the SD value of
the four participants in each method, and the p-value. Also,
the effect size of Cohen’s d, which is used to estimate the dif-
ference between two samples rather than confounding with
the sample size, was obtained. This suggests that the value
d > 0.8 should be considered as a large effect size, which
implies that the difference is hardly affected by sample size.
In addition, all steps with significant differences (p < 0.05)
reveal that the effect size of the designed experiment was
large.

The results illustrate significant differences in the incor-
rect methods No. 1, 3,5-(1),6,7, 11, 14, 15, and 16. And also
the both correct and incorrect methods had identical effects
on the robot and SP.

In four incorrect method of the checklist (i.e., Nos. 2, 5-(2),
9, and 10), we were unable to assess by using the determined
parameters due to non-significant differences. Moreover, in
most of these steps, the robot patient and SP exhibited differ-
ent effects when both were treated with the incorrect method
(or certain effects were also different with the correct meth-
ods). The possible reasons for the non-significant differences
between the correct and incorrect methods, as well as incon-
sistencies between robot patient movement and the SP, are
presented in the discussion section.

5.4.1 Translational Acceleration of the Waist

The translational acceleration of waist reveals significant
differences between the correct and incorrect methods for
step Nos. 3 and 14. In step No. 3, a significant difference
(p = 0.040) between correct and incorrect methods were
noted during seating down on the wheelchair. Additionally, in
steps No. 14, a significant differences (p = 0.021) were also
observed, According to Fig. 8, when the incorrect method
was followed in step No. 14, the measured peak-to-valley
value (z-axis) was larger than that measured for the correct
method.

However, in step No. 10, a non-significant difference
between the correct and incorrect methods was observed (p =
0.899). This result differs from [35], who reported an SP that
exhibited a higher translational acceleration with the incor-
rect method. The discussion section proposes a solution for
evaluating this step.

Table 7 The translational acceleration of the developed robot patient

Cohen’s d

p-value

SD (cor./incor.)

Teacher D
Correct

Teacher C
Correct

Teacher B
Correct

Teacher A
Correct

Value

Step

Incorrect

Incorrect

Incorrect

Incorrect

1.514
0.437

0.040
0.899
0.021

4.71/3.11
0.82/0.59

49
27
36

5.

9.08
4.45
4.35

6.47
2.49

14.12

4.86
2.64

10.05
2.97
5.03

11.69

3.77

19.44
2.55
3.10

4Peak-to-valley

No. 3

3.

3.45
6.

Peak-to-valley

No. 10

8. 1.27/2.44 3.405

12.06

14

10.55

14.14

4Peak-to-valley

No. 14

#Indicates that a significant difference was found between the correct and incorrect methods
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5.4.2 Rotational Speed of the Chest

Significant differences in rotational speed under correct and
incorrect methods were noted in steps Nos. 1 and 5. In step
No. 1, which relates to placing the wheelchair at a certain
angle, a significant difference was noted (p = 0.016) in the
rotational angular displacement, and its value becomes larger
under the incorrect method. In addition as shown in Fig. 9,
the variation in rotational speed becomes smaller than correct
method. This causes the variation in angular distance com-
puted from rotational speed exhibits a significant difference
(»=0.001) under the incorrect method 5-(1), and also reveals
a smaller value than correct method.

In contrast, in step 9, the correct method requires nurses
to place their right leg behind them, and place their left leg
between the feet of the patient, while in the incorrect method
nurses place their feet in the opposite positions. However, a
non-significant difference between the correct and incorrect
methods was found during pivot turning (p = 0.899).

5.4.3 Joint Angle

Significant differences in joint angles were observed in five
steps, allowing us to infer the correctness of nursing skills.
The incorrect methods for step Nos. 6, and 11 affected the
joint angle of the patient’s lower limbs during standing. In
step No. 6, a significant difference was observed at the initial
knee angle (p < 0.001), which is the knee angle observed after
the nurse moved the patient’s ankles toward the bedside. We
also observed a significant difference in the maximum angle
(p < 0.001) during standing. When the ankle was placed
too far from the bed, the initial and maximum angles became
smaller. In step No. 11, in which the nurse assisted the patient
to stand, the maximum angle of the hip joint (p < 0.001) and
variation from the init.-max. (p = 0.001) of the hip angle had
significant differences. As shown in Fig. 10, when following
the correct method, these two values are larger than when
following the incorrect method.

