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[Abstract]

We developed a new portable functional electrical stimulation device was developed
to assist patients with osteoarthritis of the knee to modify their walking motion. The

proposed device was placed a pressure sensor under the center of the calcaneus to
detect the early to the mid-stance phase of the gait cycle. The device assists in motion
modification by eccentric contraction of the quadriceps muscle through electrical
stimulation, which contributes to shock absorption in the knee joint. The results of a
gait test on healthy adult males showed significant improvements in parameters such
as knee joint angle and floor reaction force, which absorb impact to the knee joint,

confirming the effectiveness of the device.

1. Introduction

Osteoarthritis of the knee is reported
to account for approximately 50% of
the world’s population over 65 years of
age [1]. Many patients are unable to
receive appropriate medical care and
rehabilitation due to social security costs
and lack of medical staffs. Also research
and development of gait support devices
for rehabilitation of knee joint diseases is
not sufficient, and there is an urgent need
to develop devices that can be used at
home.

In the field of rehabilitation, electrical
stimulation has been used to assist
muscle contraction[2, 3], reduce pain[4,
5], prevent disuse muscle atrophy[6],
and improve paralysis[7]. These methods
are limited to electrical stimulation in
static conditions. The main signs of
osteoarthritis of the knee are altered
lower limb alignment and muscle
weakness due to articular cartilage
wear[8]. The knee joint flexion movement

aimed at relieving the impact of the
knee joint in the early stages of stance
disappears[9].The mechanical stress in
the medial part of the knee increases as
the knee joint accepts weight in the knee
joint extension position, which worsens
the knee pain[10]. Worsening knee pain
is shown in Eccentric contractions of the
knee joint extensors during the early
stages of stance allow the knee joint to
flex gently to absorb shock[9] and reduce
pain in the medial aspect of the knee.
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Figure 1 : Normal knee x-rays and typical case of
bilateral osteoarthritis of the knee.



One method for achieving stable
eccentric contraction of knee extensor
muscles is functional electrical stimulation.
Functional electrical stimulation aims
to restore lost motor function[11] and
has already been used to support walking
in drooping feet caused by ankle joint
paralysis. The following three devices have
been approved as “gait neuromuscular
electrical stimulators”[12].

1. NESSL300 (The wireless connection
between the footswitch and the
stimulator, manufactured by Bioness,
USA).

2. The Walk Aid (uses a tilt sensor and
eliminates the need for a footswitch,
Innovative Neurotronics. USA).

3. NM-F1 (electrical stimulation using
a trigger switch or footswitch, ITO
Company Limited, Japan).

Although functional electrical stimulation
has been used to improve the function of
ankle joints in the after—effects of stroke,
however it has rarely been applied to
osteoarthritis of the knee. The main
symptom of osteoarthritis of the knee is
knee pain caused by an abnormal gait.
Knee pain can be relieved by reducing
mechanical stress on the knee joint
through motion modification if functional
electrical stimulation of the knee joint
during walking becomes possible.

In this study, to support gaits for users
with OA of the knee, a novel portable
functional electrical stimulation device is
developed for walking motion modification.
In the proposed device, a pressure sensor
is installed under the center of the user’s
calcaneus to detect the initial phase of
stance during the walking cycle, and
electrical stimulation causes eccentric
contraction of the quadriceps muscle,
which contributes to shock absorption
in the knee joint. Functional electrical
stimulation is performed on healthy

subjects model during walking. Using
a three-dimensional motion analysis
system and a floor reaction force meter,
we quantitatively evaluate joint angles,
floor reaction forces, and gait parameters.
Based on these results, we will verify the
current and voltage, stimulated muscles,
and timing of stimulation required
for motion transformation. Using the
experimental results, we aim to construct
a portable functional electrical stimulation
device of high clinical value, which
will improve the gait of patients with
osteoarthritis of the knee and the quality
of their daily life at home.

2. Previous Studies on Osteoarthritis of
the knee Symptoms, Gait, and Electrical
Stimulation

This chapter describes the symptoms
of osteoarthritis of the knee, gait, and
previous research on electrical stimulation
of the body.

