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Abstract

People walking on a split-belt treadmill, where each belt moves at a different speed, adapt step length to re-establish sym-
metry. However, kinematic changes that occur when re-establishing step length symmetry have not yet been clarified. This
study aims to clarify the changing lower limb joint kinematics of each leg when re-establishing step length symmetry. We
examined ten young adults who walked on a double-belt treadmill under symmetric and asymmetric conditions of belt veloc-
ity using a motion capture system. The results showed that the hip flexion angle at heel strike on one side was not significantly
different between the symmetric and asymmetric conditions (p=0.38) thereby demonstrating that the hip flexion angle of
the leading leg re-established symmetry at heel strike (HS) of the fast and slow sides. However, the knee extension angle of
the leading leg expanded asymmetrically at HS on both sides. The shank of the fast leg possibly accelerated more to move
the heel further forward. The results indicated that subjects with limited knee extension function must increase their hip
flexion movement of the fast-side limb to accelerate the shank in the swing phase. The present study suggests securing the
range of motion and treatment of the knee extension to reduce the spasticity of hamstrings or plantarflexor before split-belt
training. Moreover, split-belt training may be undesirable for improving step length symmetry in impaired subjects who are
unlikely to improve the function of knee extension movement. The present study contributes toward developing a rehabilita-
tion protocol that improves the gait asymmetry of patients through split-belt training.
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1 Introduction

Able-bodied people show asymmetry in lower limb actions
as well as laterality (or leg dominance) during bipedal
locomotion [1]. Many studies have investigated this
asymmetry. For example, Giakas and Baltzopoulos found
that substantial asymmetries characterized time domain
variables in the mediolateral component of ground reac-
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are biomechanically and symmetrically similar in able-
bodied [4] and elderly people [5] and patients [6].

Recent studies with split-belt treadmills have dem-
onstrated the adaptability of human bipedal locomotion
through spatiotemporal changes in gait symmetry or asym-
metry parameters [7, 8]. When people walk on a split-belt
treadmill, spatiotemporal parameters such as step length
and double support time are initially asymmetric. How-
ever, these parameters are eventually adapted to re-estab-
lish symmetry despite each belt moving at different speeds.
Hemiparetic and Parkinsonian gaits are characterized by
asymmetric joint kinematics, kinetics, and step length [9,
10]. Recent studies have demonstrated that split-belt tread-
mill training improves gait symmetry in post-stroke [11,
12] and Parkinson’s disease patients [13]. In post-stroke
patients, the improved gait symmetry pattern also trans-
fers to overground walking [14] and carries over day to
day [15]. However, studies on reducing the asymmetric
step length of post-stroke patients did not obtain common
results for patients without subgrouping by baseline asym-
metry [11, 12, 15-18]. For example, post-stroke patients,
who take a longer paretic step length during baseline, are
trained with the paretic leg on the slow belt to induce an
effect that leads to greater symmetry. Patients who take a
shorter paretic step in baseline are trained with the paretic
leg on the fast belt to induce an effect that leads to greater
symmetry. If a patient is trained in the wrong direction, he/
she acquires effects that worsen his/her step length asym-
metry [11].

One of the solutions to interpret these previous results
about patients is to clarify how able-bodied people change
the lower limb joint kinematics occurring when re-estab-
lishing the step length symmetry. Actually, even for able-
bodied people, how the lower limb joint contributes to
re-establishing the step length symmetry during split-belt
treadmill walking remains unknown. Most previous studies
on re-establishing the step length symmetry during split-belt
treadmill investigated only the spatiotemporal gait param-
eters (e.g., step length and stance time). These parameters
are not factors, but results of kinematic (e.g., joint angle
and joint angular acceleration) and kinetic efforts (e.g.,
ground reaction force and joint moment). Specifically, at the
moment of heel strike (HS), the step length can be calculated
from the angle between both legs and the length of both legs
[19]. The angle between both legs and the length of both legs
are affected by the lower limb joint angles. Therefore, clari-
fying lower limb joint kinematics during split-belt tread-
mill walking may help specify the application criteria for
subjects and the setting of treadmill condition. If it remains
unclear, selecting the belt side according to the state of the
patient is difficult. Moreover, interpreting the reason of the
phenomenon evoked by split-belt treadmill is difficult. This
may hinder the use of split-belt treadmills for rehabilitation.
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This study aims to clarify the changing lower limb
joint kinematics of each leg when re-establishing step
length symmetry. These data will be useful for preselect-
ing patients lacking the joint kinematic evoked to change
by the split-belt treadmill. If the split-belt is evoked by
the increase of a joint movement, the application criteria
are applied to the patient lacking the same joint range.
Toward this end, we observed the lower limb joint angles
(i.e., hip, knee, and ankle joints) at HS when each belt
velocity changes from same to different. This study is
expected to demonstrate the effect of split-belt treadmill
training and realize the possibility of improving patients’
gait asymmetry.

