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Abstract: The goal of this study was to evaluate the feasibility of a novel mechanism, design a rehabilitation device, and evaluate its
performance. The feasibility of the mechanism was investigated first. After verifying the potential of a walking detection mechanism
using metal beads and microswitches, we designed an algorithm and device for rehabilitation. The device and mechanism were evalu-
ated by several participants. The non-Parkinson’s disease (PD) group recorded a minimum walking detection rate (WDR) on the slowest
treadmill speed (0.15 km/h) and maximum WDR on the fastest treadmill speed (0.41 km/h). Additionally, the group recorded a mini-
mum WDR at the highest sensor angle (0.01°) and maximum WDR at the lowest sensor angle (0.78°). The non-PD group had a higher
WDR than the PD group (non-PD: 0.24, PD: 0.31). As a result of the long-term usage of the proposed device, gait disorders improved.
Walking speed increased by 91.89% and steps per minute increased by 8.5%. The device reflects walking speeds and sensor angles,
and its results differ for users with gait disorders. Additionally, PD patients can improve their walking speed and steps per minute as a
result of rehabilitation. This research must overcome the limitations of the small number of participants in the study to reinforce argu-
ments related to gait disorder classification.
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1. Introduction therapy was used as an aid for medications and surgical plans [4].

Parkinson’s disease (PD) is the second-most common neuro-  H{OWever, recently, improvements in the QOL, and motor and

degenerative disease among geriatric diseases [1]. Globally, the ~ Non-motor symptoms of patients with PD following rehabilita-

number of individuals with PD is estimated to be 1% of the el-  tion have been noted [5]-[8], demonstrating the validity of phys-

derly population over 60 years of age. Additionally, populations ical rehabilitation. Therefore, rehabilitation is considered as an

independent treatment method for reducing the progression

speed of PD [9]-[10], rather than a treatment method that must

are aging in most developed countries. As a result, such countries
expect a significant number of elderly people to suffer from var-

ious diseases. Therefore, developed nations with sizable elderly ~ be combined with medications.

populations are currently preparing to treat many geriatric dis-
eases, including PD.

The symptoms of PD include motor symptoms such as brady-
kinesia, tremors, and freezing of gait, as well as non-motor symp-
toms such as insomnia and depression. These symptoms signifi-
cantly degrade the quality of life (QOL) of patients or those
around them, including caregivers [1]-[3]. Various treatment
methods have been studied to overcome these disadvantages.
However, no definite cure has yet been established.

The treatments prescribed for most patients with PD include

medication and motor rehabilitation. Decades ago, exercise

Augmented feedback training is a rehabilitation method that
allows patients to maintain or break certain motor conditions [4].
For example, two methods can be implemented as follows. (1)
For a patient who cannot maintain a stable physical state, one can
provide feedback to the patient when their physical state becomes
stable [11]. (2) For a patient who can maintain a stable physical
state, one can provide feedback to the patient when their physical
state becomes unstable [12]. The former method is called “break-
ing” and the latter is called “keeping.” The effects of augmented
feedback training along with the improved motor skills of PD pa-

tients are becoming more apparent because studies have shown
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that they can increase balance [13]-[21], gait speed, stride length
[22]-[26], and QOL [27].

Various wearable devices have been designed and developed
to support the rehabilitation of different patients and maximize
treatment effectiveness [28]. Similarly, studies on wearable de-
vices using augmented feedback training or similar rehabilitation
methods are underway [16][20][29]-[30].

We consider that wearable devices or mechanisms using sim-
ple and mechanical techniques could be implemented for aug-
mented feedback training. A user could sense metal bead move-
ments that click a microswitch during walking based on their
sense of touch and a user could sense auditory feedback from the
clicking of a microswitch with a buzzer module such as a piezo
buzzer. We consider that the process of walking detection and
feedback generation could be successful for auditory feedback
training and could improve walking ability by increasing walking
speed and regulating cadence.

Therefore, we designed and developed a walking detection de-
vice and mechanism to confirm the feasibility and performance
of this concept. The device and mechanism were evaluated in this

pilot study to confirm their rehabilitation effects on PD patients.