2.1. Osteoarthritis of the knee Overview
and Gait

The main signs of osteoarthritis of
the knee are lower limb alignment
changes and muscle weakness based
on articular cartilage wear associated
with degenerative degeneration. It is
common in elderly women, and the main
symptoms are pain in the medial part
of the knee joint during loading and at
the start of walking and limited range of
motion in knee flexion and extension[13].
Weakening of the lower extremity
muscles is also evident due to prolonged
symptoms, as well as the loss of balance
due to altered lower extremity alignment.
Gait with osteoarthritis of the knee causes
the tibial femoral angle to expand and the
knee stiffness to decrease with the laxity
of the lateral knee joint ligaments, unlike
in healthy people[14].
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Figure 2 : Muscle activity during normal walking.

In osteoarthritis of the knee, the lateral
motion of the knee joint increases in the
early to mid-stance period. As a result,
mechanical stress in the medial part of
the knee increases, wear of the articular
cartilage progresses, and severe pain
occurs, making it difficult to walk [14]. In
osteoarthritis of the knee, muscle activity
during normal gait is difficult to achieve,
as shown in Fig. 2. In normal gait, the
knee joint flexion movement from the
early to mid-stance period disperses the
mechanical stress applied to the knee
joint [9]. However, due to weakness of
the quadriceps muscle, this function is
lost and the load on the knee joint cannot
be reduced.

Therefore, it is important to contract the
muscles, especially the quadriceps, from
the early to mid-stance phase.

2.2. Previous Research on Electrical
Stimulation to the Body

The current treatment using electrical
stimulation is divided into therapeutic
electrical stimulation(TES) and functional
electrical stimulation(FES) based on the
difference in stimulation intensity. As
shown in Fig. 3, the former is used for

pain suppression and wound healing, and
provides continuous electrical stimulation
between 60Hz and 150Hz. The stimulation
intensity should be such that no muscle
contraction occurs. In the latter case, a
low—-frequency stimulus of 20Hz to 30Hz
is used to stimulate the muscles during
operation with an on-off time (duty
ratio) to generate muscle contraction.
By stimulating during movement, it is
possible to stimulate at the timing when
the body should be active, which enables
not only movement transformation,
however also selective stimulation of
Type IIX fiber[15] with high muscle
contraction speed, which is required in
movement scenes, and muscle strength
strengthening during movement can be
performed at the same time.

In addition, a lower limb exoskeleton-
type device has been developed for
research using electrical stimulation
to the body. The features of these
devices are that they detect the minute
electrical activity of the leg muscles by
surface electromyography, and mainly
support limb movements by using
actuators located in the leg joints to
generate high torque instantaneously



as a power source[16]. It has been used
as a power suit in medical and nursing
care settings and as a walking aid for
hemiplegic patients after cerebrovascular
diseases[17].

However there is a tendency for the
devices to become larger and larger,
and they do not promote their own
muscle contraction. A previous study in
the UK reported that manual electrical
stimulation of the quadriceps and
medial hamstrings during the stance
phase reduced mechanical stress in
the medial knee joint for medial knee
osteoarthritis[18]. This study presents
the possibility of functional electrical
stimulation for osteoarthritis of the
knee; however, the functional electrical
stimulator was manually operated. Other
previous studies in the U.S. have shown
that the knee extensor muscles were
electrically stimulated during the stance
phase and the knee flexor muscles were
electrically stimulated during the swing
phase while walking in obese women with
knee pain[19]. The results of this study
showed that the knee extensor torque
measured in the sitting position improved,
indicating the effectiveness of the
stimulation on obese women. The device
we aim to develop relates to a portable
functional electrical stimulation device
that can detect the walking motion of
osteoarthritis of the knee with a pressure
sensor and automatically stimulate the
knee.

Figure 3: Conventional therapeutic electrical
stimulation device.

