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Abstract: With aging, cerebrovascular diseases can occur more often. Stroke cases involve hemiple-
gia, which causes difficulties in performing activities of daily living. Existing rehabilitation treat-
ments are based on the subjective evaluation of the therapist as the need for non-contact care arises;
it is necessary to develop a system that can self-rehabilitate and offer objective analysis. Therefore,
we developed rehabilitation tools that enable self-rehabilitation exercises in a virtual space based
on haptics. Thirty adults without neurological damage were trained five times in a virtual environ-
ment, and the time, number of collisions, and coordinates were digitized and stored in real time. An
analysis of variance (ANOVA) of the time and distance similarity changes revealed that as the num-
ber of rounds increased, no changes or increases occurred (p > 0.05), and the collisions and paths
were stable as the training progressed (p < 0.05). ANOVA showed a high correlation (0.90) with a
decrease in the number of crashes and time required. It was meaningful to users when performing
rehabilitation training more than four times and significantly impacted the analysis. This study an-
alyzed the upper limb and cognitive rehabilitation of able-boded people in three-dimensional space
in a virtual environment; the performance difficulty could be controlled through variations in reha-
bilitation models.

Keywords: haptics; stroke; virtual reality; upper limb; rehabilitation; kinematics

1. Introduction

Paralysis is a state in which the nerves innervating the muscles lose their function,
without changes in the form, resulting in limb numbness or the inability to move. Paraly-
sis can be divided into sensory paralysis and motor paralysis, which occur when there is
a disorder in any part of the exercise path from the motor center of the brain to the pe-
ripheral nerve and muscle fiber. Upper limb paralysis can result from different causes of
brain damage, of which stroke is the most common [1]. Fifty percent of stroke survivors
remain impaired, and most patients suffer from hemiplegia [2-5]. Typical clinical symp-
toms after stroke include hemiplegia and problems with activities of daily living (ADLs)
[6,7]. Minor dysfunction limits one’s daily life, negatively affecting the quality of life with
after-effects, including depression [8]. Furthermore, the recovery from these effects is slow
and difficult. Previous studies have reported that the upper limb function is decreased in
recovered patients [9,10]. Post-stroke patients experience severe stress owing to the gap
between previous independence and health and the current dependence on others for
ADLs. Thus, mediation is required to provide psychological stability and enable physical
rehabilitation [11-13]. Existing upper limb rehabilitation methods must be implemented
repeatedly over a long period, and rehabilitation is expensive and time-consuming. Fur-
thermore, the treatment is based on a subjective evaluation by a therapist [14,15]. Stroke
patients are evaluated by a neurological physiotherapist in clinical practice, and
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rehabilitation is performed using a proprioceptive neuromuscular facilitation, BOBOTH,
Brunnstrom, or Rood approach [16,17]. However, under-experienced therapists cannot
analyze a patient’s condition and are unable to receive and process feedback from thera-
pists and patients [18]. These problems have led to the development of low-cost, high-
efficiency rehabilitation treatments using digital media, such as virtual reality (VR) and
augmented reality [19,20]. Clinical rehabilitation using robots has been shown to be effi-
cacious in both acute and chronic patients, and improves function and daily movements
[21]. A rehabilitation treatment system developed for objective and quantitative evalua-
tion training using VR showed that tactile and vibration feedback improved neuroplastic-
ity [22-26]. Haptic, a human-computer interaction (HCI) technology, provides users with
information acquired by touch in virtual, augmented, and real environments [27,28]. The
device can present virtual forces; therefore, it can be used by physical and occupational
therapists for rehabilitation therapy. The hapticis capable of active resistance in the active
range of motion mode. This provides the minimum amount of force necessary to satisfy
the prescribed motion, which can be resisted by the user’s opposing force, thereby increas-
ing the muscle strength, and increasing the coordination of the eyes and arm muscles.
Therefore, it can be applied in rehabilitation [26,29].

Specifically, haptic and virtual reality-based rehabilitation therapy maximizes the
user’s sense of immersion within a low-cost and safe environment, allowing users to per-
form self-rehabilitation exercises [30,31]. In addition, haptic-based systems can be used
for rehabilitation based on the Rood approach. Rood therapy, which provides adequate
stimulation and enables reflexive motor induction, makes motor engram acquisition pos-
sible [32]. It also creates indelible memories through a simulation (promotion) and acti-
vates the brain through thousands of iterations, based on neuroplasticity theory [33-35].

Range of motion (ROM) is a method used by clinicians to check the health condition
of the joint and improve the range of motion, affecting the qualitative characteristics of
active motion [36]. The double-curved shoulder arc (Fit to Function Therapy, NY, USA)
(http://newsite. fittofunctiontherapy.com (accessed on 1 April 2021)) form (Figure 1) used
in upper limb rehabilitation is a rehabilitation tool that can check active movement
through abnormal conversion behavior and increase the performance difficulty through
multiple transformations [37,38]. However, tools that can be analyzed objectively ana-
lyzed during the rehabilitation in a virtual environment are currently being developed.
Therefore, there is an urgent need for non-contact diagnosis and rehabilitation to expand
the medical accessibility, and research on the development of rehabilitation tools capable
of self-rehabilitation exercise is urgently needed [39,40]. This work seeks to develop reha-
bilitation tools that enable self-rehabilitation training and analysis through haptics via
rendering and a rehabilitation model modified by a double-curved shoulder arc form to
the virtual environment. It was intended to conduct basic research with able-bodied peo-
ple to verify the reliability of the tool and present appropriate criteria through analysis
and methods that could identify the process of rehabilitation change.

