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Abstract: With the development of science and technology, people are trying to use robots to assist in
stroke rehabilitation training. This study aims to analyze the result of the formative test to provide
the orientation of upper limb rehabilitation robot design optimization. We invited 21 physical
therapists (PTs) and eight occupational therapists (OTs) who had no experience operating any upper
limb rehabilitation robots before, and 4 PTs and 1 OT who had experience operating upper limb
rehabilitation robots. Data statistics use the Likert scale. The general group scored 3.5 for safety-
related topics, while the experience group scored 4.5. In applicability-related questions, the main
function score was 2.3 in the general group and 2.4 in the experience group; and the training trajectory
score was 3.5 in the general group and 5.0 in the experience group. The overall ease of use score
was 3.1 in the general group and 3.6 in the experience group. There was no statistical difference
between the two groups. The methods to retouch the trajectory can be designed through the feedback
collected in the formative test and gathering further detail in the next test. Further details about the
smooth trajectory must be confirmed in the next test. The optimization of the recording process is
also important to prevent users from making additional effort to know it well.

Keywords: upper limb robots; rehabilitation; stroke; formative test

1. Introduction

Stroke has been one of the top ten causes of death in the past ten years in Taiwan [1]
and usually leaves various sequelae, such as motion function disability, paresthesia, and
cognitive dysfunction [2]. The sequelae of stroke not only affect patients’ future daily
lives but also cause the occurrence of other diseases. With the development of science
and technology, people try to use robots to assist in rehabilitation training [3,4]. The
functions of rehabilitation robots include the assistance of training actions, the recording
and analysis of rehabilitation training, and providing the environment for functional
activities. Studies show that the effect of robot-assisted therapy has no statistical difference
compared with conventional therapy [5,6]. Compared with conventional rehabilitation
training, the advantages of robotic rehabilitation training include allowing the therapist to
assist multiple patients’ training at the same time, recording and analyzing the patient’s
training process, providing a reference for the formulation of training plans, and creating
an environment closer to daily life for functional activities training.

Training for upper limbs is usually more diverse than lower limb training, and the time
required for rehabilitation is usually longer. Therefore, we hope to study the technology
of rehabilitation machines in the field of upper limb rehabilitation. There are many types
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of stroke upper limb rehabilitation robots on the market [7–9]. They can be divided into
proximal and distal training robots according to training joints. Most of the proximal
robots provide training for motions of shoulder joints, elbow joints, and pronation and
supination [8], while the distal robots provide training for motions of the wrist joint
and finger joints [10]. The contact between the robot and the limbs can be divided into
exoskeleton [11] and end-effector robot [12]. The exoskeleton robot connects the user’s
arm with multiple points. The rotation axes of robot joints usually coincide with human
joints. The end-effector robot connects the user arm at the distal point only. One recent
study shows that the end-effector robot is better than the exoskeleton with regard to
participation and activity among chronic stroke patients [13], and another study shows
that the exoskeleton robot is better than the end-effector robot in the treatment of finger
motor impairment [14]. The range of training action space can be divided into 2D and
3D training space approaches. 2D rehabilitation robots usually come with a desktop to
bear the patient’s arm weight, helping them to focus on practicing motion control [15].
Training activities are limited to those on the desktop. Robots with a 3D training range
can provide motion closer to the activities in reality, and gravity compensation is usually
provided by robot motors [16–18]. Though robot-assisted therapy is known to have the
same effect as conventional therapy, it still has room for development and study. Along
with the kinematic sensors being widely used in the robot-assisted system and the data
analysis technique being mature, recent studies research deeper into the interaction between
robots and humans, and the relationship between kinematic data and human activity by
quantifying the performance of humans and robots.