2. Device Design and Experimental Sequence

2.1 Mechanism for Walking Detection

The best location on the lower limbs for attaching a device
should be considered before beginning device design. The most
variable locations during one gait cycle are considered to be the
best locations for walking detection. Therefore, the movement
(position) of each lower limb joint during one gait cycle was ob-
served.

In this test, we considered the hip joint and knee joint flex-
ion/extension angles, thigh length (L1), leg length (L2), and ini-

tial hip joint position. These factors are illustrated in Figure 1.

Hip joint (Xu, Yu)
Hip flex/extension angle (6i.n)

Thigh length (L1)

Knee joint (Xk, Yk)
Knee flex/extension angle (0kn)

Leg length (L2)

Ankle joint (Xa, Ya)

Figure 1: Image of lower limb parts and corresponding features
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As expressed in Equation (1), the hip joint position is assumed
to be fixed and it is used to derive the knee and ankle joint posi-
tions. Equation (2) provides an estimation of the knee joint po-
sition based on the hip joint position and hip joint angle. Equa-
tion (3) provides an estimation of the ankle joint position based
on the knee joint position and angle. The estimation of each joint

trajectory using these equations is illustrated in Figure 2.
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Figure 2: Example of calculated joint trajectories during one gait cy-

cle

In this estimation, the most variable location of the lower limb
during one gait cycle is near the ankle joint. Therefore, a device
for walking detection should be designed to be attached near the
ankle joint.

Areas below the ankle joint were not considered as suitable
locations for attaching a device. We planned to use metal beads
and microswitches for walking detection, which were too large

to attach below the ankle joint such as on the top or side of the
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feet or shoes. After confirming that the location where the device
would be attached appeared reasonable, we observed how the
metal beads and microswitch would react as a result of the force
generated during one gait cycle. We observed these relationships
using several equations and estimations.

First, the acceleration was estimated using Equation (3),
which estimates the ankle joint position. The ankle joint position
and time required for 1% of the gait cycle, denoted as T, were
required for estimation.

By using Equation (4), the velocity near the ankle joint was
calculated based on the ankle joint position and T. Subsequently,
the acceleration near the ankle joint was calculated using Equa-
tion (5). Then, the angle between the leg and X axis (shown in
Figure 2) was calculated to observe the direction of the force that

could be measured by the device.

X — Xan—Xan-1

. T
Ankle velocity  Yan—Yanos (6)

An — T

- T .

i=[] =0 ™)
6, = cos™! Z"Tl 8
n o] ®)
HDS = Hn - 90 (9)

The vector from the ankle to the knee joint was calculated us-
ing Equation (6). The angle between the leg and X axis was cal-
culated using Equations (7) and (8). The angle calculated using
Equation (8) was converted into the vertical direction of the leg,
as shown in Equation (9), and the angle of the device, as shown

in Figure 3.

Vector from ankle joint to knee joint (Vx,Vy)

Leg angle (6n) Default sjensor angle (04s)

/.552,_-,,,,,f_-,f,

C

Figure 3: Image corresponding to features in Equation (6) to Equa-
tion (9).

X axis

AA.TI = XA.‘I’I . COSHDS + ")A.Tl . Sin9D5 (10)

Fon =Apgn-m (11)
(m = mass of metal bead [kg])

By using Equation (10), the acceleration calculated using
Equation (5) was reflected in the frame of the default sensor an-
gle. Subsequently, the force exerted by the metal bead on the mi-
croswitch as a result of walking was calculated by inputting the
actual mass of the metal bead used in the experiments (0.05 kg),
as shown in Equation (11). The maximum calculated force dur-
ing a gait cycle is the force that can affect the clicking micro-

switch.