Figure 1. Traditional rehabilitation; double-curved shoulder arc.
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2. Materials and Methods
2.1. System Design
2.1.1. Haptics

The coaching system, used video-based motion recognition and motion tracking, and
provided subject feedback. Haptic is a coaching device used for virtual reality or remote
rehabilitation and is detected by a sensor [41]. In addition, the two-way force provides
feedback, and a vibration and texture are used to maximize the user’s senses [42].

In this study, a three degrees of freedom (3DOF) haptic device (3D Touch Controllers,
Novint Falcon, NM, USA) for translational motion was used. There are a maximum of
3DOF joint motions in the body [43,44]. The user was moved using a haptic probe. In this
case, x, y, and z coordinates were obtained in real time, and the user’s position was tracked
within a three-dimensional (3D) virtual space using the OpenHaptics-based Chai3D API
written in C++. A 3D model rendered in a virtual space creates a mathematical model that
can be reproduced in space. A 3D object is represented by a 3D line through the rendering
process and can have a texture and volume similar to those of a real object. The 3D model
was created using the Auto Desk Inventor (Professional 2016, Autodesk, CA, USA) (Fig-
ure 2).

N

Figure 2. Upper limb rehabilitated by catching the haptic probe and passing through the three-
dimensional rehabilitation model.

Based on the algorithm presented in Figure 3, the model was developed to calculate
and provide feedback on the forces occurring in the virtual space when the haptic inter-
action point of the haptic probe, which is controlled by the user, collides through the
movement inside the rehabilitation model through the haptic probe. The system was de-
signed to count the number of crashes that occurred off the normal travel path. By meas-
uring the time from the entrance of the rehabilitation model to the exit, we received feed-
back on the time taken for rehabilitation, identified the pathways, and visualized the
shortest distance through the model. The obtained coordinates were used to graph the
paths in 2D and 3D using MATLAB (Matrix Laboratory MathWorks 2018, MathWorks,
MA, USA).
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Figure 3. Design scheme of the proess to assess motor ability by providing force feedback and
storing collision data within the model during rehabilitation in real time.

2.1.2. Pre-Processing

Three preprocessing steps were applied to identify changes in performance through
the location coordination of the rehabilitation system, which was applied five times: (i) a
principal component analysis (PCA); (ii) normalization; and (iii) warping.

High-dimensional data processing makes it difficult to properly express the meaning
of the data owing to the exponential increase in observation and memory usage, which is
called the curse of dimensionality [45]. A PCA best describes changes in multivariate anal-
ysis data based on an eigenvector in statistics to return high-dimensional data to low-
dimensional data (dimensionality reduction) [46—48]. In this study, the covariance matrix
¥ was obtained by Equation (1) for raw data A, which are x,y, and z values stored in
real time. Here, T is the linear transformation, and n is the number of columns. Subse-
quently, the eigenvalues A and eigenvector a of the covariance matrix were calculated
and internalized with the original data X to extract the characteristics that appeared dur-
ing the rehabilitation while preserving the three-dimensional data as much as possible.

2 =cov(X) = %AAT 1)

Subsequently, the category of the data was transformed by Equation (2) into [0, 1] to
minimize data duplication and reduce its impact on the relative size [49,50].

A=A
Normalization(Ayey) = =

Amax - Amin (2)

The lengths of the normalized datasets were bound to vary from one person to an-
other. A 1:1 convergence is difficult when vectors differ in length; therefore, the sequence
of the two time series to be compared was intended to be matched. Here, X =
(%1, %2, , %) and Y = (y4,¥,,+,¥,) were defined, the Euclidean distances were ob-
tained, and the warped vector was obtained through Equations (3) and (4) [51].

W =w;,wy, -, wymax(mn) < K<m+m-—1 3)

Warped vector(x,y) = min ( wy, /1) 4

i=1
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2.2. Evaluation

In this study, the Euclidean distance (ED) and Manhattan distance (MD) were used
to analyze the similarity through the distance between two vectors expressed in n-dimen-
sions to observe the difference from the first results of the same person after using the
rehabilitation system five times. In addition, we analyzed the similarity with the dynamic
time warping (DTW) method, which is a distance-based similarity measurement com-
monly used in a time series. It is also intended to analyze whether the two vectors have a
linear relationship through cosine similarity (CS) and correlation coefficient (CC), which
are methods of measuring the similarity based on the angles that they form. The similari-
ties were analyzed using MATLAB software. We wanted to verify the hypothesis by set-
ting it as null and void the idea that the change in performance will increase or be equal
to the number of applications. The confidence interval of the ANOVA was set at 95% using
Minitab software (version 19, Minitab, Inc., State College, PA, USA); it was used to verify
the hypothesis of the distance similarity analyzed earlier and the significant difference
between the number of collisions and the time required in the experiments conducted by
30 subjects. Tukey’s post hoc test was used to analyze the correlation between the number
of crashes and the time required to complete the course.

2.2.1. Subjects

This study was conducted after receiving approval from the Research Ethics Review
Committee(1040875-202009-BM-068) and 10 min of prior explanation of experiments, con-
sent descriptions, etc., to the participants. Experiments were performed five times every
30 s and took a total of 15 min. A total of 30 healthy people in their 20s (22.6 + 2.37 years)
who were not diagnosed with neurological impairment participated in this study. Before
starting the training program, the participants were verbally instructed to move from the
entrance to the exit. The time taken to complete the course and crash records were not
mentioned.