In step No. 7, the maximum angle of the shoulder became
smaller when the incorrect method was followed, exhibiting
a significant difference (p < 0.001) from the correct method.
This occurred because the patient’s arms were raised and
placed on the nurse’s shoulders. In the sitting process of step
No. 15, we observed a significant difference on both the max-
imum (p = 0.002) and max.-to-end (p < 0.001) angles of
the hip joint. Both angles became smaller with the incorrect
method. In the last step, i.e., No. 16, in which the patient’s
posture was adjusted to be seated against the backrest of
the wheelchair, a significant difference was observed in the
extremum value (p = 0.007) of the hip joint. The maxi-
mum extremum value was obtained using the correct method
while the minimum extremum was found using the incorrect

method. Moreover, the variation between the extremum-to-
end angle also revealed a significant difference (p = 0.027).

However, the variation in the angular distance of step No. 2
did not yield a significant difference (p = 1.000). In addition,
in step No. 5-(2), although we observed a larger hip angle
during standing when the nurse used the correct method by
not moving the patient to the edge of the bed, the difference
in the hip joint angle (p = 0.964) is insignificant. And such
results are discussed in the following section.

6 Discussion

Based on the determined parameters (i.e., the translational
acceleration of the waist, rotational speed of the chest, and
joint angles of the shoulder, hip, and knee), we can distinguish
the correctness of the nursing skills in nine of the incorrect
methods (Nos. No. 1, 3, 5-(1), 6,7, 11, 14, 15, and 16.). The
desired results were obtained in this study, because less infor-
mative and redundant parameters were removed and were not
measured. Thus, the final eight parameters that were deter-
mined make it possible to sensitively assess the effect of
correct and incorrect skills on the robot patient. Such results
prove that the parameter determination and indirect evalua-
tion method, in which sensors are only installed on the patient
(and not on the trainees or in the environment), are practi-
cal for evaluating nurse transfer skills. The obtained results
also support the results obtained in our previous study [35].
Moreover, the relatively small number of determined param-
eters avoids the need for redundant sensors and simplifies
robot development because this only requires IMU and angu-
lar position sensors. Among the determined parameters, the
knee and hip angles allow us to infer nursing skill correct-
ness for four steps (Nos. 6, 11, 15, and 16), which all relate to
standing and sitting. Therefore, the joint angles of a patient
are crucial elements that reveal lower limb body mechanics.
Furthermore, this experiment provides explicit evidence of
the influence that nursing skill has on the patients. In addition
to being useful for evaluating nursing skills, the quantitative
data measured from the patients are essential in practical
training for clinical examinations, where the accessibility to
actual patients is relatively low.

In this study, eight parameters were determined based on
the results obtained from SPs in the pre-work [35], and we
expected these parameters to reveal a significant difference
between the correct and incorrect methods on the checklist;
however, four of the steps (i.e., Nos. 2, 5-(2) 9, and 10) exhibit
insignificant differences. This result is plausible because of
the different movements when both the robot patient and SPs
were handled using incorrect methods (or certain steps that
were also different even though the correct method was used).
As aresult, those steps cannot be used to evaluate the nursing
skills by using the parameters that were determined using the
experimental results obtained with the SPs.
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The main differences between the SP and robot patient
may be due to the mechanical design of lower limb joint.
Originally, the lower limb of the robot was developed with
a passive joint (i.e., a brake) to simulate a paralysis patient,
differentiating them from the SPs portrayed by healthy indi-
viduals. According to experiential results obtained with an
SP [35], a transfer from a bed to wheelchair resulted in
a larger variation in the hip angular distance if the nurse
placed the wheelchair too far from the bed in step No. 2
because the patient was required to walk a longer distance,
and, thus, take more steps. However, the robot patient devel-
oped with the passive joints on the lower limbs could not
engage in such walking behaviors, which arguably resulted in
anon-significant difference between the correct and incorrect
methods of step No. 2 for the robot patient. To assess step No.
2, we conceived a solution employing a tracking algorithm
and IMU sensors. For the correct and incorrect methods, there
was a significant difference in the transfer distance between
the bed and wheelchair, which can be computed by the IMU
tracking algorithm. Although such approaches have been
widely applied, future studies must still address issues that
relate to optimization tuning, noise levels, and IMU sensor
placement before their implementation. We plan to address
these issues in our future studies to improve the proposed
evaluation system.