It has been decades since people studying trajectory planning and smoothing com-
monly applied the technique to the trajectory planning of automated vehicles and industrial
manipulators. The main target of the trajectory planning process is to generalize a path
from the start to the endpoint with kinetic constraints. Studies develop path-planning
methods and optimized algorithms that generate obstacle-avoiding and collision-avoiding
trajectories, like roadmap technologies, cell decomposition algorithms, artificial potential
methods, and retraction techniques [19]. The trajectory-planning methods focus on shorter
paths, lower energy consumption, and other constrained kinetic conditions [20]. With
the development stage comes to the practical application; the technologies of real-time
trajectory updating [21,22] and noise tolerance [23,24] are developed to face the dynamic
environment. Further optimization of trajectory planning is developed by applying artifi-
cial intelligence techniques like neural networks, evaluation algorithms, swarm intelligence,
and fuzzy logic [25,26].

The formative test is commonly performed during the design process of medical
devices to optimize their safety and ease of use [27]. A reliable formative test can reduce
the required number of tests during development and make the design process much
more efficient. The medical device usually goes through several formative tests before
the usability test. As the pilot test of usability, the result of the formative test is crucial
for the development team to provide orientations of optimization. The purpose of this
study is to analyze the result of the formative test to provide the orientation of upper
limb rehabilitation robot design optimization and to discuss the process of transferring
qualitative feedback of questionnaire results to quantitative industrial specifications.

2. Materials and Methods

U100 (Figure 1) is an exoskeleton robot designed by HIWIN Technologies Corp.,
Taichung City, Taiwan [28]. It supports the 3D motions in the range of motion of the
shoulder, elbow, and wrist supination/pronation. The motion recording function is the
main function of U100. The therapist leads the patient‘s arm by leading the exoskeleton arm
and recording suitable training motions for them, and therefore is able to highly customize
training plans. With the real-time gravity compensation function, the therapist can lead
training motions without loading the weight of the patient’s arm and the exoskeleton.
Another feature of U100 is spasticity protection [29]. When the robot detects abnormal
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torque and the risk of hazards, it will provide a reverse torque inversely proportional to the
distance between the robot and the patient, creating a virtual wall between the robot and
the patient.
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Figure 1. Upper limb rehabilitation robot U100 (permitted via HIWIN Technologies Corp., Taichung
City, Taiwan).

The formative test in the study is the first out-of-plant test of U100. Considering that
the device has not passed the usability test, we invited a standardized patient, who is a
healthy subject, instead of a real patient, to ensure safety during the test. Also, asking the
standardized patient to simulate the situation can reduce the variables among tests. The
main subject of the formative test is to study the safety, the feasibility of the motion record
function, and the ease of use of operations to figure out the optimized orientation of U100.
As a pilot study of the clinical feasibility and the usability of the robot, we invited a small
group of potential operators of U100 to join the test, including 21 physical therapists (PTs)
and 8 occupational therapists (OTs) who have no experience in operating any upper limb
rehabilitation robot before to participate in the test experiment as the general group. In
addition, to compare the upper limb rehabilitation robots on the market, and to compare
the opinions of therapists with different experiences with the rehabilitation robots, we also
invited 4 PTs and 1 OT who have experience in operating upper limb rehabilitation robots
as the experience group.