2.2.2. Euclidean Distance

The ED, a measure well suited to the meaning of the actual distance, is a measure of
the shortest direct route election between two vectors using Equation (5) [52,53].

k
ED = |3 - x)? 5)

2.2.3. Manhattan Distance

The MD is also called a taxicab geometry and is the concept of substituting coordi-
nates for cities. In other words, the idea is that, in real cities, when moving from the start
point to the arrival point, the shortest distance must be recalculated based on the roads
and any blocks because they are not accessible, similar to calculating ED [53]. These ex-
pressions are given by Equation (6):

k
MD = = i ©)
i=1

2.2.4. Dynamic Time Warping

DTW is used to compare the similarities between two time-series patterns at different
speeds [54]. By matching the positions between two time-series datasets, DTW can be flex-
ibly compared and properly matched against distorted vectors [55,56]. For two time-series
graphs, each m,n in length, i.e., X = (x1,x3,+,x,) and Y = (y1,y,, -+, ), distance d
of two vectors is calculated as (x; — y;)* and filled using a warping matrix. Subsequently,
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to find the smallest among the previous values, and to determine the warping path, the
optimal path navigation is determined through Equation (7), which is centered on the

value at the top right.
DTW(1,1) =d(1,1)
DTW(1,j) =d(1,j)+d(1,k—1), 2<j<n
DTW(i,1) =d(i,1) +d(i—1,1), 2<i<m @)
D@i—-1,j—-1)
DTW(i,j) = d(i,j) + min{ D({i—-1,j) , 2<j<n, 2<i<m
D(,j—1)

2.2.5. Cosine Similarity

The CS is the similarity of two vectors, which can be obtained using the cosine angle
between two vectors, with a value of 1 if the two vectors are in the same direction and —1
if it is opposite, and the closer the value is to 1, the higher the similarity [57]. The expres-
sion of the cosine similarity between the two vectors X = (xq,%,,,%p),Y =
(¥1,Y2,***,¥y) is the same as in Equation (8).

Z{‘{=1Xi Y

CS(O) = ———— =
(1X Yl J X \/ X (8)
Zi=1(Xi)2 ) Zi=1(yi)2

2.2.6. Correlation Coefficient

The CC, an indicator of the degree and direction of the relationship between variables,
is expressed as a value between —1 and 1. The closer the value is to zero, the lower the
correlation, and the closer it is to —1 or 1, the higher the correlation. A static correlation
of the direction of increase or decrease is defined as +, and a negative correlation between
the direction of increase or decrease is defined as - [58,59]. When there are two time-series
graphs X = (xq,%3,*, %) and Y = (¥1,¥,,**, ¥), the correlation coefficient is given by

Equation (9).
cc = L1 =D =)
- _ _ ©)
[Eae -0 20057
3. Results
Datasets preprocessed using PCA were preserved at an average rate of approxi-
mately 99.7%.

3.1. Visuality
3.1.1. Time Taken and the Number of Collisions

Figure 4a shows the treatment model in a 3D virtual space. The data expressed at this
time were raw data without preprocessing. In Figure 4b, the XZ axis identifies the x-axis
travel path of the haptic probe. Figure 4c shows the YZ axis used to check the path of
travel along the y-axis, and Figure 4d shows the YX axis used to check the path of the z-
axis. Figures 5 and 6 show the data obtained from five rehabilitation training sessions of
one of the subjects sequentially from the top. Figure 5a shows the movement coordinates
of the probe on a 3D graph, providing a visual indication of the path. Using a haptic probe,
hand tremors causing collisions and difficult movements were captured when passing
through the inside of the model. In addition, the gap shown in the 3D graph was narrow
when it was difficult to move the probe using the upper limbs. In addition, as the sessions
progressed, the gap between the sessions was greater than the first, as more rapid
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z axis

v axis

movements became possible. Figure 5b shows vector values over time. The vector value
of the section in all time axes stabilized as the rotation progressed.

Figure 6 shows the path of the x, y, and z-axes identified by the directions of the ar-
rows and numbers indicated in Figure 4. Figure 5 shows representative sequential reha-
bilitation data. The x-axis of the probe in the first row, the y-axis of the probe in the second
row, and the z-axis in the third row are identified. Movements were unstable until the
third rehabilitation session, and the direction changed dramatically and tended to be
overly skewed in the on-direction. However, the number of crashes in four and five reha-
bilitation sessions decreased with repeated learning.

(c) (d)

Figure 4. (a) Three-dimensional rehabilitation model rendered in virtual space, and view of the
model along the (b) XY axis, (¢) YZ axis, and (d) XZ axis in a two-dimensional plane.
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Figure 5. Three-dimensional paths of the probe and sequentially displayed time vector graphs: (a) 3D paths of the probes
in turn and (b) sequentially displayed time vector graphs. The 3D path graphs shows the collision points and movements.
The collision and time decrease as the rehabilitation progresses.
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Figure 6. These graphs are a 2D representations of the paths of movement stored in three dimenScheme.
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In the pre-processed dataset, the x-coordinates can show the characteristics of trem-
ors in which the subject approaches or moves away from the subject in the model when
applying the system. The y-coordinates are from the side of the moving position from start
to end, and the z-coordinates can show the characteristics of the upward and downward

tremors in the model.