Microswitch

Metal bead

Frcq
Sensor angle

(6s)

Figure 4: Image illustrating the relationship between the metal bead,
microswitch, and sensor angle in the assembly

Subsequently, the relationship between the force required to
click the microswitch and the sensor angle was observed. The
sensor angle is the angle between the vertical direction of the leg
and the metal bead/microswitch, as shown in Figure 4. Addition-
ally, the relationship between the sensor angle 6s, force to click
the microswitch Freq, and force to click the microswitch as the

sensor angle increases Freq Was observed.
Freq = Faysects (12)
Fy > Freq (13)

Table 1: Statistics for research data from Moreira et al. [31]. L1

and L2 were derived from data from Scataglini et al. [33].

Numper of Age L1 L2 Degree of
participants [year] [m] [m] illness
[Male] Y
0.356 0.347
16 [8] [23.8+2.02 100259 | +0.0260 non-PD

This relationship can be expressed by a simple triangular func-
tion, as shown in Equation (12). Consequently, Equation (13)
should satisfy the microswitch clicking condition as a result of
the user’s walking motion. Next, we confirmed the feasibility of
the mechanism presented above using public data from another
study.

Moreira et al. [31] requested that experimental participants

walk at a specific speed and collected various features during one
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gait cycle. We utilized this research data in our walking detection
mechanism. Summary statistics for these data are presented in
Table 1.

The hip and knee joint angles in the research results were con-
verted into a normal distribution using their average and standard
deviation. Subsequently, 999 samples covering the range from
0.01% to 99.9% of the normal distribution (each covering 0.01%)
were generated. The generated samples were converted into
forces using Equations (1) to (11), and the maximum force of
each sample was determined. The relationship between the forces
from the samples and Freq is presented in Section 3.1.

The force was measured at different walking speeds. However,
it was difficult to determine the relationship between force and
frequency. Therefore, this relationship was converted into a type
of walking detection rate (WDR). The WDR can be derived as
shown in Equations (14) and (15).

WDR = Number of detected walking % 100% (14)

All number of walking

WDR = (1 —P) x 100% (15)

(P = rank of E..q in normal distribution)

Equation (14) can be used if all walking features and the num-
ber of detected gait cycles are specified. However, Equation (15)
should be used if the number of detected gait cycles is not speci-
fied. In the case of estimation based on the results from Moreira
et al. [31], Equation (15) appears to be more reasonable. Equa-
tion (15) indicates where Freq is ranked in the normal distribution
of the force generated during walking. If Freq is ranked lower, it
indicates that most of the force generated by walking is greater
than Freq. It also suggests a higher number of microswitch clicks
and higher WDR. In contrast, if Freq is ranked higher, then the
number of microswitch clicks and WDR are lower. The relation-

ship between Freq and Fa is described in Section 3.1.

2.2 Design and Fabrication

Before designing a device, its operating principles should be
considered. We referred to two types of augmented feedback
training, namely (1) keeping and (2) breaking. The designed de-
vice is expected to detect walking for long periods and frequently
because the proposed mechanism is based on walking detection.
Under this condition, a keeping-type device could generate ex-
cessive feedback. Therefore, we adopted the breaking method for

our device. These types are illustrated in Figure 5.

Junghyuk Ko

The most important process is to generate feedback from the
clicking microswitch as a result of the movement of the metal
bead. The device algorithm was designed by incorporating addi-
tional options into this process. A flowchart of the overall process
is presented in Figure 6.

The device was designed under the premise that we would at-
tach a walking detection sensor (metal bead and microswitch) to
each ankle of a user as part of the device. Additionally, a Blue-
tooth data communication function and its corresponding module
were used for wireless data communication. Users and their care-
givers can receive walking detection results on their smartphones

or other devices using Bluetooth.

Keep method ﬂ ﬂ U

(=] -] [°]

Unstable L . L
Break met.hod—U U ﬂ U—
(o] Q Q Q

= = o State of patient | Feedback

Figure 5: Image illustrating two methods: the keeping and breaking
methods of augmented feedback training. Keeping generates feed-
back under unstable movement. Breaking generates feedback under

stable movement

Device :
(Bluetooth transmitter)

NO For each microswitch ! !
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<feroswicn =G>

Send 'C' to Clicked =
Clicked +

Y
i | Microswiteh =
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11 | Piezo buzzer = HIGH
1; Bluetooth receiver