The experiment process is shown in Figure 2. First, the operation method is demon-
strated to the therapist, then a standardized patient is asked to simulate the situation in the
treatment room, and finally, the therapist is asked to fill in a questionnaire in the interview.
The demonstration takes about fifteen minutes; then, the therapist has fifteen minutes to
practice the operation process. After the practice, the therapist will operate the device fol-
lowing the simulated situation, and it takes about thirty minutes. The standardized patient
acts like a patient who has right hemiplegia 2 months after stroke and is Brunnstrom Stage
II, and the setting environment is in an independent treatment room in the hospital, and
there are only therapists, patients, and family members or caregivers in the room. Training
tasks and function testing include passive range of motion (PROM), functional activities,
troubleshooting procedures in emergencies, etc. There are two types of questionnaires:
multiple-choice and open-ended questions (Supplementary materials). Participants fill out
the questionnaire in an interview. The content of the questionnaire includes the safety of
the rehabilitation robot for therapists and patients, the clinical applicability of the robot’s
functions and the operational process, and the ease of use of the operational process. We
also inquired about suggestions for the future development of the robot.
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The Likert scale question, a psychometric scale, is one of the most widely used question
types. It is easily summarized and is often used in a formative test [30–33]. In a Likert scale
survey, respondents are asked how much they agree or disagree with a set of statements
using a particular survey question instead of choosing between yes and no. To quantify
the subjective opinion of therapists, we designed the questionnaire referring to the System
Usability Scale (SUS). To know the usability of the robot compared to the conventional
rehabilitation training, we planned the questions based on conventional training activities
(Supplementary materials). The five-point agreement scale used to measure respondents’
agreement with various statements in our study has the advantage of obtaining more
detailed opinions compared to numerical rating scales and is easy to understand and
respond to. An average score of 3 points is considered to indicate that the robot has a
similar function to conventional rehabilitation training and is applicable in clinical settings.
Safety is recognized as safe with a score of 3 or more, and ease of use is recognized with
a score of 3 to operate correctly without specific training or practice since the robot does
not require passing an exam of operation before using it. Open-ended questions manually
extract the number of people who are reflected in the statistical opinions after keyword
classification and present them as a percentage of the total number of experimental people.

The demographic statistics of recruited therapists are shown in Table 1. The main
clinical experience of PTs is in neurological and orthopedic physiotherapy fields, and the
main clinical experience field of OTs is physiological functional therapy.
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Table 1. Demographic statistics of recruited therapists. Main clinical experience field of PTs and OTs.

PTs General Group Experience Group

Neurological 8 1
Orthopedic 13 3

Cardiopulmonary 0 0
Pediatric 1 0

OTs General Group Experience Group

Physiological 6 1
Pediatric 2 0

Psychological 0 0

3. Results

The results for the multiple-choice questions are shown in Table 2 in the average
score of all questions related to the topic. We use a two-tailed, two-sample equal variance
(homoscedastic) t-test in Excel to analyze the difference between the two groups. For
safety-related topics, the general group scored 3.5, and the experience group scored 4.5.
Regardless of whether the therapist has experience in operating rehabilitation robots or
not, the rehabilitation robot is considered safe for therapists. The experience group scored
significantly higher than the general group. In applicability-related questions, the main
function score was 2.3 in the general group and 2.4 in the experience group. The overall
ease of use score was 3.1 in the general group and 3.6 in the experience group. There was
no statistical difference between the two groups in applicability and ease of use topics.

Table 2. The average score of questions on related topics in the questionnaire.

Mean Median Stan. t-Test

Safety General 3.5 3.2 0.7
0.03Experience 4.5 5.0 0.6

Clinical feasibility of
motion record function

General 2.3 1.8 0.6
0.46Experience 2.4 2.0 0.2

Ease of use
General 3.1 3.0 0.8

0.26Experience 3.6 3.7 0.7

The result shows that the record function has a low score of less than 3, which is not
applicable in clinical. The reason for the evaluation is shown in the answers to open-ended
questions, sorted out in Table 3.

Table 3. Recommendations in open-ended questions about the record function.

Subject No. Recommendations

1 It is hard to record a constant speed trajectory manually.
Update the function that makes the speed constant.

2 Retouch the replaying trajectory.

3 The unsmooth trajectory could raise muscle tone.
Retouch the replaying trajectory.

4 The unsmooth trajectory could raise muscle tone.
Retouch the replaying trajectory.

5
Retouch the replaying trajectory.
Used to lead patient’s arm with one hand in manual therapy, while the other
stays on the shoulder to prevent hazards.
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Table 3. Cont.