Table 1 shows a descriptive statistics comparing the similarity between the first per-
formance and the second, third, fourth, and fifth time series. In the case of distance simi-
larity, it can be seen that the average distance of the x-axis is greater than that of the y-axis,
for which it is believed to be more difficult to recognize the depth of the space than the
height. In addition, for an angle-based similarity, the average was high (x avg.: 0.95, y avg.:
0.97, zavg.: 0.98), and the correlation was strongly positive (x avg.: 0.77, y avg.: 0.87, z avg.:

0.98) [60], indicating the relevance of the two time series.
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Table 1. Mean and standard deviation of the similarity verification results between time series.

Warped Vectors Similarity X y z
ED 3.27 +2.54 2.24+2.34 0.59 +0.59
MD 54.81 + 53.76 39.20 £ 62.20 5.92 +7.48
1and 2 DTW 17.02 £23.88 10.31 +26.35 0.72+1.78
CS 0.95+0.04 0.98 +0.02 0.99 +0.00
CC 0.79+0.13 0.88+0.10 0.98 +0.02
ED 2.66+2.10 2.30+2.07 0.70+0.61
MD 41.70+49.14 36.13 +50.00 6.29 +7.86
land 3 DTW 11.37 +17.41 9.25+19.96 0.86 +1.58
CS 0.94 +0.06 0.97 +£0.50 0.99 +0.00
CcC 0.75+0.13 0.87 +£0.10 0.98 +0.02
ED 2.98 +2.54 2.04+148 0.61 +0.61
MD 50.00 + 55.20 30.84 +33.54 5.71+7.75
land 4 DTW 15.13 £22.46 6.31 £8.79 0.73+1.77
CS 0.94 +0.08 0.98 +0.04 0.99 +0.00
CcC 0.75+0.15 0.88+0.09 0.98 +0.02
ED 2.88 +2.58 2.35+1.55 0.08 +0.77
MD 51.60 + 67.50 36.50 + 42.66 7.35+9.21
land 5 DTW 14.74 +25.34 7.90+13.14 1.23+£2.19
CSs 0.96 +0.04 0.98 +0.03 0.99 +0.00
CC 0.79 +£0.15 0.85 +0.09 0.98 +0.03

3.2. Statistics

3.2.1. Time Taken and the Number of Collisions

For the number of collisions showing significant differences (p = 0.00), there was a
large difference in the number of collisions (Table 2). The results of post-analyses con-
ducted to verify the significant differences in the number of collisions between the first
few rounds compared to the first found showed significant differences from the fourth to
the fifth time series, with an average 2.85-fold decrease (Table 3).

Table 2. Differences in the number of collisions that occurred during a rehabilitation process de-
pending on the sequence in which they were conducted.

df F
Between Groups 4 6.47 *
Within Groups 145
149

*p <0.05.

Table 3. Results of post-analysis analyzed by round when looking at the difference in the number
of collisions per route; there was a significant difference in the fourth and fifth rounds compared
to the first.

Mean Difference
aTa-D
0.56
1.60
2.73%
3.00 %
—0.56
1.03
2.16*

Rounds (I) Rounds (])

= W = 01 k= W
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243 %
—1.60
-1.03
1.13
1.14
-2.73 %
-2.16*
-1.13
0.26
-3.00 *
-2.43*
—1.40
—0.26

B W NP O W N~ O N = O

*p<0.05.

Comparison and analysis of the mean at each time point showed no significant dif-
ferences (p = 0.32) (Table 4). However, the correlation between the change in the number
of timescale collisions and the mean change in time was 0.09, and the time required de-
creased as the number of crashes decreased (Table 5).

Table 4. There was no significant difference in the time spent conducting rehabilitation by round.

df F
Between Groups 4 1.17
Within Groups 145
149

Table 5. Average changes in the number of collisions and time spent were highly correlated, indi-
cating that more than four rehabilitation attempts are recommended.

Time Number of
Spent Collisions
Time spent Corre} a’tlon 1 0.90 *
coefficient
.. Correlation
Number of collisions L 0.90 * 1
coefficient

*p <0.05.

3.2.2. Similarity

Figure 7 shows a box plot of the ANOVA results for ED, MD, DTW, CS and CC (p >
0.05). The x-axis requires spatial recognition horizontal to the ground, whereas the scatter
size of the y-axis, which indicates the total travel path in space, and that of the z-axis,
which requires vertical spatial recognition, shows that the perceived tremor values are
concentrated and that the deviation of the target is insignificant.
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Figure 7. Analysis of the similarity between the two time series vectors, ED, MD, DTW, CS and CC in turn: (a) x, (b) y, (c)

Z axes.

4. Discussion

Motion paralysis occurs when there is a disorder in any part of the movement path
from the motor center of the brain to the peripheral nerves and muscle fibers. Among
them, upper limb paralysis is the most common disorder after a stroke, for which various
treatment methods have been proposed, including rehabilitation exercise therapy through
initial collaboration with rehabilitation medicine to prevent future effects and help relieve
paralysis symptoms and restore motor function through repeated rehabilitation exercises
[36]. However, the existing rehabilitation exercise was conducted through a subjective
judgement of the occupational therapists. Thus, it is problematic when quantitative and
objective evaluations are not carried out. In addition, the need for non-contact diagnosis
and treatment has emerged to deal with the financial burden of repeated and lengthy re-
habilitation training [39,40]. Therefore, rehabilitation of psychological and motor therapy
through digital media, such as virtual reality and augmented reality, is emerging [37].
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Virtual reality allows the input and output of information from various objects in a
three-dimensional virtual space, and reverse-tactile information helps to realistically rec-
ognize various environments and increase user immersion. Moreover, virtual reality tech-
nology is in the spotlight for applications in rehabilitation because it can create individual
environments and perceptual stimuli that motivate patients while preserving the poten-
tial to interact with real environments, including the patients [38]. However, the spatial
cognitive abilities of virtual reality also require time for able-bodied adults to adapt to
multiple activities. In addition, the cognitive ability and analysis methods for three-di-
mensional space and the evaluation criteria for various rehabilitation tools are ambiguous;
therefore, basic research on each tool is urgently needed. In this study, rehabilitation tools
and analysis methods for analyzing haptic-based active upper extremity movements were
presented, and basic research was conducted by analyzing cognitive abilities in the three-
dimensional space of able-bodied adults.