2 Methods
2.1 Subject and Data Collection

Ten healthy young male adults (age: 21 + 1 years, age range:
20-23 years, height: 1.72+0.12 m) were recruited after
checking no previous neural or musculoskeletal disorders by
questionnaires. All participants provided written informed
consent according to the Declaration of Helsinki before
the start of the study. The subjects walked on a double-belt
treadmill equipped with force sensors (ITR5018-11, Bertec,
US, Fig. 1a), in which each belt’s speed was controlled sym-
metrically or asymmetrically by an independent motor. The
participants practiced walking barefoot on a symmetric con-
dition on the treadmill before the experiment. Three-dimen-
sional marker data were collected using a 17-camera (two
MX T40-S, eight MX T10, and seven Bonita cameras) Vicon
motion capture system (MX Giganet, Nexus2.2.1, Oxford,
UK, 100 Hz) with the marker setting of the Plug-in-Gait
full-body AI model.

2.2 Experimental Protocol

For the symmetric condition, both belt speeds were initially
0.9 m/s for 1 min, with the last ten strides (five strides each
of the slow and fast sides) defined as the baseline period.
After confirming that there is no remarkable asymmetry in
the comfortable treadmill walking of all subjects, the fast
belt was randomly assigned to the right or left side. This is
because a previous study reported similar patterns of loco-
motor adaptation, regardless of which leg walked on the
faster belt [8]. The first 10 strides were defined as the early-
adaptation period after increasing the speed of the target
side to 1.8 m/s with 0.5 m/s? acceleration. The subjects were
given 3 min to adjust to the asymmetric condition, with the
last 10 strides defined as the late-adaptation period (Fig. 1b).
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Fig. 1 a Experimental set up. b Gait protocol and collecting periods.
For the symmetric condition, both belt speeds were initially 0.9 m/s
for 1 min, with the last ten strides defined as the baseline period.
After increasing the speed of the target side to 1.8 m/s with an accel-

2.3 Data Analysis

We calculated the following gait parameters. (1) Limb angle
at HS (Fig. 2a) and (2) at HS of the opposite limb (Fig. 2b):
the angle between a vertical line (against earth vertical) and
the vector from the hip to the ankle on sagittal plane. The limb
angle was considered positive and negative when the foot was
in front of and behind the hip (flexion and extension, respec-
tively). (3) Hip joint flexion angle at HS in the sagittal plane
and (4) extension angle at HS of the opposite limb. (5) Knee
joint flexion angle at HS in the sagittal plane and (6) flexion
angle at HS of the opposite limb. (7) Ankle joint plantar flex-
ion angle at HS in the sagittal plane and (8) plantar flexion
angle at HS of the opposite limb. (9) Step length calculated as
the anteroposterior distance between the ankle markers of each
leg at HS (Fig. 2c, d). (10) Percent stance time: the duration
from HS to toe off, expressed as a percentage of the stride time.
(11) Percent double support time: the duration from HS to toe
off of the opposite limb and vice versa (Fig. 2c, d), expressed
as a percentage of the stride time on each limb. Comparative
ratios were calculated for all parameters as follows based on a
previous study [16].

_ (data from fast side) — (data from slow side)
" (data from fast side) + (data from slow side)

ratio

% 100(%).

We also calculated the angular accelerations of both the
thigh and the shank of the fast and slow side limbs during

eration of 0.5 m/s?, the first 10 strides defined as early-adaptation.
The subjects were given 3 min to adjust to the asymmetric condition,
with the last ten strides were defined as late-adaptation

the swing phase. We examined whether the forward tilt accel-
erations of the shank and the thigh have a difference when it
comes between the fast and slow side limbs in the late swing
phase.

2.4 Statistics

The data from the testing periods (i.e., baseline, early-adapta-
tion, and late-adaptation periods) were analyzed using analy-
sis of variance (ANOVA) with repeated measures. When the
ANOVA revealed significant differences, the Bonferroni post
hoc test was used to compare the testing periods. We further
performed paired t-tests to compare the differences between
the fast and slow side limbs of the mean accelerations of the
shank and the thigh in the late swing phase. The significance
level was set to 0.05. All analyses were performed using
MATLAB (MathWorks Inc., USA). The protocol applied in
the present study was almost similar to those used in previous
studies [8].