Bluetooth receiver

int Clicked = 0

Figure 6: Flowchart of the walking detection counter, feedback gen-

erator algorithm, and Bluetooth data receiver

The initial state of the device, as shown in the flowchart, is
“Microswitch = LOW,” indicating an unclicked microswitch, and
“Clicked = 0,” indicating the number of detected walking cycles.
When the microswitch is clicked during walking, the value of

“Clicked” increases and a specific string or integer is sent to the
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Bluetooth receiver. Subsequently, the piezo buzzer provides au-
ditory feedback. Finally, the status of the microswitch returns to
LOW and waits for clicking. The initial state of the Bluetooth
receiver is “Clicked = 0.” The value of “Clicked” increases if a
specific string or integer is received from the transmitter. How-
ever, this device can also be used without a Bluetooth receiver.
The user can determine the number of walking cycle detections
using the auditory feedback from the piezo buzzer, value of
“Clicked” on the device, and Bluetooth receiver.

The device was fabricated with the implementation of a device
algorithm. An Arduino Uno was used as the microcontroller unit
(MCU). A Bluetooth module (HC-06) was used for Bluetooth
wireless communication. A piezo buzzer was used as an auditory
feedback generator. Audio jacks were used to receive data from
the sensor microswitch. These components were used as the main
board components of the device.

Microswitches, metal beads, and audio jacks were used for the
sensor parts of the device to send microswitch click data to the
MCU. Additionally, audio plug cables were used for data com-
munication between the main board and sensor parts. A sche-
matic of both the main board and sensor parts is presented in Fig-
ure7.

3
Arduino Uno :

vcg

PB1

v Battery" B
I

PBO Bluetooth

Piezo buzzer

——

| Audiojack ‘ TAudiojack
i S i Audio plug cable ; 5
L R o

- S icroswitch

Atmega328P-PU

pD2
PD3[—

Audiojack fAudiojack

_@ Audio plug cable |
~ L oo
oo T
___| “‘ L icroswitch

i{GND

Figure 7: Schematic of the components of the device

FDM 3D printing (GIANTBOT G5, GIANTBOT) was used to
fabricate the device structures. The biggest obstacle in designing
the structure was the realization of a method for controlling the
angle of the sensor. This obstacle is associated with the accuracy
of walking detection. The device should have a sensor angle in-
dicator or a similar function. Therefore, the structure shown in
Figure 7 was designed.

Figure 8(a) presents the sensor set at 45°. Figure 8(b) presents

the sensor parts, including the metal bead and microswitch. As

shown in Figure 8(a), the sensor angles are marked every 5° and
the user can control the sensor angle using these indicators. After
formulating a plan to create the structure of the device, its hard-
ware was fabricated. The main board and sensor parts were fab-
ricated using a 3D printer. The device components were then ar-
ranged as shown in Figure 9. It was difficult to attach the sensor
to the sagittal plane based on the curved surface of the ankle. To
solve this problem, the sensor socket illustrated in Figure 9(i)
has a curved area on the outside for attachment to the ankle. Ad-
ditionally, the socket has a flat area inside for fixing the sensor in

the sagittal plane.

604}69' - 0

Figure 8: Sensor parts of the device and sensor angle adjustment
method with angle indicator. (a) The sensor is set at 45°. (b) Im-
age of the sensor using the metal bead and microswitch, sensor

angle indicator, and its socket

Figure 9: Arranged components of the device. A: 9 V battery, B:
Arduino Uno as MCU, C: Bluetooth module HC-06, D: Audio
jacks, E: Piezo buzzer, F: Sensor, G: Elastic band to prevent ro-
tating of the sensor, H: Elastic band to fix the position of the sen-

sor, I: Socket for the sensor, including the sensor angle indicator.