In this study, a total of five rehabilitation evaluations were conducted using subjects
in their 20 s (22.6 + 2.37 years) with no neurological damage at intervals of 30 s. Subse-
quently, the hypothesis was verified after visualizing the change in the time and number
of collisions and the distance similarity using the data stored in real time.

As shown in Figures 5a and 6, the tremors on the paths of x, y, and z were significantly
reduced in the fifth round compared with the first round. At this point, the x-axis shows
the movement of the haptic probe of the subject inside and outside of the target, the y-axis
shows the path from beginning to end, and the z-axis shows the characteristics when the
haptic probe moves up and down. The movement in and out of a space indicates that the
depth of the space is level with the ground and differs from subject to subject based on
use. Conversely, the z-axis shows the difference between vertical surfaces within a space.
It can be interpreted that the abnormal values shown in Figure 7a,c are caused by the lack
of recognition of the depth of space. The y-axis with which the path of movement can be
viewed is ideal to move from left to right, but if reversed by a collision during rehabilita-
tion, if the space of the curve is not understood and if the understanding of the time of
termination is insufficient, a zigzag path will appear. Thus, as shown in Figure 7b, there
were more anomalies along the x-axis. The interpretation of the x, y, and z-axes is also
associated with hypothesis verification. As the number of uses increases, the cognitive
skills of the user in the space are improved, particularly when rehabilitation tools are ap-
plied more than four times. Over time, however, the null hypothesis was not rejected,
resulting in a significant or equal change in time. This means that there was time variabil-
ity in each subject of the study. The results in Figure 5b indicate that, although the time
appears to decrease, this is not the case for many of the subjects studied. Finally, it can be
concluded that the spatial cognitive ability of the subjects is not directly related to time,
but the correlation results in a reduction in the number of tremors and collisions from the
fourth round or higher.

In addition, the number of collisions can be described as a result of a change in dis-
tance similarity depending on the number of rounds compared to the beginning, which is
the result of a tremor. An example of the change in the distance of a vector shows that the
electron has a large rate of change in its distance between each point, compared with two
vectors having the same start and end points and two vectors having the same shaking
condition. As a result of this study, the null hypothesis that there will be the same large
difference between the two vectors was adopted in Figure 7; although the mean changes
in the x, y, and z-axes were not constant, the mean increased compared to the first and
fourth rounds on the x-axis, meaning that there would be a significant change in the spa-
tial recognition of the inside and outside when the rehabilitation was repeated four times.
The y-axis decreased until four iterations and then increased after five iterations. In addi-
tion, given that the path was different from the first time when was repeated five times,
the opposite situation on the ideal path was reduced by the fifth times, which means that
the opposite situation (zigzag movement) on the ideal path was reduced, and the values
were concentrated owing to the small spread. Finally, as the results of the z-axis indicate,
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the mean increased when compared with the first and third rounds and the first and fifth
rounds, which means that there was a significant change in the spatial cognitive abilities
above and below when the process was repeated three times and five times. In conclusion,
the changes in the number of collisions, time, and distance similarity can produce mean-
ingful results in at least four training sessions and can be analyzed.

In this study, compared to subjective evaluations of therapeutic performance by re-
habilitation specialists and rehabilitation therapists, experimental measurements of the
resistance, track speed, and location error due to unnecessary forces allow for the digital-
ization of data for more objective performance and treatment evaluations. Existing reha-
bilitation methods have shown that physical therapy conducted based on a therapist’s
subjective judgment can be analyzed and evaluated objectively through haptic-based re-
habilitation receptors called muscle spindles and Golgi tendon organs [61]. Therefore,
they can be used as a treatment to reduce muscle tension and enhance stability through
haptic-based stretching movements. In addition, physical therapy, such as strong stimu-
lation and tendon compression, is applied to the affected area, which stimulates the Pa-
cinian corpuscle, thus reducing muscle tension [62]. This study will allow therapists to
correct patient misbehavior and provide feedback on repetitive activities. In addition, vis-
ual, auditory, and olfactory stimulation of the brain nerves relieves myopia tension and
enhances stability, integrates the senses, and restores function [63]. Moreover, virtual re-
ality movements are shown on a screen to express the image of the haptic probe moving
on with its own on, and problems are solved by interacting with the tasks that appear on
the screen, creating user motivation [64]. In this study, the patients were able to recognize
their physical abilities objectively, understand the progress of their recovery, and evaluate
their visible physical abilities.

