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Abstract. This study was performed to assess the improvement of muscle strength imbalance in the lower limbs using a four
point weight bearing reduction system with a two-belt treadmill. Participants, each having differences in muscle function of
the left and right legs of over 20%, were divided into two groups of ten. The participants were involved in experiments
progressing 40 minutes per day, 3 days per week, during a period of 4 weeks. The maximal peak torque and average power
were measured for testing joint torque in the hip, knee and ankle. The results showed the improvement of muscle imbalance
as assessed by the maximal muscle strength was the most effective in the hip joint, while the improvement of muscular
reaction was the most effective in the knee joint. We suggest that the method of weight bearing reduction could be sufficient
to reduce muscle imbalance in the lower limbs.
Keywords: Reduction of weight bearing, joint torque, gait, muscle imbalance, two-belt treadmill

1. Introduction
Recently, the number of people with muscle imbalance in the lower limbs is increasing, and among
these, except for those with congenital anatomical problems, most of such imbalance is attributable to
incorrect exercise posture or life style [1]. Generally, incorrect exercise posture or life style repeated
unconsciously can cause significant bodily deformation [2]. Particularly, in the case of lower limbs,
when standing obliquely by using the dominant leg frequently as support or loading more momentum
on one leg compared with the other during exercise, muscle imbalance is caused.
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These days, most sports equipment can cause muscle imbalance, as it was developed with the focus
of increasing muscle strength [3]. Muscle imbalance caused thereby may induce skeletal deformation
and musculoskeletal diseases, and may lead to chronic disease. In particular, the lower limbs are a part
that affects postural stability, and the frequency of musculoskeletal injury or disease is high. As it applies a lot of load to the body, imbalance of the lower limbs may cause serious injury to the trunk or
lumbar vertebra due to a general reduction in body balance [4].
Presently, study on muscle imbalance has extensively progressed in terms of the prediction of exercise injury or effects of rehabilitation, specifically targeting athletes. It was reported that if there is a
difference of over 10% in the muscle strength of the quadriceps femoris of the left/right limbs, the frequency of injury in athletes is increased [5]. If the balance ratio of left/right muscle strength in domestic elite athletes is over 10%, the possibility of injury was evaluated to be high [6]. Overseas, it was
reported that muscle strength imbalance over 8% is positively acknowledged, while imbalance over 10%
increases the rate of exercise-related injury [7]. In addition to these results, studies targeting the general population and the aged have also progressed extensively. During gait of the elderly, muscle
strength imbalance of the lower limbs was reported to cause the time of the simultaneously supporting
limb on the ground to increase in order to compensate for the side with weak muscle strength [8].
However, as there are fewer kinds of musculoskeletal diseases and smaller numbers of patients with
diseases of the lower limbs than the upper limbs, most studies have been limited to the upper limbs
and trunk, so a systematic study on musculoskeletal diseases by examining muscle strength imbalance
is not sufficient in reality [9,10]. In addition, the existing preceding studies focused only on an effect
of muscle strength imbalance of lower limbs on the human body or on a method of evaluation, while
little research on improving such practice has been reported.
Therefore, in this study, we are going to consider an effect of improvement to muscle imbalance in
lower limb according to reduction of weight bearing of horizontal shaft during left/right individual gait.
2. Experimental methods
2.1. Subjects
In order to select test participants with lower limb imbalance, 100 adult males/females were randomly selected. Of these, 20 people who showed a difference of the left/right muscle strength of the
hip joint, knee joint and ankle joint over 20% were selected by testing joint torque (Biodex system3,
Biodex medical science Ltd., NY, USA). Before experimentation, the 20 selected participants were
randomly divided into 2 experiment groups of 10 people: the weight bearing reduction gait group
(NWB, non-weight bearing group), and the control group of general gait (WB, weight bearing group)
(Table 1). In addition, all the test participants possessed stronger muscle strength in the right leg than
the left leg.
2.2. Experimental equipment
The four-point weight bearing reduction system is a piece of equipment which provides a reduction
in weight bearing in the horizontal direction through 2 front shafts and 2 left/right shafts. While the
existing horizontal shaft system provided reduction in weight bearing through a suspension system in
the form of wire, a suspension system in the form of a bicycle saddle was applied in the system tested
herein. Contrary to the existing system, weight bearing reduction was provided in a form that does not
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have outtside binding
g force of up
pper and lower limbs. In addition, thee reduction rrate is provid
ded based
on 1% per
p weight off the test sub
bject, and the bearing red
duction funcction was proovided from 1-100%,
with real time visuall/auditory feeedback functtions. In add
dition, a two--belt treadmiill was attach
hed in an
integrateed type, with
h the left/righ
ht side provid
ding gait speeed independeently (Figuree 1).
Table 1
Physiical results show
wing maximal peak
p
torque in hip,
h knee and an
nkle joint of thee selected particcipants during pre-test
p
Weighht Bearing grouup(WB)