3. Configuration of Portable Functional
Electrical Stimulation Devices

The portable functional electrical
stimulator consists of a pressure sensor in
the sole of the foot that detects the gait
cycle and a dry battery that boosts the
pressure and stimulates the knee extensor
muscles with electrode pads. In this
chapter, the outline of the device, design
specifications, safety considerations, and
research ethics are described.

3.1. Overview of Portable Functional
Electrical Stimulation Devices

The concept of the experimental
apparatus is shown in Fig. 4. The power
supply, the pressure booster, and the
current control unit are installed at the
waist, where the influence on walking is
small. A pressure sensor installed under
the calcaneus of the plantar region was
used to extract the early to midstance
period of the gait cycle. Based on the
information extracted by the pressure
sensor, functional electrical stimulation is
performed on the thigh current pads to
stimulate the eccentric contraction of the
quadriceps muscle to change the motion
during walking. A portable functional
electrical stimulator is shown in Fig. 5.
The external dimensions are 172mm X
129mm X 66mm, the mass is 800g, and
the cost is about 50 dollars. Two 9 V dry

Figure 4 : Experimental systems configuration.



batteries are used to power the device
and the output voltage can be raised
to 60~70V with a booster. A pressure
sensor installed in the center of the
calcaneus detects the voltage according
to the pressure change from the early
to mid-stance phase of gait. The voltage
signals are transmitted to the control unit
of Arduino. After that, the on/off control
signal is sent to the photo coupler, and the
knee extensor muscles and hip adductor
muscles are electrically stimulated
through the positive and negative electric

———0
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18V +

Main switch

pads to change the walking motion and
reduce the load on the knee joint.

Figure 5 : Appearance of functional
electrical stimulator.
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Figure 6 : Portable functional electrical stimulation device circuit diagram.

3.2. Design Specifications of Portable
Functional Electrical Stimulation Devices
The circuit diagram of this device is
shown in Fig. 6. The contact resistance
of the skin (stratum corneum) of living
organisms is high, and the contact
resistance of the skin is reported to be 2
~5 kQ, while the internal resistance of

the human body is 0.8 kQ [20], and the
total resistance of living organisms is 2.8
~58 kQ. In this study, the resistance of
the body was set at 2 kQ, which is the
lower limit of the resistance of the body,
because the resistance varies depending
on the state of sweating of the skin. For
safety reasons, a resistance of 1 kQ was



added to keep the current below 20 mA,
and together with the 2 kQ resistance
of the body, the total resistance was
set at 3 kQ. The amount of current is
calculated as follows. I: current (20 mA)
= V: voltage (60 V) / R: resistance (3 kQ).
The amount of current described above
was adjusted by a resistor and a resistor
of biological origin. The voltage was
controlled by a voltage multiplier that can
output a constant voltage.

The installation site of the pressure
sensor is shown in Fig. 7. The signal
processing of the pressure sensor is
done by Arduino, which is small and
inexpensive. The Arduino program for
functional electrical stimulation by the
pressure sensor was designed to switch
on in the early to mid-stance period when
the sole of the foot touches the ground
and the pressure sensor value exceeds
a threshold value. In normal adult males
and those with osteoarthritis of the knee,
the calcaneus contacts the ground at the
beginning of stance, and then the entire
sole, including the calcaneus, contacts
the ground in the middle of stance, and
the calcaneus leaves the ground toward
the end of stance[17]. Therefore, by
placing a pressure sensor in the center

Pressure
sensor

Main specifications
* Thickness: 0.20~
* Pressure sensitiv
* Minimum sensi

Figure 7 : Pressure sensor installation site.

of the calcaneus, early to mid-stance
sensing is possible. We conducted several
experiments based on the average weight
of 68.2 kg of a healthy model, and the
threshold value of 4.64V was set to ensure
that the pressure sensor could detect the
pressure.