3 Results

Table 1 lists the parameters. All parameters showed a sig-
nificant difference between the baseline period and the early-
adaptation period (p <0.01). In the early-adaptation period,
all parameters were asymmetric. In the late-adaptation
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Angles at heel strike Angles at heel strike
on the opposite limb

C D

Fast side
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Fig.2 a Definitions of the angles at heel strike. Limb angle (LA),
hip flexion angle (H), knee flexion angle (K) and ankle planter flex-
ion angle (A). The limb angle is defined as the angle between a ver-
tical line (against earth vertical) and the vector from the midpoint
between the anterior and posterior superior iliac spines to the ankle
marker on sagittal plane. b Definitions of the angles at heel strike of
the opposite limb. Limb angle (LA), hip extension angle (H), knee
flexion angle (K) and ankle planter flexion angle (a). ¢ Definitions of
the spatiotemporal parameters. If the left leg is on the fast side belt,
the step and the double support time of the fast side are defined when
the left leg is the leading leg, and the right leg is the trailing leg. d
Similarly, the step length and the double support time of the slow side
are defined when the right leg is the leading leg and the left leg is the
trailing leg

period, only the step length and hip joint angle at HS were
adapted to re-establish symmetry, because no significant dif-
ference existed between the baseline and the late-adaptation
periods (p =1.00 and 0.38, respectively), and a significant
difference existed between the early- and late-adaptation
periods (p <0.01). The other parameters maintained asym-
metry in the late-adaptation period because they showed a
significant difference between the baseline and late-adap-
tation periods. Although the percent double support time,
the limb angle at HS of the opposite limb and ankle plantar
flexion angle at HS on the opposite limb were not adapted to
re-establish symmetry, they showed significantly decreased
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asymmetry from the early- to the late-adaptation period
(p<0.01).

We discuss the result for the late-adaptation period
(Fig. 3a). At HS of the fast side, the limb angle and knee
extension angle of the fast (leading) leg were larger, and
the limb angle and knee extension angle of the slow (trail-
ing) leg were smaller. In contrast, at HS on slow side, the
limb angle and knee extension angle of the slow (leading)
leg were smaller, and the limb angle and knee extension
angle of the fast (trailing) leg were larger. In other words,
the leading leg was further forward at HS of the fast side
than at HS of the slow side. However, the hip flexion angle
of the leading leg was the same between HS of the fast and
slow sides (Fig. 3b).

Figure 4 shows the mean (over subjects) and standard
deviations of the elevation angular acceleration of the thigh
and shank during the swing phase. In the early- and late-
adaptation periods, the angular accelerations of both the
thigh and shank of the fast side limb are visually evident
as the change from the baseline period. In particular, in the
late swing phase, the forward tilt acceleration of the shank
of the fast side limb was significantly larger than that of
the slow side limb (p <0.05, slow =mean —44.90+4.62,
fast=mean —39.70+4.01). In contrast, the acceleration of
the thigh of both the fast and slow side limbs was not signifi-
cantly different (p=0.17) and approximately 0 (slow =mean
1.96 +1.48, fast=mean 1.59 +2.06).

4 Discussion

Previous studies with a split-belt treadmill focused on adap-
tation and discussed spatiotemporal parameters such as
step length, limb angle, and leg support time [8]. However,
many studies of patients with step length asymmetry did not
obtain common results. For example, the belt condition for
re-establishing step length symmetry differed depending on
each patient’s baseline asymmetry. One solution to interpret-
ing these previous results about patients is the clarification
of how to change the lower limb joint kinematics occur-
ring when re-establishing the step length symmetry in able-
bodied people. Thus, this study investigates the kinematic
effects occurring during split-belt treadmill walking for re-
establishing spatial parameter symmetry. For this purpose,
we observed the changes in the step length and lower limb
joint angles at HS. The results showed that the limb, knee,
and ankle angles remained asymmetric in adapted walking
on a split-belt treadmill and that the hip flexion angle of the
leading leg re-established symmetry.
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Table 1 Means and standard deviations of walking speed of symmet-
rical index of parameters for baseline, split, and adaptation periods,
p-values of differences between parameters for the baseline and early-

adaptation (EA) periods, the baseline and late-adaptation (LA) peri-
ods, and the early-adaptation (EA) and late-adaptation (LA) periods