5. Conclusions

Based on the double-curved shoulder arc form, which is rehabilitation tool to check
an active movement, we developed a tool to analyze self-rehabilitation exercise through
haptic device and rehabilitation change processes. As a basic study analyzing the three-
dimensional cognitive ability of the rehabilitation environment applied in a virtual world
by selecting an able-bodied person as a target, it was possible to visually identify the
changes in time, number of collisions, and distance similarity according to the rotation,
and it was found that a meaningful analysis is possible only after at least four training
sessions. The results of this study indicate that, the level of difficulty in terms of perfor-
mance is thought to be controllable through a future transformation of the rehabilitation
model, and the approach can be used in occupational therapy. In addition, as a basis for
the Rood approach, it is possible to provide repetitive feedback and accumulate data ac-
cordingly, which can be utilized as big data. Furthermore, the system will be used in clin-
ical and rehabilitation sites to manipulate the perceived use, perceived case of use varia-
bles in the technology acceptance model, and external variables to analyze the interaction
with technology, user attitudes, and behavior.

Author Contributions: Conceptualization, E.B.K. and S.K. and O.L.; methodology and software E.B.K.
and S.K.; writing—original draft preparation, E.B.K.; writing—review and editing, E.B.K. and O.L,;
supervision, O.L.; All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Soonchunhyang University Research Fund, and the
Health Fellowship Foundation, and by BK21 FOUR (Fostering Outstanding Universities for Re-
search (N0.51999909140408).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors have no conflicts of interest to declare.



Sensors 2021, 21, 2790 14 of 16

References

1.  Garry, M,; Van Steenis, R.; Summers, J. Interlimb coordination following stroke. Hum. Mov. Sci. 2005, 24, 849-864.

2. Oyewole, O.0.; Ogunlana, M.O.; Oritogun, K.S.; Gbiri, C.A. Post-stroke disability and its predictors among nigerian stroke
survivors. Disabil. Health |. 2016, 9, 616—623.

3. Widmer, M.; Held, J.P.; Wittmann, F.; Lambercy, O.; Lutz, K.; Luft, A.R. Does motivation matter in upper-limb rehabilitation
after stroke? Armeosenso-reward: Study protocol for a randomized controlled trial. Trials 2017, 18, 580.

4. Seo, H.G, Beom, J.; Oh, B.-M.; Han, T.R. Effects of robot-assisted upper limb training on hemiplegic patients. Brain Neuroreha-
bilit. 2014, 7, 39-47.

5. Tsai, K--H.; Yeh, C.-Y.; Lo, H.-C. A novel design and clinical evaluation of a wheelchair for stroke patients. Int. ]. Ind. Ergon.
2008, 38, 264-271.

6.  Chuluunbaatar, E.; Chou, Y.-J.; Pu, C. Quality of life of stroke survivors and their informal caregivers: A prospective study.
Disabil. Health J. 2016, 9, 306-312.

7. Jeon, Y.-K.; Ha, C.-H.; Kim, J.-W. The effect of regular rehabilitation exercise program on duration of the range of motion,
balance and gait ability in hemiplegia. Korean Soc. Sports Sci. 2013, 22, 955-966.

8. Jo, E-J; Noh, D.-H.; Kam, K.-Y. Effects of contextual interference on feeding training in patients with stroke. Hum. Mov. Sci.
2020, 69, 102560.

9.  Abubakar, S.; Isezuo, S. Health related quality of life of stroke survivors: Experience of a stroke unit. Int. |. Biomed. Sci. I|BS 2012,
8, 183.

10. Lai, S.-M.; Studenski, S.; Duncan, P.W.; Perera, S. Persisting consequences of stroke measured by the stroke impact scale. Stroke
2002, 33, 1840-1844.

11.  Ocampo, R.; Tavakoli, M. Improving user performance in haptics-based rehabilitation exercises by colocation of user’s visual
and motor axes via a three-dimensional augmented-reality display. IEEE Robot. Autom. Lett. 2019, 4, 438-444.

12. Buyn, P.-S.; Chon, M.-Y. The effects of rehabilitation training using video game on improvement range of motion for upper-
extremity, shoulder pain and stress in stroke patients with hemiplegia. ]. Muscle Jt. Health 2012, 19, 46-56.

13.  Yeh, S.-C.; Lee, S.-H.; Chan, R.-C.; Wu, Y.; Zheng, L.-R.; Flynn, S. The efficacy of a haptic-enhanced virtual reality system for
precision grasp acquisition in stroke rehabilitation. ]. Healthc. Eng. 2017, 2017.

14. Ellis, C. Stroke in young adults. Disabil. Health ]. 2010, 3, 222-224.

15.  Gilliaux, M.; Renders, A.; Dispa, D.; Holvoet, D.; Sapin, ].; Dehez, B.; Detrembleur, C.; Lejeune, T.M.; Stoquart, G. Upper limb robot-
assisted therapy in cerebral palsy: A single-blind randomized controlled trial. Neurorehabilit. Neural Repair 2015, 29, 183-192.

16. Bhalerao, G.; Shah, H.; Bedekar, N.; Dabadghav, R. Perspective of neuro therapeutic approaches preferred for stroke rehabili-
tation by physiotherapists. Indian ]. Physiother. Occup. Ther. 2016, 10, 47-50.

17. Dickstein, R.; Hocherman, S.; Pillar, T.; Shaham, R. Stroke rehabilitation: Three exercise therapy approaches. Phys. Ther. 1986,
66, 1233-1238.