3.3. Safety considerations

For safety reasons, high voltage DC
current should be avoided because of the
risk of electric shock when electricity
1s applied to the body. In addition, it is
necessary to control the current value
because the skin resistance changes
depending on the state of perspiration,
and the current flowing to the body
also changes. Electric current should
be applied to the upper and lower
extremities only, not through the organs.
The device shall be in accordance with
item 151 of the safety of home electric
therapy devices of the JIS standard[21].
The voltage and current of the system
are set to less than 200 V for a 1 kQ
noninductive load and less than 20 mA
effective value for a 1 kQ non-inductive
load. The experiments were conducted in
a medical facility with a physician on site
(physician's opinion issued).

3.4. Research Ethics

For the sake of ethical considerations,
the experiments are conducted with
the approval of the Ethics Committee
from the Graduate School of Science and
Engineering, Ehime University (K19-
002) and the Ethical Review Committee
from the Ehime Juzen School of Allied
Media Professions and Affiliated
Hospital (02-02-1). The subjects are with
full explanation and consent of the aims
and contents of the experiment.



4. The evaluation system and experimental
method of gait analysis

In this chapter, we evaluated the
safety of a portable functional electrical
stimulation device, method to evaluate
gait, and the effectiveness of the device.

4.1. Safety Assessment

The safety evaluation of this study was
carried out using a tester oscilloscope.
The output voltage after voltage boost
was set at 60 V, and the current value at
the electrode pad was measured 10 times,
and the results are shown in Table 1. The
average current value measured 10 times
at the electrode pad was 4.68 mA, which
met the criteria of JIS standard[21] of
20 mA and 200 V or less, and safety was
confirmed.

Table 1 : Evaluation of safety results

Number of Amount of current at
evaluations the electrode (mA)
1 5.05
2 5.46
3 494
4 476
5 4.64
6 458
7 448
8 433
9 429
10 423
average value 4.68

4.2. Walking motion evaluation system

The evaluation of the walking motion
was performed by VICON MX (Vicon
Motion Systems), a three-dimensional
motion analysis system using six infrared
cameras and two floor reaction force
meters as shown in Fig. 8. Measurements
were performed at a sampling frequency
of 120 Hz, and 35-point markers were
used in the whole-body Plug in Gait

model. The floor reaction force was
measured by practicing to step on the
floor during free walking without fatigue.
Gait analysis was performed using
Polygon (Vicon Motion Systems, Inc.),
and the analysis section was defined as
the range from the early to mid-stance
period of the gait cycle.

Figure 8 : Walking Motion Evaluation System (3D

motion analyzer and floor reaction force
meter).

4.3. Method of Experiment

Twelve healthy adult males (height 172.2
cm, weight 68.2 kg) with consent and not
patients with osteoarthritis of the knee
were enrolled in this study. The test
muscles were (1)Vastus Medialis (action:
knee stabilization, pulling the thigh
inward, and knee extension), (2)Vastus
Lateralis (action: knee joint extension and
knee stabilization), (3)Rectus Femoris
(action: knee joint extension and knee
stabilization), and (4)Hip Adductor
Muscle group (Action: pulling the thigh
inward), as shown in Fig. 9.

The experiment was conducted as
follows. (1)Explanation & pre-test
of the study (research description,
consent to consent form, pre-test to
lower limb muscles). (2) Preparation
for measurement (changing into
leggings, attaching reflective markers,



Figure 9 : Action of the test muscle and stimulus
interval.

limb length measurement, mounting
portable functional electrical stimulation
device, calibration of 3D motion
analysis equipment). (3)Experiment
& measurements (3 measurements of
functional electrical stimulation in the
range of 60~70 V after 3 measurements
(4)Feedback of the
measurement results and skin check at
the pad insertion site.

of free walking).

The following eight items were analyzed
at the timing of the peak knee flexion
angle in the early to mid-stance phase.
(1)bilateral knee joint flexion angle, (2)
bilateral knee joint adduction angle, (3)
knee joint flexion moment, (4)knee joint
adduction moment, (5) floor reaction force
left-right component, (6)floor reaction
force front-back component, (7)floor
reaction force vertical component, and
(8) gait parameters (gait speed, cadence,
single leg support time, stride length).
The three components of floor reaction
forces and joint moments were divided
by body weight.