Figure 9 presents the main board and sensor parts of the de-
vice. A'is a 9 V battery for the power supply. B is the Arduino
Uno used inthe MCU. C is a Bluetooth module (HC-06) for wire-
less communication. D is an audio jack for data communication
between the sensor and main board. E is a piezo buzzer used for
auditory feedback. F is the sensor. G and H are the elastic bands
supporting the sensor. | is the sensor socket, which includes a

sensor angle indicator.
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2.3 Experimental Setup

Several experiments were planned to observe whether the de-
signed device could detect user walking and whether the sensor
angle could affect walking detection. Before the experiments, all
participants provided written consent for the content, goals, and
scope of use of the experimental results. They also agreed that they
could quit the experiment at any time if they felt uncomfortable.

2.3.1 Preliminary experiments to observe the performance of the
device

Preliminary experiments were planned to confirm that the de-
signed device could distinguish between normal and abnormal
walking. The experimental participants were requested to walk a
specific distance while wearing the designed device. The walking
detection data were recorded by controlling the walking pattern
(normal or abnormal) and the sensor angle was observed. There
were three participants and none had PD (non-PD group). Statisti-

cal information regarding the participants is presented in Table 2.

Table 2: Information on participants for the imitated gait disorder

effect test
Subjects Age Sex Degree of illness |
A 21 M non-PD
B 21 F non-PD
C 21 F non-PD

The experimental participants walked 20 m normally to con-
firm the walking detection accuracy for a normal walking pattern.
The sensor angles for the experiments were set to 20°, 25°, 30°,
35°, and 40°. Walking detection data from the experiments were
collected for each sensor angle.

Experimental participants were shown a short video on gait
disorders in PD and were requested to imitate a gait disorder to
confirm the walking detection accuracy for abnormal walking
patterns. Subsequently, the participants walked 10 m while imi-
tating a gait disorder. The sensor angles for the experiments were
set to 10°, 15°, 20°, 25°, and 30°. Walking detection data were
collected and analyzed.

‘N Normal walking y~] Imitated gait disorder
A, 5 \ N
\ 10
\i T T e e e T T "% .._ [5.’:,’ o Sl el at” ah” el et -

A B | s | s 60° [ A B 1we s 20° 2 300
1st W] & (D] A0y (13)] 15t W || @ @ 00y (13)
nd 12)[7 ,(5)17 AR [q,(m | ,(|4)| nd (2){ ,,(S)J’ A8 { (11) gu)l
s Gl @b @ a2l O | | GH o) V) VA s)

Figure 10: Experimental procedure for preliminary experiments. A

is the experiment trial number. B is the sensor angle
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The sensor angles were set differently because the walking
speed of normal walking may be higher than that of imitated gait
disorders. Therefore, we set the sensor angles for normal walking
to be greater than those for the imitated gait disorder. The exper-

imental sequence is illustrated in Figure 10.

2.3.2 Device performance tests

Experiments were planned to observe how the device would
return walking detection results for normal and PD patients.
Walking speed was controlled in the experiments using a tread-
mill. Participants were asked to walk at a specific speed with a
specific number of steps per minute (SPM). There were 10 par-
ticipants in the normal group and two in the PD group. Participant
information is presented in Table 3. The Hoehn and Yahr scale

was used to evaluate the degree of PD [31].

Table 3: Information of participants for PD and Non-PD distin-
guishability test

S Average Number of Average
age participants (Male) | H&Y scale

non-PD group | 27 +4 10 (9) non-PD

PD group 71 2(2) 25105

Normal participants were requested to walk with treadmill
speeds of 1.0, 1.5, 2.0, 2.5, and 3.0 km/h. They were also requested
to walk with a 90 bpm metronome sound. The sensor angles were
set to 20°, 25°, 30°, 35°, 40°, 45°, and 50°. We aimed to determine
the relationship between walking speed, sensor angle, and WDR.

The experimental setups for PD patients were set differently to
reduce the danger of injuries that could occur in the experiments.
First, the participants were requested to determine the most com-
fortable walking speed and SPM. After determining the speed, the
treadmill speeds for the experiment were set at 30%, 60%, 100%,
140%, and 170% of the comfortable walking speed of each partic-
ipant. Moreover, they were requested to walk with a 90 bpm met-

ronome sound.