Non-Weight Bearing group((NWB)

Joint torque(N
Nm)

Left

Right

Difference

Percentage(%)

Left

Right

D
Difference

Peercentaage(%)

Hip

70.3±
±2.9

84.8±11.9

14.5±3..2

20.6

72.4±3.3

88.8±2.6

116.4±1.7

2.6
22

Knee

80.6±
±4.4

98.9±55.1

18.2±3..6

22.4

79.5±3.3

97.5±4.1

118.0±3.0

2.5
22

Ankle

40.4±
±4.0

50.6±33.7

10.0±1..8

24.8

43.5±3.2

52.6±2.7

99.2±1.2

1.7
21

Table 2
Results off the ratings of perceived
p
exerttion according to
t gait velocity
y with left and right
r
leg (scoress: scored as diffficulty during exercise; scale: subjeect's feelings off difficulty; gaiit velocity: gaitt speed of the treadmill;
t
Subjeects with pain: number of
subjects exxperiencing paiin)
Borg PRE scaale
Scores
7
9
11
13
15
17
19
20

Sccale
veery, very light
veery right
faairly light
soomewhat hard
Hard
veery hard
veery, very hard
m
maximum
exertioon

Gaitt velocity
(km//h)
Left
Right
3.3
3
3.4
3
3.5
3
3.6
3
3.7
3
3.8
3
3.9
3
4.0
3

PRE result during
d
gait
PRE score
7.5±1.2
7.5±1.5
10.8±1.1
10.8±2.7
12.3±1.4
12.9±1.9
15.7±2.0
18.9±1.5

Num
mber of pain
0
0
0
0
0
0
0
8

Fig. 1. Tesst configurationn: (a) Four point weight beariing reduction sy
ystem based onn a two-belt treaadmill; GAT, Cybermedic
C
Co. Ltd., Korea.
K
(b) Gaitt by weight beaaring using the system.
s
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Fig. 2. Isookinetic joint torque test for esstimating correcction effect of muscle
m
imbalannce in lower lim
mbs ((a) hip join
nt, (b) knee
joint, (c) ankle
a
joint).