The other insignificant difference in the hip angle was
observed in step No.5-(2). Although the same tendency was
observed for each participant in the experiment, namely a
larger maximum hip angle for the incorrect method and
smaller maximum hip angle for the correct method, the dif-
ference is insignificant. The patient’s trunk needs to be bent
downward to a greater extent when the patient is not moved
to the edge of the bed before being assisted to stand up.
But hip angle obtained from the robot patient was not bent as
obviously as SPs. And it is probably owning to that the stand-
ing behavior requires voluntary force to support the patient’s
weight is hardly to reproduced by the robot patient only
developed with passive joint of lower limbs. Thus, to build a
more reliable system to assess the incorrect method, another
type of measurement had to be employed to determine the
forward translational acceleration (x-axis) of the waist. This
was necessary because, when the incorrect method was used,
the patient was not moved to the edge of the bed; therefore,
almost no forward translational acceleration occurred before
standing up, i.e., 0.46 & 0.086 m/s> (mean & SD). In con-
trast, for the correct method, a larger value of 6.04 £ 1.124
m/s*(mean + SD) was measured for the forward transla-
tional acceleration. Accordingly, a significant difference (p
= 0.021) was obtained, the same as the difference that was
previously found for the SPs [35].

In addition, passive joint design may also contribute to a
non-significant difference in step No. 10. In this step, the cor-
rect method requires the nurse to squat down and lower their

waist before assisting the patient to stand, whereas the incor-
rect method does not specify such preparations. According
to [35], for the correct method, the assistance provided to
the SP for standing included an increased upward transla-
tional acceleration. This plausibly occurred because the SP
was simulated by a healthy individual who can voluntarily
stand with an external supporting force from the nurse. In
addition, when the nurse lowered their waist and squatted
down, they exerted a greater force to lift the patient. These
results were only observed when measuring SP movements
completed by healthy individuals, i.e., not when measuring
robot patient movements developed with passive joints to
simulate a paralysis patient. One solution is to investigate
whether other measured data can be used to classify nursing
skill against both a paralysis patient simulated by a robot and
a healthy patient portrayed by a healthy individual. Even-
tually, we found that the forward translational acceleration
(x-axis) of the waist can yield a significant difference (p =
0.031) between the correct and incorrect methods with the
robot patient. This parameter has a larger value 8.962 £1.068
m/s? (mean + SD) when the correct method is used, and a
smaller value for the incorrect method 3.607 +0.731 m/s?
(mean + SD). Additionally, a difference was also observed
for the SP by analyzing the results reported in [35].

In the experimental results reported in [35], step No. 9
(which pertains to the nurse’s foot placement) is charac-
terized by a difference in the rotational speed of the chest
based on limited data from a single trial of the correct and
incorrect methods involving two participants. In these tri-
als, the min.-to-max. of the rotation speed increased during
the turning process as a result of the nurse’s incorrect feet
placement. However, according to the results of this study,
there is a non-significant difference between the correct and
incorrect methods of this step. Moreover, no other measured
parameters yielded significant differences during the turning
process. According to [34], a wide, staggered stance with the
left or right foot forward causes differences in the lumbar
shear and compression force during sudden loading, such as
when lifting the patient to stand up. Thus, we reasonably
suspect that foot placement may cause a significant differ-
ence during the standing process, as opposed to the turning
process. We will verify this as an extension in future studies.