18. Nair, K,; Taly, A. Stroke rehabilitation: Traditional and modern approaches. Neurol India 2002, 50, 85-93.

19. De Luca, R; Calabro, R.S.; Gervasi, G.; De Salvo, S.; Bonanno, L.; Corallo, F.; De Cola, M.C.; Bramanti, P. Is computer-assisted
training effective in improving rehabilitative outcomes after brain injury? A case-control hospital-based study. Disabil. Health ].
2014, 7, 356-360.

20. Brown, E.V.D.; Dudgeon, B.J.; Gutman, K.; Moritz, C.T.; McCoy, S.W. Understanding upper extremity home programs and the
use of gaming technology for persons after stroke. Disabil. Health ]. 2015, 8, 507-513.

21. Leconte, P,; Stoquart, G.; Lejeune, T.; Ronsse, R. Rhythmic robotic training enhances motor skills of both rhythmic and discrete
upper-limb movements after stroke: A longitudinal pilot study. Int. ]. Rehabil. Res. 2019, 42, 46-55.

22.  Kim, M.W. New therapeutic approaches in upper extremity rehabilitation. Brain Neurorehabilit. 2008, 1, 20-25.

23. Levin, M.F.; Weiss, P.L.; Keshner, E.A. Emergence of virtual reality as a tool for upper limb rehabilitation: Incorporation of
motor control and motor learning principles. Phys. Ther. 2015, 95, 415-425.

24. Munih, M.; Bardorfer, A.; Ceru, B.; Bajd, T.; Zupan, A. Force exertion capacity measurements in haptic virtual environments.
Int. ]. Rehabil. Res. 2010, 33, 34—42.

25. Scalona, E.; Hayes, D.; Del Prete, Z.; Palermo, E.; Rossi, S. Perturbed point-to-point reaching tasks in a 3d environment using a
portable haptic device. Electronics 2019, 8, 32.

26. Zhang, K,; Chen, X; Liu, F.; Tang, H.; Wang, J.; Wen, W. System framework of robotics in upper limb rehabilitation on post-
stroke motor recovery. Behav. Neurol. 2018, 2018, 6737056.

27. Driels, M.; Spain, H. Perception of two-dimensional shapes using haptic feedback. Int. ]. Ind. Ergon. 1991, 7, 93-101.

28. Osafo-Yeboah, B,; Jiang, S.; Delpish, R.; Jiang, Z.; Ntuen, C. Empirical study to investigate the range of force feedback necessary
for best operator performance in a haptic controlled excavator interface. Int. J. Ind. Ergon. 2013, 43, 197-202.

29. Lee, HK,; Kim, Y.T.; Takahashi, Y.; Miyoshi, T.; Suzuki, K.; Komeda, T. Basic experiment on rehabilitation of upper-limb motor
function using haptic-device system. Trans. Korean Soc. Mech. Eng. A 2011, 35, 459-467.

30. Bardorfer, A.; Munih, M.; Zupan, A.; Primozic, A. Upper limb motion analysis using haptic interface. leee/Asme Trans. Mechatron.
2001, 6, 253-260.

31. Scalona, E.; Martelli, F.; Del Prete, Z.; Palermo, E.; Rossi, S. A novel protocol for the evaluation of motor learning in 3d reching

tasks using novint falcon. In Proceedings of the 2018 7th IEEE International Conference on Biomedical Robotics and Biomecha-
tronics (Biorob), Enschede, Netherlands, 26-29 August 2018; IEEE: Piscataway, NJ, USA, 2018; pp. 268-272.



Sensors 2021, 21, 2790 15 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.
61.

62.

Metcalfe, A.B.; Lawes, N. A modern interpretation of the rood approach. Phys. Ther. Rev. 1998, 3, 195-212.

Calabro, R.S.; De Cola, M.C.; Leo, A.; Reitano, S.; Balletta, T.; Trombetta, G.; Naro, A.; Russo, M.; Berte, F.; De Luca, R. Robotic
neurorehabilitation in patients with chronic stroke: Psychological well-being beyond motor improvement. Int. ]. Rehabil. Res.
2015, 38, 219-225.

Kiimmel, J.; Kramer, A.; Gruber, M. Robotic guidance induces long-lasting changes in the movement pattern of a novel sport-
specific motor task. Hum. Mov. Sci. 2014, 38, 23-33.

Lee, S.A.; Cha, H.G. The effect of motor imagery and mirror therapy on upper extremity function according to the level of
cognition in stroke patients. Int. J. Rehabil. Res. 2019, 42, 330-336.

Bae, S.-S.; Gak, H.; Chung, H.; Choi, ].-W. The effects of motor control with active movement and passive movement. J. Korean
Soc. Phtsical Ther. 1999, 11, 13-21.

Viglialoro, R-M.; Turini, G.; Condino, S.; Ferrari, V.; Gesi, M. Proof of concept: Vr rehabilitation game for people with shoulder
disorders. In Proceedings of the International Conference on Augmented Reality, Virtual Reality and Computer Graphics, Santa
Maria al Bagno, Italy, 24-27 June 2019; Springer: Cham, Switzerland, 2019; pp. 344-350.

Condino, S.; Turini, G.; Viglialoro, R.; Gesi, M.; Ferrari, V.J.E. Wearable augmented reality application for shoulder rehabilita-
tion. Electronics 2019, 8, 1178.

Jo, D.; Hwang, S.; Baek, M. Literature analysis on telemedicine in korea: An exploratory study. Health Sevice Manag. Rev. 2019,
13, 35-51.

Choi, Y.-S. A study on the introduction of telemedicine-coronavitus disease 2019 and the need for the introduction of telemed-
icine-. Int. Law Rev. 2020, 12, 113-137.