Subject No. Recommendations

6 Retouch the replaying trajectory.

8 Optimize the recording process to lead more smoothly.
The retouched trajectory may lose the effect of training.

9 Update the function of setting speed limits.
Update the function of modifying the speed of trajectory after recording.

10 Retouch the replaying trajectory.

11 Cannot record a smooth motion trajectory.

12 Retouch the replaying trajectory.

13 Optimize the recording process to lead more smoothly.
The friction in exoskeleton joints is too high to record a smooth motion.

14 Optimize the recording process to lead more smoothly or retouch the
replaying trajectory.

15 Update the function that makes the speed constant.

16 Retouch the replaying trajectory or update the function that makes the speed
constant.

17

Cannot record a smooth motion trajectory since the joints of exoskeleton
action are separated.
Recommend optimizing the recording process to lead more smoothly to
avoid the motion trajectory being modified.

18

Recommend optimizing the recording process to lead more smoothly to
avoid the motion trajectory being modified.
Cannot record a smooth motion trajectory since the joints of exoskeleton
action are separated.

19 Update the function to preview the recorded trajectory.
The function of adjusting replaying motion force.

21 Retouch the replaying trajectory.
Setting the interval between trials.

22 Cannot record a smooth motion trajectory at low speed.

23 Update the function of retouching the replaying trajectory or setting the
replaying speed.

24 Retouch the replaying trajectory or update the function that makes the speed
constant.

25 Retouch the replaying trajectory or set the replaying speed.

26 Cannot record the motion like leading human arm since the structure is
different.

27 Cannot record the motion like leading human arm since the structure is
different.

28 Cannot record a smooth motion trajectory due to the feedback of force of
exoskeleton joints.

29 Cannot record a smooth motion trajectory due to exoskeleton joints.

31 Cannot record a smooth motion trajectory involving multiple joints.

32 Cannot record a smooth motion trajectory involving multiple joints.
The friction of the supination/pronation joint is too high.

33 Provide several motion options to choose.

34 Update the function to adjust the recorded speed.
The friction of the supination/pronation joint of the exoskeleton is too high.
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The research on the optimization of the record function is discussed in the discussion
section.

4. Discussion

Since the operating experience of different robots may influence the operation and the
impression of ease of use, we will separately discuss the feedback of the experience group
and the general group and analyze the subject in the experience group.

4.1. Experienced Group

Five therapists with robot operating experience were invited to participate in the
experiment. The first subject is a PT having one to three years of clinical experience and
mainly working in the orthopedic and neurology fields. The robot operating experience
is a continuous passive motion machine. The safety of the device receives a score of 4.
The motion record function receives a score of 3 in clinical applicability. The therapist
thinks that the device replays the recorded trajectory. However, it needs a function to
retouch the trajectory after recording since it is hard to record a smooth motion involving
multiple joint movements without practice. Therefore, the therapist tends to use the device
in orthopedic rehabilitation. If the device is going to be used for other purposes, like
functional training, the therapist suggests the development team optimize the motion
record function to provide a smooth trajectory, adding visual feedback and preventing the
connection between the robot arm and the user’s arm to limit the motion of the distal limb.
The ease of use of the device operation receives an average score of 4. The therapist thinks
it is easy to learn and operate, and the instructions are easy to follow.

The second subject is an OT having one to three years of clinical experience and mainly
working in the physiology field. The therapist has the robot operating experience of a
self-made exoskeleton. The safety of the device receives a score of 4. The motion record
function receives a score of 3 in clinical applicability. The therapist thinks that the device
replays the recorded trajectory. However, it needs to provide the function of retouching
the trajectory after recording since it is hard to record a smooth motion involving multiple
joint movements without practice. If the device is going to be used for other purposes,
like functional training, the therapist suggests the development team optimize the motion
record function and add the assist and the resist training mode. The ease of use of the
device operation receives an average score of 3.6 because the therapist thinks the changing
side operation needs some practice.