Non-PD group PD group

LOLS|2012.53.0] B[ g 5 75/t 25]1.75] 2.1
200 (1) [ (2) [(B) [ we | v+
| B e w|mlale]-]-
Angleof 35 *||300] e | o |
Sensor () ool e T [ [ [ e
Speed of
treadmill [ 350) won [ wen | oo [ oo [ =
(km/h) 45 e . e e e
~ a3aaEs)||400] - | - [elesles

Figure 11: Experimental procedure. A: Sensor angle B: Average
speed of treadmill (km/h). The numbers in each table indicate the

sequence of experiments
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Table 4: Detailed information on PD patients

Subjects Age Sex Z';Lg Symptoms
Tremor, Bradykinesia, Lan-
PD-A 71 M 3 guage disorder, Depression,
Sleep disorder
Bradykinesia, Facial expres-
PD-B 7 M 2 sion disorder, !_anguage dI'S—
order, Depression, Sleep dis-
order, Constipation

However, 30% of walking speed could not be reproduced if it
was lower than 0.5 km/h because the lowest treadmill speed was
0.5 km/h. The sensor angles were set to 20°, 25°, 30°, 35°, and
40°. We aimed to determine the relationship between walking
speed, sensor angle, and WDR. The experimental sequence is
shown in Figure 11. Detailed information about the patients is

shown in Table 4.

2.3.3 Preliminary experiments on the potential for gait symptom
rehabilitation

After the experiments, the PD patients who participated were
provided with devices to observe the potential of the devices for
gait symptom rehabilitation through daily usage. The sensor an-
gles of the devices were set to 40°. At the start of use, approxi-
mately 40% of the WDR was generated. Patients were required
to report their exercise through smartphone messages (e.g., “Ex-
ercised from 14:00 to 16:00”). Consequently, each patient exer-
cised freely (light walking) with the device for eight months, four
times per week, for two hours per session. After eight months,
the patients were invited back and requested to determine their
most comfortable walking speed and SPM. These results were

compared to those collected before the eight-month period.

3. Results

3.1 Mechanism validation

The relationship between the forces from the samples and Freq
is illustrated in Figure 12.

Figure 12 indicates that the higher the walking speed, the
larger the force that can be affected by the microswitch. As
shown in Figure 12(a), the forces that occur during walking in-
crease with walking speed. The average force and its standard
deviation bar do not overlap with Freq at a walking speed of 1.0
km/h. However, the average force and standard deviation bar
overlap by over half at a speed of 3.0 km/h. Figure 12 reveals
that the walking detection mechanism can rarely detect walking

at low walking speeds and high sensor angles. However, the

~"reg

0 15 20 25 30 /
Kkm/h kmdh kmyh o kmih km/n‘/

| L
et

w @
Sensor angle [']

A B

Force [N]

60
Vi [ 80 10

Figure 12: Image of design basis validation. (a) Relationship be-
tween Freq and Fa with walking speed. (b) Converted WDR based

on the sensor angle and walking speed

mechanism can easily detect walking at fast speeds and low sen-
sor angles.

As shown in Figure 12(b), the relationship between Freq and
Fa was converted into a WDR. The higher the WDR at a smaller
sensor angle, the higher the walking speed. Consequently, the
mechanism that we derived can reasonably detect walking and
calculate WDR using sensor angles and walking speeds. As a re-
sult, we can secure evidence for the use of the developed walking

detection mechanism with metal beads and microswitches.

3.2 Preliminary experiment to observe the performance of
the device

The experimental results are presented in Figure 13. Figure
13(a) shows the WDRs of the participants when they walked
freely. Figure 13(b) shows the WDRs when participants imitated
a gait disorder after watching a video of the gait disorder in PD.

The pattern of WDR when participants walked freely was lin-
ear. A higher WDR was observed for a smaller sensor angle.
Overall, 52% of the WDR was observed at 40° and 2% was
observed at 60°. Furthermore, the relationship between the WDR
and sensor angle was irregular when the participants imitated the
gait disorder. These results indicate that the patterns of the WDR

during normal and abnormal walking differ.