Statistical processing was performed

using the Wilcoxon rank sum test at a
significance level of less than 5%.

Prior to this study, we examined the
lateral knee joint stiffness in a typical
healthy adult male (age: 29 years old,
height; 170 cm, weight: 74 kg) and typical
osteoarthritis of the knee (age: 65 years
old, height: 146 c¢cm, weight: 59 kg) in the
early to mid-stance phase of gait. The
maximum knee joint adduction angle
(change) from early to mid-stance was
0.1 deg (29 deg) in healthy subjects and
199 deg (120 deg) in osteoarthritis of the
knee. The maximum knee joint adduction
moment (change) during the same period
was 014 Nm/kg(0.21 Nm/kg) in healthy
subjects and 14.3Nm/kg (029 Nm/kg) in
osteoarthritis of the knee. The maximum
vertical component of floor reaction force
during the same period was 8.86 N/
kg in healthy subjects and 9.78 N/kg in
osteoarthritis of the knee (Table 2).

In osteoarthritis of the knee, both the
maximum adduction angle and the
maximum adduction moment of the knee
joint were high and varied greatly in the
early to mid-stance phase. The results
are shown in Table 2. The results of these
stiffness tests suggest that the lateral
stiffness of the knee joint is reduced in
osteoarthritis and that mechanical stress
in the medial part of the knee joint is
likely to be increased in this condition,
which is similar to many previous studies
on osteoarthritis of the knee [22].

Table 2 : Outward knee joint stiffness during walking in healthy subjects and osteoarthritis of the knee.

Healthy person Osteoarthritis of

the knee
Knee adduction angle (°) 0.1 19.9
Knee adduction angle amount of change (°) 29 12.0
Knee adduction moment (Nm/kg) 0.14 14.3
Knee adduction moment amount of change (Nm/kg) 0.21 0.29
Vertical component of floor reaction force (N/kg) 8.86 9.78
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5. Results of Experiment and Discussion

In this chapter, the effectiveness of this
system is discussed for each measurement
item on the basis of the results obtained
in experiments.

5.1. Knee joint angle

Among the lower limb joints, the knee
joint flexion angle, which contributes
to shock absorption in the early stance
phase, was analyzed and shown in Fig. 10.
The maximum flexion angle of the knee
joint during the early to mid-stance
period in the free walking group was 13.1
+ 72 deg in the free walking group and
155 = 6.2 deg in the functional electrical
stimulation group (60~70V) with the
maximum flexion angle in the early to
mid-stance period being statistically
significantly higher in the functional
electrical stimulation group (p= 0.03).
The role of the knee joint in the early
to mid-stance cycle is to absorb shock
in the knee joint. Particularly during
the load response phase, this is the time
to gently flex the knee joint after heel-
ground contact to decelerate the body
accelerated during the swing phase
and to relieve the impact on the knee
joint[23]. From the experimental results,

the maximum flexion angle of the knee
joint during the load-response period
was significantly higher in the functional
electrical stimulation group, suggesting
that increasing the flexion angle of the
knee joint works as a shock absorber.
The knee adduction angle was 7.8+53deg
in the free walking group and 8.3=*5.2deg
in the functional electric stimulation
group, with no statistically significant
differences between the two groups, and
no changes in lateral movement were
observed. This may be due to the fact
that the subjects for this study were a
healthy adult males, and it was difficult
to change the motion of the knee joint,
which caused a change in the left-right
motion of the knee joint with 60 ~70 V
electrical stimulation.

5.2. Knee joint moment

The knee joint flexion moment at
maximum flexion of the knee joint in the
early to mid-stance is shown in Table 3.
The moment of knee joint flexion was 4.91
+ 3.25Nm/kg in the free walking group
and 482 = 296 Nm/kg in the functional
electrical stimulation group, with no
statistically significant differences.