The third subject is a PT having five to ten years of clinical experience mainly working
in the orthopedic and neurology fields. The robot operating experience is ArmeoSpring
from HOCOMA. The safety of the device receives a score of 4. The motion record function
receives a score of 2 in clinical applicability. The therapist suggests the development team
provide some preset motion models, adding the active range of motion practicing function,
and adding visual feedback. The ease of use of the device operation receives an average
score of 4.1. The therapist thinks it is easy to learn and operate, and the instruction is easy
to follow.

The fourth subject is a PT having over ten years of clinical experience mainly working
in the neurology and orthopedic fields. The robot operating experience is Reogo from
Motorika and Hand of Hope from Rehab-Robotics. The safety of the device receives a score
of 3.5. The therapist suggests optimizing the design of the connection bandage between the
user’s arm and the robot arm, including increasing the width and decreasing the thickness
to provide a more comfortable user experience for patients. The motion record function
receives a score of 2 in clinical applicability. The therapist suggests adding the trajectory
smoothing process and the speed-adjusting function. Regarding further optimization of
the device’s function, the therapist suggests adding the assist training mode, the visual
and audio feedback, and the training scheduling function. The ease of use of the device
operation receives an average score of 3.3. The therapist thinks the gravity compensation
process is too cumbersome and the process of changing sides takes too much time. The
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therapist suggests changing the design of the parts from screw type to bolt type to reduce
the time spent.

The fifth subject is a PT having over ten years of clinical experience mainly working
in the neurology and orthopedic fields. The robot operating experience is Reogo from
Motorika and P100 from HIWIN Technology Corporation. The safety of the device receives
a score of 3.5. The therapist suggests adding the function of assessing the range of motion
of the user’s upper limb before training. The motion record function receives a score of 2 in
clinical applicability since it is hard to record the demand motion. The therapist suggests
adding the range of motion of the shoulder’s internal/external rotation and aligning the
rotation axes of the user’s shoulder and the motor, providing the corresponding motion
more accurately. The ease of use of the device operation receives an average score of 3.1.
The therapist thinks the operation of changing sides and motion record function need some
time to practice.

Therapists in the experience group give similar opinions on the device. The therapist
is safe when operating the device, and the operating process is easy to learn. The motion
record function should be optimized for proper clinical use. For now, the device cannot
provide a smooth motion involving multiple joint movements since it is hard to record
one. The therapists do not have a consistent opinion of the reason for the unsmooth
recording; however, they all suggest adding the retouching process or option after recording.
Recommendations for further optimization of the device mainly focus on developing the
assist training mode (80%) and adding visual feedback (60%).

4.2. General Group

Twenty-nine therapists without robot operating experience were recruited for the
general group.

4.2.1. Safety

Regarding the safety issue, therapists gave average scores of 3.5. In the open-ended
questions, feedback from therapists mainly focuses on environmental safety. There are
six (21%) therapists who proposed adding functions of remote control and warning, and
three therapists (10%) who proposed adding the function of locking the control panel to
prevent the unintentional touch of others in the therapy room. Many of the hospitals in
Taiwan place the rehabilitation robot in an independent room and allocate an exclusive
therapist; therefore, the experiment sets the location of the situation in a room indepen-
dent from other patients. In this situation, the robot rehabilitation course is usually not
included in public health insurance. However, many of the therapists in the general group
train patients who take the health insurance rehabilitation course in their daily work, and
it usually takes place in an open therapy room. Since the development team does not
limit the operating location of U100 for now, they should consider the operating situa-
tion in an open therapy room with other people, like patients and therapists, walking
around. They should also consider the operating situation that the therapist may leave
temporarily because therapists usually train multiple patients at the same time in the open
therapy room.