Normal walking Imitated gait disorder

IS F 6o
& &
< 407 = 40t
0 ——— 0
a0 60

45 80 55 10 15 20 25 30
A Sensor angle [] B Sensor angle []

Figure 13: Results for the imitated gait disorder effect test. (a)
Data from normal walking; (b) Data from the imitated gait disor-

der. All error bars represent standard error
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Table 5: Information on participants for the PD and non-PD distinguishability test

Before allcl
Subjects Wall[<k|rr1ng/ hs]peed - ;Iz;\:lnin] H&Y scale WaII[<Ilnmg/ r?]peed - ;Z;\:Inin] H&Y scale
A 1.4 86 2.0 (+ 9;:;6%) (+ ;23%) 20
B 11 75 3.0 (+ 93:;1%) (+ 15-27%) >

3.3 Device performance experiments

Experiments were conducted to confirm that the developed
device can perform the desired functions. Figure 14 presents the
results. Figures 14(a) and (b) show the results for the non-PD
and PD groups, respectively.

Non-PD group PD group

WDR [%]

Figure 14: PD and non-PD distinguishability test results. (a) Av-
erage WDR for the non-PD group. (b) Average WDR for the PD

group. All error bars represent standard deviation

The results reveal that the WDR for normal people is affected
by walking speed and sensor angle. Additionally, the pattern of
the WDR is similar to the results of the mechanism evaluation
(Figure 12(b)) and preliminary experiments (Figure 12). Higher
WDR patterns can be observed at higher walking speeds and
lower sensor angles. The results of the PD group differed from
those of the non-PD group. The relationship between the walking
speed and WDR is similar, but the relationship between the sen-
sor angle and WDR is different. In the case of the PD group, the
patterns of the sensor angle and WDR relationship are uncertain.

These results are presented in Appendix A.

3.4 Preliminary experiments on the potential for gait
symptom rehabilitation

Experiments were conducted to determine the potential of the
developed system for gait symptom rehabilitation. The results are
presented in Table 5.

As shown in Table 5, the walking speed and SPM of both par-

ticipants increased. In the case of participant A, the most

comfortable walking speed increased from 1.4 km/h to 2.7 km/h
and their SPM increased from 86 to 88. In the case of participant
B, the walking speed increased from 1.1 km/h to 2.1 km/h and
their SPM increased from 75 to 86.

4, Discussion & Conclusions

This study investigated the feasibility of a walking detection
mechanism and algorithm for augmented feedback training using
small metal beads and microswitches. A walking detection device
was designed and tested. Experiments demonstrated that the
mechanism and algorithm can detect walking in normal people
and people with PD. Several wearable devices have been devel-
oped by other researchers for augmented feedback training. Byl
et al. [29] researched wearable device systems and their effects
on gait training using inertia measurement units and pressure sen-
sors. Such a device system can provide feedback based on user
gaits. Cho et al. [34] investigated the effects of visual feedback
training on gait performance using a double-axis electrogoniom-
eter. Jung et al. [35] investigated the effects of an assistance sys-
tem in the form of an instrumented cane on gait training. Lee et
al. [36] studied the effects of neurofeedback training on brain
waves and gait training. Kim et al. [37] researched a gait detec-
tion and classification mechanism and algorithm using an inertia
measurement unit. In addition to the research mentioned above,
many other studies on augmented feedback or wearable device
systems have been conducted to overcome or improve gait disor-
ders. The walking detection mechanism and algorithm developed
in this study have the following novelty. (1) The developed mech-
anism is simple and mechanical. Only small beads, micro-
switches, and angle-adjustable structures are required for fabri-
cating walking-detection devices. (2) The return values from
walking detection are simple. The developed device returns a
simple digital value of one (detected) or zero (not detected) dur-
ing device usage. (3) This mechanism is universal. According to
the features of the simple return values, they can be used for any
type of augmented feedback.