The knee joint adduction moment
during the same period was 6.27 = 3.60
Nm/kg in the free walking group and
6.44 = 3.77 N'-m/kg in the functional
electrical stimulation group, with no
statistically significant differences. Before
the experiment, we expected that the
adduction moment of the knee joint would
be decreased by the electrical stimulation.
However, because the subjects for this
study were healthy adult males and
the results of preliminary experiments
showed that the knee joint was highly
rigid, it was difficult to change the knee
adduction moment with an electrical
stimulation dose of 60 to 70 V.



5.3. Floor reaction force vertical, front and
rear, and left and right components

Table 3 shows the results of the analysis
of the vertical and backward components
of the floor reaction force at the beginning
of stance. These two floor reaction forces
affect the impact on the knee joint, and
the larger the value, the greater the load
on the knee joint. The vertical component
of floor reaction force was 837 = 093 N/
kg in the free walking group and 7.82
+ 2.34 N/kg in the functional electric
stimulation group, which was significantly
lower in the functional electric stimulation
group (p=0.04). In the same period, the
posterior component of the floor reaction
force was 1.33 + 0.23 N/kg in the free
walking group and 1.30 = 0.26 N/kg
in the functional electric stimulation
group, which was significantly lower in
the functional electric stimulation group
(p=0.04).

The vertical component of floor reaction
force and the posterior component of
floor reaction force were decreased in the
early stage of stance. In the functional
electrical stimulation group, the electrical
stimulation assisted the eccentric
contraction of the knee joint extensor
muscle group[24] and increased the knee
joint flexion angle, which was thought to
work as a shock-absorbing function. In
addition, as shown in Fig. 11, the load on
the knee joint was reduced by decreasing
the vertical and posterior components of
the floor reaction force. The left and right
components of the floor reaction force at
maximum knee joint flexion in the early
stance phase were 0.29 = 0.23 N/kg in
the free walking group and 0.27 = 021 N/
kg in the functional electrical stimulation
group, with no statistically significant.
This phenomenon was consistent with
the results of knee joint adduction angle
and moment. Because the subjects were

healthy males, the stiffness of the knee
joint was high, indicating that it was
difficult to transform the movement in
the direction of knee adduction with an
electrical stimulation dose of 60 to 70V.

functional
electrical stimulation

Floor reaction

; contraction of knee
force vertical
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Compon=ntils ' muscles to assist in
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el A H during knee joint
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Figure 11 : Shock absorption function by functional
electrical stimulation.

Table 3: Changes during walking in the free
walking group and functional electrical
stimulation group

Free Functional p value
walking electrical
group stimula-
tion
group
Knee flexion angle (degree) 131+£72 155+62 p=003
Knee adduction angle (degree) 78 +53 83+5.2 n.s.
Knee flexion moment (N-m/kg)  4.91 + 3.25 4.82 + 2.96 n.s.
Knee adduction moment 6.27 £ 3.60 6.44 £ 3.77 ns.
(N-m/kg)
Left-right component of floor 0.29 +£0.23 027 +£0.21 n.s.
reaction force (N/kg)
Front and rear component of 1.33+£0.23 130£026 p=0.04
floor reaction force (N/kg)
Vertical component of floor 837+£093 7.82+234 p=0.04

reaction force (N/kg)

5.4. Gait parameters

Gait speed and cadence are shown in
Table 4 as the target of analysis because
they indicate changes in gait cycle and
efficiency. Among the gait parameters,
there were no significant differences in
gait speed between the free walking
group (1.87 2.82 m/sec) and the
functional electrical stimulation group
(1.05 £ 0.09 m/sec). The cadence was
107.3 = 6.8 steps/min in the free walking

—+

group and 1079 = 6.72 steps/min in the
functional electrical stimulation group,



which was not significantly different.
There were no significant differences in
the duration of one-legged support on the
stimulated side between the free walking
group (046 = 0.04 sec) and the functional
electric stimulation group (045 = 0.03
sec). There was no significant difference
in the stride length of the stimulated side
between the free walking group (0.59
+ 0.04 m) and the functional electric
stimulation group (059 = 0.04 m). These
results indicate that the functional electric
stimulation device has a shock-absorbing
effect. Because the subjects were healthy
adult males, the amount of stimulation
that affected the entire gait cycle was not
reached.