4.2.2. Function

In the functional topic, we ask therapists to assess the clinical applicability of the
device and to give advice to optimize the design. The average scores of the function of the
device are 2.3 for the motion record function and 4.0 for the gravity compensation function.
Though the device does not claim to have the function of implementing functional training
and tension releasing, we are asking therapists to express their opinion about using the
device for these purposes to help the development team realize the designs demanded
of these functions. The suggestions therapists give to provide functional training for the
device mainly focus on the range of motion. Nine (31%) of the therapists suggest increasing
the range of motion of shoulder internal rotation and external rotation, and five (17%) of
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them suggest opening the motion of the wrist and the hand by redesigning the interface
between the distal arm and the device. As for the demanded designs of tension releasing,
therapists suggest adding tension sensors and the function of recording pain-free range
of motion.

Back to the main function of the device, which is the motion recording function,
therapists give scores of 2.3 for clinical applicability. Summarizing the feedback in Table 4,
the recommendations are sorted out into three different types (the reason for clinical
inapplicability, the optimized orientation, and the implementation method), and the counts
and the proportion of similar feedback are present in parentheses. Since there is no
significant difference between the two groups, we discussed the feedback together. The
main reason that lowers the clinical applicability is the replay trajectory of the recorded
motion. Practicing motion with no smooth trajectory has no benefit for learning quality
motions and may raise muscle tone.

Table 4. Summary of modifying recommendations.

Description (Count/Proportion) among Two Groups

Reason Unsmooth replay trajectory (31/89%)

Purpose Make the trajectory smoother

Orientation Adjust the trajectory after recording (16/46%)
Optimize the recording process (5/14%)

Methods

Retouch the trajectory after recording (13/37%)
Retouch the replaying speed constantly (4/11%)
Setting speed limitation (1/3%)
Adjust motors’ friction (3/9%)

Other feedback Update the preview function
Update the function to set the interval between trials

Engineers usually evaluate the benefit and the cost to decide on the implementation,
the orientation, and the method of modification. In this case, the benefit of the modification
is avoiding inducing the muscle tone and avoiding causing negative effects on the training.
The cost of modification is usually in accordance with the cost during the development
process and the cost of mass production after the modification. The effect of training is
the main function of U100; therefore, the benefit is enormous, and the modification of the
recording function is imperative.

The purpose of the modification is to make sure that the replay trajectory is smooth.
Therapists recommend two orientations to achieve the purpose, which is recording a
smoother motion or retouching the replay trajectory. They provide some advice to optimize
the function; however, some of the advice is partial in conflict or even contradiction. Sixteen
therapists (46 percent) recommend adjusting the replay trajectory after recording. Most
of the implementation methods they suggest are based on this orientation. To retouch the
trajectory, therapists recommend updating functions like setting constant speed, setting
maximum speed, adjusting speed and force manually, and previewing the trajectory. It
shows that therapists think smoothness is related to the replaying speed of the trajectory.

The meaning of smoothness is continuity. In mathematics, the definition of smoothness
is the continuity of the deviation of the function. The function may be a path of a certain
movement, the trajectory of robot control, the planned route of auto vehicles, or even
an audio track. In previous research, the measurements of smoothness in the motion
analysis field are not consistent. Some of them defined it as the number of peak speeds
during motion, some defined it as the mean speed divided by the peak speed (peak-speed
ratio), while others defined it as normalized jerk [34,35]. The measurements of movement
smoothness vary by sensorimotor, movements, and test requirements. However, only a few
of them verified the validity and reliability of measurement methods. The log dimensionless
jerk (LDLJ) and spectral arc length (SPARC) are two methods that verified validity, while
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SPARC verified its reliability, too [36]. According to the literature [32], the normal value of
smoothness depends on tasks. The smoothness of different tasks should not be compared at
the same level. What be determined in the previous work is that the movement of healthy
subjects is smoother than subjects with neurological injury. The level of smoothness can be
used as one of the references for recovery. Except for smoothness, the relationship between
these kinematic parameters and the motor function of the upper limb has not been clearly
defined. Research only shows that some of the parameters are moderate to high relative
to clinical scales of upper limb motor function. The peak-speed ratio is high relative to
the Motor Status score (MSS), the movement speed is highly relative to Fugl–Meyer score
(FM), and the movement accuracy is highly relative to FM, MSS, and the Motor Power
score (MP) [37].