2.3. Proccedure and method
m
of exp
xperiment
Using the four poiint weight beearing system
m, test particcipants perforrmed walkinng exercise every other day, 3 times a weeek, and the left/right gaiit speed of th
he two-belt treadmill waas independeently provided. The left/right independentt gait speed was
w equally provided
p
to the
t two groupps through PRE
P
(Ratings of perceived
p
exeertion) of thee test particip
pants before the test. PRE
E is a numerrical represen
ntation of
the exerccise strength
h felt by test participants while exerciising, and th
he rating is performed by
y dividing
into 6-20
0 stages [11]]. PRE for th
he left/right independentt gait speed was
w evaluateed for the tesst participants beefore the testt. For the leg
g with domin
nant muscle strength, thee PRE was pperformed baased on a
speed off 3 km/h, ord
dinary gait sp
peed, while th
he gait speed
d was set at 3.9
3 km/h in thhe other leg,, which is
the gait speed
s
of the pre-stage off the section where
w
pain iss felt during walking (Taable 2).
The ex
xperiment grroup was provided with a 50% redu
uction of parrticipant's weeight provideed by the
system. In order to explore
e
the correction
c
off muscle strength imbalan
nce in the loower limbs, isokinetic
i
joint torq
que was meaasured twice every 2 weeeks, for a total of 4 week
ks (Figure 2).. The joint to
orque test
protocol included thee knee joint extensor, an
nd plantar fleexion of the ankle joint. In addition, the maximal peaak torque, mu
uscle reactio
on, and averaage power weere evaluated
d in order to analyze the maximal
muscle strength
s
variation [12]. At
A the time of
o evaluating the walking
g exercise annd isokinetic joint torque, env
vironmental test
t error waas minimized
d by maintain
ning a tempeerature of 199±2.1°C and humidity
of 50±5.7% [13].
2.4. Data
a analysis
In ord
der to analyzee the correcttion of left/riight muscle strength
s
imbalance in thee lower limbs according to sttatus of weig
ght bearing reduction,
r
the maximal peak
p
torque by
b each joinnt, average po
ower and
standard
d deviation were
w
estimateed using SPS
SS 18. In add
dition, a pairred t-test was performed to verify
the pre/p
post effect off walking exeercises by grroup, with a significance
s
<0.05.
level of *p<
3. Resu
ults and discussion
3.1. Variation of maxximal musclee strength an
nd muscle rea
action time in hip joint acccording to status
s
of
weight bearing
b
reducction
Beforee the test, th
he control grroup had a leeft/right max
ximal musclee strength diifference of 20.6% in
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the hip joint (WB: 14.5±2.1 Nm), while that of the experiment group was 22.6% (NWB: 16.4±3.1
Nm). Similar left/right muscle strength imbalance was represented in the two groups. A significant
difference was not observed after 2 weeks of training, but a mutually different tendency was observed
after 4 weeks. Both groups showed minor differences in the level of approximately 2% after 2 weeks;
however, decreases down to 9.9% in the experiment group were observed after 4 weeks (NWB:
9.6±2.7 Nm), representing a 12.51% correction of the imbalance. The most significant correction was
observed in the knee joint and ankle joint. In contrast, rather than decreasing in the control group, it
increased up to 28.2% (WB: 23.0±4.9 Nm), representing aggravation of the imbalance by 7.6%,
representing a significant difference (Table 3).
Average power showed a similar trend as the maximal muscle strength, decreasing from 20.5%
(NWB: 6.4±2.5 watts) before the test to 5.9% after the test in the experiment group. In contrast, an
increase from 19.4% (WB: 5.8±1.0 watts) before the test to 21.1% after the test was observed (Table
3). Weight bearing by the hip joint takes place after mid stance during a stride, at which time the
weight bearing amounts to approximately 4 times the level of weight. It was judged that significant
weight loaded on the hip joint compared with the knee joint and ankle joint during walking exercise
caused an increase of the muscle strength imbalance. In other words, it was considered that the reduction of weight bearing by the hip joint during two-belt treadmill gait was achieved, providing a positive effect for correcting the left/right muscle strength imbalance. However, it should be noted that
there is a possibility of causing an aggravation of the muscle strength imbalance when using left/right
independent gait speed without weight bearing.
Table 3
The results of maximal peak torque and average power of hip joint by adapting the weight bearing reduction method in
groups [joint torque in period: Mean ± SD (standard deviation), p<0.05]
Group

Joint torque in period

Protocol

Maximal peak
torque(Nm)
Weight
bearing
group

0-week

Maximal peak
torque(Nm)
Noneweight bearing group
Average power(watts)

4-week

Left

70.3±3.5

77.1±2.5

81.3±4.6

Right

84.4±7.5

93.2±6.5

104.3±7.7

Difference[%]

14.5±2.1[20.6]
0.01

16.1±1.7[20.9]
0.01

23.0±4.9[28.2]

P-value
Average power(watts)

2-week

Left

30.2±1.2

32.4±0.4

33.3±3.1

Right

36.0±2.1

39.1±4.6

40.2±1.9

Difference[%]

5.8±1.0[19.4]

6.7±2.1[20.9]