Maciejasz, P.; Eschweiler, J.; Gerlach-Hahn, K.; Jansen-Troy, A.; Leonhardt, S. A survey on robotic devices for upper limb reha-
bilitation. ]. Neuroeng. Rehabil. 2014, 11, 3.

Lee, O,; Lee, K.; Oh, C.; Kim, K.; Kim, M. Prototype tactile feedback system for examination by skin touch. Ski. Res. Technol.
2014, 20, 307-314.

Maurel, W.; Thalmann, D. Human shoulder modeling including scapulo-thoracic constraint and joint sinus cones. Comput.
Graph. 2000, 24, 203-218.

Nef, T.; Guidali, M.; Riener, R. Armin iii-arm therapy exoskeleton with an ergonomic shoulder actuation. Appl. Bionics Biomech.
2009, 6, 127-142.

Kim, E.B.; Kim, E.Y.; Lee, O. Meta-analyzing the writing process of structural language to develop new writing analysis ele-
ments. Appl. Sci. 2020, 10, 3479.

Molenaar, P.C.; Wang, Z.; Newell, KM. Compressing movement information via principal components analysis (pca): Con-
trasting outcomes from the time and frequency domains. Hum. Mov. Sci. 2013, 32, 1495-1511.

Shlens, J. A tutorial on principal component analysis. arXiv 2014, arXiv:1404.1100.

Kim, A.; Wang, C.; Seo, S.-H. Pca-cia ensemble-based feature extraction for bio-key generation. KSII Trans. Internet Inf. Syst.
2020, 14, 2919-2937.

Hsieh, C.-H.; Li, Y.-S.; Hwang, B.-].; Hsiao, C.-H.].S. Detection of atrial fibrillation using 1d convolutional neural network. Sen-
sors 2020, 20, 2136.

Arevalillo-Herraez, M.; Cobos, M.; Roger, S.; Garcia-Pineda, M.].S. Combining inter-subject modeling with a subject-based data
transformation to improve affect recognition from eeg signals. Sensors 2019, 19, 2999.

Lee, T,; Cha, D.; Hong, J.; Han, K.; Hwang, C. Feature extraction using discrete wavelet transform and dynamic time-warped algo-
rithms in wireless sensor networks for barbed wire entanglements surveillance. J. Korea Acad.-Ind. Coop. Soc. 2010, 11, 1342-1347.
Song, Y.; Ren, ML.].S. A novel just-in-time learning strategy for soft sensing with improved similarity measure based on mutual
information and pls. Sensors 2020, 20, 3804.

Nellore, K.; Hancke, G.P.J.S. Traffic management for emergency vehicle priority based on visual sensing. Sensors 2016, 16, 1892.
KU, K.; Nandhini, M. Gated recurrent unit architecture for context-aware recommendations with improved similarity measures.
KSII Trans. Internet Inf. Syst. 2020, 14, 538-561.

Sharma, A.; Sundaram, S.J.P.R.L. An enhanced contextual dtw based system for online signature verification using vector quan-
tization. Pattern Recognit. Lett. 2016, 84, 22-28.

Parziale, A.; Diaz, M.; Ferrer, M.A.; Marcelli, A.J.P.R.L. Sm-dtw: Stability modulated dynamic time warping for signature veri-
fication. Pattern Recognit. Lett. 2019, 121, 113-122.

Kim, B.; Min, C.; Kim, H.; Cho, S.; Oh, J.; Ha, S.-H.; Yi, ].-h.].S. Structural health monitoring with sensor data and cosine similarity
for multi-damages. Sensors 2019, 19, 3047.

Chatterjee, A.; Gerdes, M.W.; Martinez, S.G.].S. Statistical explorations and univariate timeseries analysis on covid-19 datasets
to understand the trend of disease spreading and death. Sensors 2020, 20, 3089.

Li, C;; Hancock, C.M.; Hamm, N.A.; Veettil, S.V.; You, C.].S. Analysis of the relationship between scintillation parameters, mul-
tipath and roti. Sensors 2020, 20, 2877.

Rea, L.M.; Parker, R.A. Designing and Conducting Survey Research: A Comprehensive Guide; John Wiley & Sons: Hoboken, NJ, USA, 2014.
Stockmeyer, S.A. An interpretation of the approach of rood to the treatment of neuromuscular dysfunction. Am. J. Phys. Med.
Rehabil. 1967, 46, 900-956.

Hodge, M.M.].P.0.N.; Speech, N.; Disorders, L. Nonspeech oral motor treatment approaches for dysarthria: Perspectives on a
controversial clinical practice. Perspect. Neurophysioligy Neurogenic Speech Lang. Disord. 2002, 12, 22-28.



Sensors 2021, 21, 2790 16 of 16

63. Gentile, P.; Guman, E.; Early, M. Neurotherapeutic approaches to treatment. In Physical Dysfunction Practice Skills for the Occu-
pational Therapy Assistant; Mosby: Maryland Heights, MO, USA, 2013; pp. 408-432.

64. Torrisi, M.; Maresca, G.; De Cola, M.C.; Cannavo, A.; Sciarrone, F.; Silvestri, G.; Bramanti, A.; De Luca, R.; Calabro, R.S.J.L.J.o.R.R.
Using telerehabilitation to improve cognitive function in post-stroke survivors: Is this the time for the continuity of care? Int. |.
Rehabil. Res. 2019, 42, 344-351.