Baseline Early adaption Late adaption  p value
Baseline versus EA Baseline versus LA EA versus LA
Percent stance time 1.00+0.66 9.24+2.78 1243+247 <0.01% <0.01* 1.00
Step length 2.13+1.52 12.96 +8.12 267+1.77 <0.01* 1.00 <0.01%*
Percent double support time 2.08+1.48 9.48+4.42 6.68+3.62 <0.01* <0.01* <0.01%*
Limb angle at heel strike 0.14+2.79 20.18+3.73 21.31+331 <0.01% <0.01* 0.20
Limb angle at heel strike on the 0.45+5.62 18.43+8.35 15.23+5.28 <0.01% <0.01* <0.01%*
opposite limb
Hip flexion angle at heel strike —-0.74+18.51 —-12.19+£17.75 -4.50+£20.25 <0.01* 0.38 <0.01*
Hip flexion angle at heel strike on —0.01+3.26 3.00+£2.90 3.19+2.78 <0.01* <0.01* 0.67
the opposite limb
Knee flexion angle at heel strike 0.14+31.01 -30.85+19.59 -55.74+16.56 <0.01* <0.01* 0.02
Knee flexion angle at heel strike 0.17+13.87 —17.40+19.41 —-2539+14.80 <0.01* <0.01* 0.33
on the opposite limb
Ankle planar flexion angle at heel ~ 1.42+11.54  15.82+7.22 15.26+6.10 <0.01% <0.01* 0.95
strike
Ankle planar flexion angle at heel —0.34+3.83 —22.36+7.71 1548+6.85 <0.01% <0.01* <0.01*

strike on the opposite limb

*Indicates significant difference

4.1 Changes in Step Length and Limb Angle

The step length re-established symmetry in adapted walk-
ing on a split-belt treadmill [8]. We also obtained the same
results in the present study. The limb angle at HS was
the spatial parameter of not re-establishing the symmetry
through split-belt walking [8, 20]. Our result showed that
the limb angle at HS was larger of the fast side than of the
slow side, as also noted in a previous study [21]. In sum-
mary, the present study clarifies that the symmetry of the
step length was caused by both the increase in the limb
angle of the fast leg and the decrease in the limb angle of
the slow leg at HS of the fast side. Furthermore, the pre-
sent study shows that the symmetry of the step length was
caused by both the decrease in the limb angle of the slow
leg and the increase in the limb angle of the fast leg at HS
of the slow side. As mentioned previously, the step length
could be calculated using the limb angle between the lead-
ing leg and the trailing leg at HS. Previous studies with a
split-belt treadmill revealed the spatial behavior of each
leg by analyzing the step length and limb angle through
the gait cycle [8, 20]. They focused on the change in the
temporal parameters during split-belt treadmill walking
(e.g., limb angle phase or timing of heel strike and toe
off) [20, 22, 23]. However, the step length (i.e., each leg’s
detailed position at HS) remained unclear. The present
study clarifies that step length symmetry results from the
change in each step position at HS of the fast and slow
side limbs. It is important to clarify the kinematic changes

occurring in each leg at HS because step length symmetry
is re-established by the different kinematic behaviors of
each joint of each leg.

4.2 Kinematical Mechanism for Re-establishing
Step Length Symmetry

Our results showed that the hip flexion angle at HS re-estab-
lished symmetry. This experiment used belt speeds of 0.9
and 1.8 m/s. A previous study of symmetric walking with
treadmill speeds similar to those in our study reported that
the lower limb joint angle changes depending on the walk-
ing speed [24]. Our result on each hip flexion angle on HS
remained the same (i.e., symmetry) despite each leg moving
at different speeds in the split-belt treadmill. Therefore, we
suggest that the re-establishment of the hip flexion angle
symmetry is a specific phenomenon in split-belt treadmill
walking.

At HS of the leading leg, the ankle plantar flexion angle
of the fast leg was larger than that of the slow leg (i.e., asym-
metry). However, in the limb angle at HS of the leading leg,
the influence of the ankle angle may only be a few if the
ankle joint plantar flexion angle is large or small because
the limb angle is defined by the pelvis and the ankle marker.
In contrast, the knee flexion angle of the leading leg directly
affects the limb angle of the leading leg. Therefore, our
results showed that the increase in the limb angle and the
length of the fast leg at HS of the fast side was contributed
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Fig.3 a Pattern diagrams that

express position of lower joints A
at HS on fast and slow side in
the late-adaptation period (top
row: position at HS on slow
side, bottom row: position at
HS on fast side). b Typical time
series changes of the lower joint
angles of leading leg at HS

on fast and slow sides for the
whole experimental protocol for
a single subject (top row: hip
flexion angle, middle row: knee
flexion angle, bottom row: ankle
plantar flexion angle). Data at
HS on fast side are indicated by
filled symbols. Data at HS on
slow side are indicated by open
symbols