In the trajectory planning of a robot manipulator, smoothness is shown by the conti-
nuity of velocity and accelerator of the endpoint and the regular velocity of robot joints
over time. Generally, when generating trajectories of the robot, the task points will first
be confirmed, then a path passing all the task points will be generated, and finally, the
trajectories will be generated after adding the trajectory constraints, like smoothness and
structure limits. Finally, it may go through a partial smoothing process or use transition
curves to smooth alone path segments. Trajectory smoothing applies interpolation and
curves, including polynomials, linear function with parabolic blends, cubic splines, Bézier
curve, asymptotic regression, etc., when generating trajectory. In the trajectory generation
of U100, we first have the recorded joint movement. U100 records the angular position of
motors over time in the recording process and replays it in the training. The robot arm
position over time of the replay motion can be calculated by applying the direct kinematics
process. After standardizing the coordinate frames of U100 (Figure 3), we can sort out
the DH (Denavit–Hartenberg) table of U100 in Table 5. The angular position of motors
over time can be transferred to the position over time of the robot arm. The velocity
can then be calculated by differentiating the position to the base of the time. So far, we
have the raw trajectory of the robot arm, and the next process is the partial smoothing
of trajectories. Since the smoothness value of arm movement depends on tasks, and the
main function of U100 emphasizes customization, which makes it hard to constrain the
training movement, it is difficult to obtain a healthy smoothness level for each recorded
motion. The partial trajectory smoothness process can only execute without constraint the
smoothness level between different movements. According to the previous work, the 2D
point-to-point movement from a healthy subject is in good agreement with the predicted
minimum jerk model [30]. Other studies about partial trajectory smoothing are mainly
applied to automated vehicle trajectory planning and obstacle avoidance [38–42]. Though
the purpose of many of these trajectory-optimized methods is to reduce the execution
time, they still provide a smooth trajectory. After smoothing the trajectory of the robot
arm, we can calculate the demand angular position of the motors by applying an inverse
kinematics process [43].

So far, the modification methods of retouching the trajectory can be preliminarily
designed. The clinical applicability of the smoothed trajectory needs to be confirmed in
the next formative test. Except for retouching the trajectory, we suggest the optimized
robot providing the preview function and the manual adjusting function with the new
trajectory. Since the retouched trajectory may not conform to the clinical needs, it may take
many rounds of optimization to reach the goal. Through these two functions, engineers
can collect the qualified trajectory as the reference for future designs. After recording and
analyzing therapists’ choices of the option and the final smooth trajectory, the details of the
recording function can then be consummated.
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i αi−1 ai−1 di θi

1 0 0 0 θ1

2 90
◦

0
√

d2
1 + d2

2
θ2

3 0 d3 d3 θ3

Although only five therapists (14 percent) recommend optimizing the recording pro-
cedure, since therapists mention the worry that the retouched trajectory may affect the
training effect, this orientation cannot be neglected. Therapists recommend making the
recording hand feel smoother and adjusting the friction of the exoskeleton joints. They
think that the hand feelings are different between leading the exoskeleton and the patient’s
arm, which causes an unsmooth trajectory. Manual therapy is widely used in stroke reha-
bilitation. Therapists are familiar with leading patients’ arms with specific control points
and finely adjusted speed and force. Comparing the manual therapy and the operations of
U100, there are several apparent differences. Visually, the control points and the structure
of the exoskeleton and the human arm are different. U100 is recommended to be operated
with both hands, with one hand controlling the upper arm linkage near the elbow joint
and the other controlling the handle near the patient’s hand. The exoskeleton shoulder
joints include three motors in different places on the exoskeleton, and the shoulder joint has
three motion axes that intersect at the same point. Though the rotation axes of motors are
close to human joints’ rotation axes, still there is a difference. Apart from visual differences,
therapists also mention the friction of exoskeleton motors. They think the friction of the
specific motor is too high and hinders them from recording a smooth trajectory. To simulate
the feeling, the friction of motors can refer to the friction of human joints. The quantity of
the friction of human joints can be measured, and the friction of motors can be calculated
by robot kinematics [44–46].