Table 4 : Walking Parameters

Free Functional p value

walking electrical
group stimula-
tion
group
1.05 £ 0.09
107.9 +
6.72
0.45 %+ 0.03

0.59 + 0.04

Gait speed [m/sec] 1.87 + 2.82

107.3 £ 6.8

n.s.

Cadence [steps/min] n.s.

0.46 = 0.04
0.59 + 0.04

Single leg support time [sec] nas.

Step length [m] ns.

5.5. Evaluation of Functional Electrical
Stimulation Devices

The size of this device is 172 mm X
129 mm X 66 mm and the weight 800
g. Because the device was attached to
the pelvic area with a belt, the weight
of the device had no effect on the gait. It
was also confirmed that the volume and
weight of the device did not affect the
gait measurement without any contact
between the device and the upper limb.
In this device, a pressure sensor was
installed in the center of the calcaneus
to realize reliable switching, and a
signal was output by a wired circuit.
When the pressure sensor is placed in
the center of the calcaneus, the load is

applied in the range of early to mid-
stance and the switch is turned on. As
for the time lag between switching and
electrical stimulation, no adverse effects
on functional electrical stimulation were
observed in the experiments, since the
signal was output by a wired circuit.

As for safety, the device was designed
in accordance with JIS[21], and the
skin condition was checked after the
experiment, however no health hazard
was observed. The safety evaluation
result of 468 mA of the average current
during 10 stimulations at the electrode
pad part was shown to be reasonable, and
the safety was guaranteed as shown in
Table 1.

6. Conclusions

Walking aids, including functional
electrical stimulators, have proven to be
clinically useful and are being approved
for public medical insurance coverage
in many countries around the world.
However, functional electrical stimulation
devices for musculoskeletal diseases
have not been developed. Therefore, it is
expected to develop a functional electrical
stimulator useful for osteoarthritis of the
knee, which is one of the top 10 functional
disorders in the world[25].

In this study, we developed a portable
functional electrical stimulation device
with a pressure sensor installed in the
center of the calcaneus to reliably detect
the early to mid-stance phase of the gait
cycle, and to reduce the load on the knee
by producing eccentric contraction of the
quadriceps muscle, which contributes to
shock absorption in the knee joint, and
thereby realizing motion change.

Using the prototype device, we tested
whether or not it is possible to change
the behavior of a healthy person. As
a result, we found that the following



motion changes are possible in a healthy
model. Experimental results showed that
the maximum flexion angle of the knee
joint during the load-response period
was significantly higher in the functional
electrical stimulation group, while the
vertical and posterior components of
floor reaction force during the same
period were significantly lower. Based
on these results, we hypothesized that
in the functional electrical stimulation
group, electrical stimulation assisted the
eccentric contraction of the knee joint
extensor muscle group and increased the
knee joint flexion angle, which facilitated
the function of shock absorption and
decreased the contemporaneous floor
reaction force vertical and posterior
components, thereby decreasing the
load on the knee joint . There were no
significant differences in the knee joint
adduction angle and adduction moment.
This was thought to be due to the high
stiffness of the knee joint, as the subjects
were healthy males, and the amount of
functional electrical stimulation required
for motion change on the anterior plane
affected by bone alignment was also
insufficient.

In the present study, there were no
statistically significant differences between
the free walking and functional electrical
stimulation groups in terms of gait speed,
cadence, single-leg support time and
stride length. The output voltage of this
device was set in the range of 60 to 70 V,
and the current was about 5 mA, which
may have been insufficient to stimulate
the quadriceps muscle, which has the
largest muscle mass in the human body.

We will continue to study the
miniaturization of the stimulator,
verification of the appropriate electrical
stimulation, stimulation program, and
sensor, and development of a device that

can stimulate two parts of the body at the
same time, and a device with a feedback
mechanism. This device contributes to
gait support for osteoarthritis of the knee
and contributes to the development of
rehabilitation technology.
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