In this study, a simple and mechanical wearable device for
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augmented feedback training was determined to be novel and
feasible. The process of moving a metal bead to click on a micro-
switch was determined to effective for allowing a user to sense
the process of training with auditory and vibrotactile stimuli.
Therefore, we developed a device with this mechanism and ob-
served its performance for walking detection and the rehabilita-
tion of gait symptoms. The pattern of movements of the lower
limbs during one gait cycle was observed using representative
features of gait analysis and joint angles. The velocity and accel-
eration near the ankle joint were derived based on these patterns.
Additionally, the default sensor angle was derived from these pat-
terns. The process of walking, movement of metal beads, clicking
of microswitches, and generation of walking detection feedback
and signals were derived from the recorded patterns.

This process was evaluated based on research data from
Moreira et al. [31]. We verified the feasibility of the walking de-
tection mechanism using metal beads and microswitches by con-
verting the results from the process into WDRs. After observing
the feasibility of the mechanism as an augmented feedback gen-
erator, a device using this mechanism was designed. Several ex-
periments to observe the actual usage experience were conducted
after designing and fabricating the device and the following con-
clusions were drawn. (1) The WDR resulting from walking de-
tection can be controlled by the walking speed and sensor angle.
(2) The WDRs resulting from the walking of healthy people and
people with PD differed. (3) The WDRs of the PD patients could
not react sensitively to the sensor angle and walking speed. (4)
Gait symptoms such as walking speed and SPM can be improved
as a result of the long-term usage of the developed device.

There are several noteworthy points of discussion regarding
the experimental process. First, young people participated in the
non-PD group and PD patients around the age of 71 years partic-
ipated in the PD group. This significant difference in age may
have affected the WDR results. However, this is considered to be
acceptable because the significant finding is the trend of WDR
based on the sensor angle and walking speed, not the magnitude
of the WDR. The results for the WDRs of the non-PD and PD
groups indicate how the regularity of WDR differed between the
groups. Second, how we attempted to maintain the gait stability
of the PD group during the experiments is a point of discussion
because it could affect the WDR of the PD group. A participant
could request rest time or other accommodations such as drinks
and snacks anytime during the experiments. Participants were
asked to rest when the sensor angle was changed. These frequent

rests could prevent the degradation of gait stability. Additionally,
participants were not allowed to hold the hand guide of the tread-
mill. We considered that this action could affect the WDR. The
patients were asked to express their intention to rest when they
felt tired. The WDR data from an experiment were deleted if the
participant held a hand guide or requested a rest during data col-
lection. Third, similar to the second point, we attempted to main-
tain the imitation of gait disorders during the experiments. The
experimental staff provided example videos before each experi-
ment. Finally, the PD patients used medication before the long-
term usage experiment and maintained their medication usage
during the experiment. Each experiment before and after rehabil-
itation was conducted at a similar time of day. In this manner, we
attempted to prevent the disturbance of results by unknown fac-
tors.

However, we should also consider the limitations of these ex-
periments. Unlike the mechanism and device design, the device
performance tests were limited by an insufficient number of par-
ticipants. The conclusion that the WDR pattern can be controlled
by the walking speed and sensor angle is reasonable. However,
the conclusion that the WDR can be used for classification be-
tween healthy people and PD patients is tenuous. Therefore, fu-
ture research should include a larger number of experimental par-
ticipants to standardize the user walking detection data and reha-
bilitation. Next, we should improve our devices to evaluate user
gait. Therefore, we will design a new version of a gait detection
device using the microswitch on-off method and a more precise
gait evaluation method such as an inertia measurement unit. Ad-
ditionally, future research should evaluate and confirm that the
developed device can classify the results of healthy people and
people with PD.

We have addressed the limitations of this study and provided
our suggestions for future work. After the success of future work,
the device that we have designed can be used as follows:

(1) The device can be used for gait disorder rehabilitation for
people with PD or other neurodegenerative diseases. The
device can detect walking based on sensor angles and walk-
ing speeds. Based on this feature, a user can use the device
as follows. If the recorded WDR is too high, the WDR can
be reduced by increasing the angle of the sensor. As the sen-
sor angle increases, walking speed should be increased to
improve the WDR. The WDR gradually increases if the
user attempts to detect walking frequently at increased an-
gles. This process is repeated, sustained, and maintained,
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