P-value

0.01

Left

72.4±6.5

Right

88.8±2.2

100.2±4.6

106.4±6.5

Difference[%]

12.0±3.0[13.6]
0.01

9.6±2.7[9.9]

P-value

16.4±3.1[22.6]
0.01

Left

30.9±3.1

35.3±2.2

40.5±2.8

Right

37.2±1.9

40.3±3.5

42.9±3.6

Difference[%]

6.4±2.5[20.5]

5.0±1.1[14.1]

2.4±0.9[5.9]

P-value

0.00

7.0±2.1[21.1]

0.00
88.3±9.2

96.8±5.1

0.00
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Table 4
The results of maximal peak torque and average power of knee joint by adapting the weight bearing reduction method in
groups [joint torque in period: Mean ± SD (standard deviation), p<0.05]
Group

Joint torque in period

Protocol

Maximal peak
torque(Nm)
Weight
bearing
group
Average power(watts)

Maximal peak
torque(Nm)
Noneweight bearing group
Average power(watts)

0-week

2-week

4-week

Left

80.6±5.0

87.6±9.8

88.1±5.1

Right

98.9±9.4

108.7±10.7

112.3±5.6

Difference[%]

20.9±3.4[23.9]
0.01

24.2±3.3[27.4]

P-value

18.2±3.5[22.6]
0.00

Left

71.5±3.4

73.3±5.6

75.2±1.2

Right

86.4±4.2

88.7±7.5

94.7±4.5

Difference[%]

14.9±3.3[20.1]

15.4±3.0[21.0]

19.4±4.2[25.7]

P-value

0.01

Left

79.5±3.0

0.02

Right

97.5±4.4

103.2±3.7

106.3±6.6

Difference[%]

18.1±2.8[21.2]
0.00

11.7±2.5[12.3]

P-value

18.0±3.1[22.5]
0.00

Left

70.3±1.4

74.1±1.3

80.1±3.6

Right

88.3±3.5

90.2±6.1

91.3±2.9

Difference[%]

18.1±2.4[25.7]

16.2±3.7[21.8]

P-value

0.02

85.1±7.8

94.6±10.1

11.1±3.0[13.8]

0.00

3.2. Variation of maximal muscle strength and muscle reaction time in knee joint according to status
of weight bearing reduction
For the knee joint, the control group (WB: 22.6%: 18.2±3.5 Nm) and experiment group (NWB,
22.5%: 18.0±3.1 Nm) showed similar muscle strength imbalance indicated by the maximal muscle
strength difference before the test. Similar to the results for the hip joint, the difference between the
two groups was almost negligible after 2 weeks the experiment, but significant differences were observed after 4 weeks. The experiment group had decreases down to 12.3% (NWB: 11.7±2.5 Nm),
representing a 10.2% correction of the imbalance. However, the control group was measured at 27.4%
(WB: 24.2±3.3 Nm), showing an increasing trend of 4.8%, similar to the result of aggravation of the
imbalance observed for the hip joint (Table 4). In the case of average power, the experimental group
decreased from 25.7% (NWB: 18.1±2.4 watts) before the test to 13.8% after, showing significant correction. In addition, similar to the results for the hip joint, imbalance of the control group showed a
tendency of approximately 5.6% increase (Table 4).
The knee joint was the most significantly affected by the quadriceps femoris and hamstring, and
these muscles are mostly mobilized during lower limb movement by generating strong force among
the muscles. In particular, as the hamstring plays the role of flexion and open motor chain of rotation
of the knee joint, it is important for leg positioning and exercise. It was considered that the reason the
maximal muscle strength of the knee joint showed less correction than the hip joint was that during
gait, the tibiofemoral joint force acts at 1.6 times the weight. However, as a result of the muscle reaction, the knee joint showed significant correction, which may be because the ligament, joint capsule
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and other soft tissue of the knee joint have plenty of sensory nerve fibers and receptors. Furthermore,
as the muscles relevant to the knee joint provide absorption activity to protect against impact during
jumping or landing, it is a site exposed to frequent injury, among which anterior cruciate ligament rupture is a typical case [14,15]. It was judged that the weight bearing reduction method would provide a
positive effect together with pain reduction during gait rehabilitation therapy to patients with anterior
cruciate ligament rupture.
3.3. Variation of maximal muscle strength and muscle reaction time in ankle joint according to status
of weight bearing reduction
Before the test, the maximal muscle strength difference of the ankle joint was 21.5% (WB: 8.7±1.6
Nm) in the control group and 21.1% (NWB: 9.2±2.0 Nm) in the experiment group, representing
similar left/right muscle strength imbalance. Contrary to the observations for the hip and knee joint,
the muscle imbalance (NWB, 14.6%: 8.6±1.9 Nm) in the ankle joint showed a tendency to decrease
significantly in the experiment group after only 2 weeks of the experiment. After the test was
completed, it decreased to 12.6% (NWB: 8.9±1.3 Nm) in the experiment group, but increased to 29.8%
in the control group, showing an increase of 8.3% (Table 5). The results of average power were similar
to the hip and knee joint, showing a correction of imbalance of approximately 6.1% after 4 weeks
(Table 5). This improvement was observed because the gastrocnemius and soleus muscles, which
generate motor momentum during gait, are the posterior muscles of the ankle joint and play a
significant role in postural sway or ankle stabilization during gait, thus are significantly affected by
weight bearing when supporting the body. From the results of this experiment, it was judged that the
reduction of muscle strength caused by weight bearing reduction minimizes the weight bearing, while
maximizing muscle strengthening.
Table 5
The results of maximal peak torque and average power of ankle joint by adapting the weight bearing reduction method in
groups [joint torque in period: Mean ± SD (standard deviation), p<0.05]
Group