Based on the evaluation system prototype introduced into
the robot patient, we can firstly distinguish between the com-
mon incorrect methods summarized in the checklist for the
patients affected with weakness in lower limbs. Furthermore,
to ensure that the correct and incorrect methods can be appro-
priately executed, both methods are conducted by nursing
teachers instead of their students. However, in a real clinical
training environment, the students, especially novices, may
exhibit a wide range of incorrect actions, which are proba-
bly not included among the incorrect methods determined to
give rise to the most common mistakes found in this study.
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However, at present, both the correct and incorrect methods
listed in the checklist were verified as the first step in our
progression. Future extension of this work to identify other
incorrect methods used by the students would enable us to
obtain a clear blueprint as a result of further observation dur-
ing additional real clinical training.

As an initial stage to integrate the robot and the assess-
ment, we first aim to work with patients who are specifically
affected by weak strength rather than healthy individuals,
during the transfer task. In addition, the present assessment
only addressed the common mistakes of nursing students
based on the clinical experience of nursing teachers.

Furthermore, because the effect of the level of skills on
a patient’s movement is essential for the evaluation, cases
in which the nurses are unable to move the robot patient, or
their assistance does not enable the patient to move, remain
difficult to assess. Thus, those situations are not considered in
this study. Furthermore, incorrect methods that do not result
in the patient being moved could perhaps cause the trainees to
become injured. Thus, when employing the developed robot
patient for clinical training, basic orientation such as that
implemented in this study is necessary.

7 Conclusions and Future Work

In this study, we integrated a robot patient equipped with an
IMU and angular position sensors with a transfer skill evalu-
ation system, with the goal of improving nursing student edu-
cation in understaffed schools. By referring to the experimen-
tal results obtained with a simulated patient [35], we deter-
mined that the translational acceleration of the waist, the rota-
tional speed of the chest, and the joint angles of the shoulder,
hip and knee of the robot patient should serve as the parame-
ters for nursing skill assessments. The prototype robot patient
reported in [32] was improved to measure these parame-
ters. In addition, a synchronized algorithm was proposed to
measure and record the parameters. An experiment was con-
ducted with four nursing teachers who were asked to perform
both the correct and incorrect patient transfer methods.
According to the results, the translational acceleration of
the waist can be used to evaluate two of the transfer steps
while the rotational speed of the chest can be used to distin-
guish between the correct and incorrect methods in two of
the transfer steps. Joint angles can be used to classify the cor-
rect and incorrect methods in five of the steps. In these steps,
the nurse transfer skills contribute to significant differences
between the results of the correct and incorrect methods. In
addition, these differences have an identical effect on both
the robot patient and SP. This shows that the developed robot
patient can be used in transfer skill training. However, there
are three steps where nurse skills cause different impacts on
the robot patient and SP. As a result, we were unable to use

@ Springer

the determined parameters to distinguish between the cor-
rect and incorrect methods. The solutions required to assess
these steps on the robot patient include using other frontward
transnational acceleration directions and employing a tracing
algorithm in conjunction with an IMU.

In future studies, we will implement an algorithm to track
distances using the IMU on the robot patient to ensure the
evaluation of additional steps. We also plan to examine how
patients are affected when nurses place their feet in incorrect
positions when assisting patients to stand. In addition, we
will conduct an experiment with a larger number of partici-
pants to obtain further statistical agreement and determine the
threshold of each step. Furthermore, we intend to measure the
effectiveness of learning and skill improvement of the nurses
after they have practiced using the developed robot patient
and compare the results by practicing with actual patients. In
addition, the transfer of learnings from the robot patient to
the actual patient should be addressed. Preliminary approval
of patients suffering from weakness of the lower limbs was
obtained for this study; therefore, we plan to continue this
work by including more patients with other diseases in future
work.
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