However, the difference in friction cannot be regarded as the difference in hand feel.
The relation between the device and the demanded hand feel is not clear, and the methods
of optimization are discrete. It is hard to design the modification that surely is applicable in
clinical settings since the design input is not clear. However, even if the device optimizes the
recording function by updating the retouching function, it can be expected that therapists
still have to try out and practice the leading process to record the suitable motion due to
the difference. As a function in accordance with conventional therapy, the ideal statement
is that therapists do not have to pay additional effort to know it well. The optimization
of the recording process should also be emphasized. To find the clear design input for
the optimized recording process, it can start by analyzing the difference between the raw
recorded trajectory and the smoothed trajectory, finding the relation between intermittent
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points and robot designs, or the relation between leading the exoskeleton arm and the
human arm.

4.2.3. Ease of Use

In the ease-of-use issue, therapists from both groups gave an average score of 3.0.
Therapists give scores for each operation process. The changing side process receives an
average point of 2.4. The process of getting a patient on the device receives an average
score of 2.8. The process of getting patients off the device receives an average score of 3.2.
The process of wearing the connection band on the patient’s arm receives an average score
of 3.1. The instructions for operating receive an average score of 3.4. Therapists’ feedback
focuses on the operation of changing the training sides. They think the screw-type design
takes too much time to operate (47%), and the device does not have clear instructions about
how loose the screw type needs to be to be operated (44%). They suggest the development
team change the design from screw type to bolt type (47%) to simplify the operation process
and reduce the necessary operating time. The connection band is designed to be used in
both the right and left hands, and there is only one size. Therapists suggest designing
multiple sizes (41%) and marking the orientation of the band for wearing it faster (29%). It
shows that therapists want the operation process to be simple, straightforward, and as fast
as possible.

With the feedback of therapists in this study, future works for optimizing U100 can start
by applying the smoothing process to the recorded trajectory and providing the preview
function and manual adjustment function to obtain the details of the smooth trajectory.
After providing a clinically applicable smooth trajectory, we suggest studying the difference
between robot therapy executed by U100 and manual therapy and analyzing of interaction
between the robot arm and the user’s arm. After studying the relations, U100 can assist the
training more precisely and provide a great operating experience that only takes a short
duration to practice. Except for providing a smooth replay trajectory, therapists recommend
developing the assisted mode and active mode for patients with better motor function, since
there is only a passive mode in U100 so far, and it is not suitable for providing challenging
training for them. The active and assisted mode combined with the previous smoothness
measurement function may also provide the referred criterion of motor function recovery.
This article provides a pilot study about analyzing the user experience in a formative test
and transforming the qualitative experience to the quantitative industrial specifications.

There are some limitations of this study that can be improved in future work. The
trajectory of the robot and the kinematics of the human arm have not been recorded in this
study; therefore, the trajectory difference between therapists cannot be analyzed. Reasons
for the unsmooth trajectory are only described through the user experience of the therapist,
lacking the analysis of the quantized statical data for a more specific discussion.

5. Conclusions

The safety of the novel rehabilitation device U100 is acceptable for the operators
in this formative test. Since the participants in this study do not include real patients,
further tests should be executed to confirm the safety. The operation process is easy to use.
The main function is not clinically applicable due to the unsmooth replaying trajectory.
We suggest starting the optimization by smoothing the trajectory after recording since
the related methods are more specific than modifying the recording process. Further, a
study about the clinical applicability of the smoothed trajectory after optimization should
be executed.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/s23219003/s1. Two types of questionnaires: multiple-choice and
open-ended questions.
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