Left
Right
Difference[%]
P-value
Left
Right
Difference[%]
P-value
Left

Joint torque in period
0-week
2-week
40.3±2.5
56.4±6.1
49.0±6.4
70.0±4.2
8.7±1.6[21.5]
13.6±2.8[24.2]
0.02
0.00
17.4±2.2
18.0±1.9
20.2±1.5
21.3±2.0
2.8±1.1[16.4]
3.3±0.9[18.3]
0.00
0.01
43.5±4.2
59.4±3.1

Right

52.7±1.2

68.0±4.5

79.3±3.1

Difference[%]
P-value
Left
Right
Difference[%]
P-value

9.2±2.0[21.1]
0.01
18.3±3.2
21.9±3.0
3.5±0.9[19.9]
0.00

8.6±1.9[14.6]
0.00
20.1±1.2
23.6±2.1
3.5±0.9[17.4]
0.00

8.9±1.3[12.6]

Protocol

Maximal peak
torque(Nm)
Weight
bearing
group
Average power(watts)

Maximal peak
torque(Nm)
Noneweight bearing group
Average power(watts)

4-week
59.4±2.1
77.1±6.2
17.7±3.8[29.8]
22.3±2.1
27.6±0.6
5.3±1.0[23.8]
70.4±7.2

22.9±1.9
26.1±1.2
3.1±0.8[13.8]
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4. Conclusion
This study analyzed the correction of muscle strength imbalance in the lower limbs according to
weight bearing reduction in the horizontal shaft achieved by walking on a two-belt treadmill with
left/right individual gait. As a result, the following conclusions were obtained.
The left/right independent gait provided with weight bearing reduction significantly decreased the
muscle strength differences of the maximal muscle strength and muscle reaction of the hip joint, knee
joint and ankle joint after 4 weeks of experimentation, showing significant correction of the muscle
strength imbalance. In particular, as weight bearing is significantly loaded on the hip joint during gait,
the correction of muscle strength imbalance was the most effective for the hip joint. In addition, as the
knee joint has plenty of sensory nerve fibers and receptors, it showed the most significant effect in correction of left/right muscle reaction imbalance.
However, as the muscle strength imbalance had a tendency to increase rather than decrease when
independent gait speed was used without weight bearing reduction, the weight bearing reduction
should definitely be applied at the time of treatment of muscle strength imbalance.
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