Slow side )
Fast side

step length

At HS on slow side

Fast side Slow side

e

step length

At HS on fast side

by the knee extension movement and not by the hip flex-
ion movement. A previous gait simulation study reported
that the muscle work generated during the swing phase
was within 25-29% of the total positive concentric work
performed over the entire gait cycle [25]. In the late swing
phase, the hamstrings may contribute to the deceleration of
the shank, which was accelerated forward by push off [26,
27]. In our results during asymmetric walking, the decel-
eration of the shank of the fast leg was larger than that of
the slow leg in the late swing phase. Therefore, in the late
swing phase in the fast leg, the deceleration of the shank by
the hamstrings may be decreased to move the heel further
forward. In other words, in hamstrings with shortening or
spasticity, the shank may not accelerate in the early swing
phase and thus affect the knee extension in the late swing
phase. The increase in knee extension movement affects the
re-establishment of hip flexion movement symmetry during
asymmetric walking. If subjects have inadequate function to

@ Springer

247
B e
o
18] - o & g Y
B %005, 6,6’0 000 °%
<) 0 © o oL ’G&.W .
£12 ?} PR A T
o124 o *
6_
657
a )
% oo 2 cgqu DEPEPD =
55‘ o D’Domrb = cbomu ’ :
': (s ]
o - nEA .
Sa5{ W @ ) "'.'- = E .
oP ..g. '.;- “-' W *
.l... s
35-
267
A
A A
22 vy s
- A AA
.§ AA “““ ,“
2 A A
=~ B Bp ﬁ 3
Z 18- % S
< @ IQAAAA@ N A@?A%&%A%%ﬂ
N Calle
A ‘ %A%A
14-
— ( ) 3
0300 B0 S0
Time (sec)

increase their knee extension, they will have to increase the
hip flexion movement of the fast side limb.

4.3 Application to Future Research and Patient
Rehabilitation

Intervention protocols for split-belt treadmill training for
post-stroke and Parkinson’s disease patients have yet to be
established. Previous studies reported that some post-stroke
and Parkinson’s disease patients could not re-establish step
length symmetry even during the late-adaptation period [11,
28]. Our study clarified that not only the step length, but also
the hip flexion angle re-established symmetry during split-
belt treadmill walking. Moreover, our study found that to
re-establish step length symmetry, the knee extension angle
of the fast leg increased at HS. The knee extension func-
tion in accelerating the shank forward is another essential
factor for re-establishing step length symmetry. For post-
stroke [29] or Parkinson’s disease [30] patients who face
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spasticity in the hamstrings or joint rigidity in the knee, this
result suggests one of the reasons why it is difficult to re-
establish step length symmetry during split-belt treadmill
walking. It is important to consider that the patient sample
includes both individuals who can and cannot increase their
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of slow side limb. Both thigh and shank showed asymmetry during
the early-adaptation and late-adaptation periods

knee extension movement. This may be one of the factors
resulting in the difference in the effect of split-belt tread-
mill among patients in previous studies. We expanded the
interpretation of previous research results by subgrouping
patients.
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The present study provides important clinical impli-
cations such as the necessity of improving the ability to
increase knee extension movement before split-belt treadmill
training during rehabilitation. If necessary, securing the knee
extension range of motion or treatment to reduce the spastic-
ity of the hamstrings or plantarflexor is important. Moreover,
it is important to assess kinematical functions for patients to
decide the application criteria and settings for the split-belt
treadmill. Split-belt treadmill training may not be desirable
for improving step length symmetry in impaired subjects
who are unlikely to improve the function of knee extension
movement. These results should contribute to maximize the
split-belt treadmill training effect.

We recruited young male adults, making it unclear
whether the finding can be directly generalized to other
patient populations. A previous study in split-belt treadmill
walking demonstrated that healthy elderly people learned a
new walking pattern about the step length similar to younger
people [31]. However, this study also mentioned that this
result would not normally be considered for the elderly
because of the participants’ age of early 50 s. Our results
should be noted for interpretation because of the subject’s
asymmetry of walking with age-related weakness. The
future study, which will have the same analysis as that in the
present study for patients and elderly people, may increase
the possibility of clinical application being necessary.

5 Limitations

First, our study has a methodological limitation in that only
one belt speed condition was considered (2:1 belt speed
ratio) and limited results were interpreted. Although most
studies [11, 15, 20, 32, 33] use a belt speed ratio of 2:1, this
condition is difficult for application to impaired subjects.
For application to patients, the belt speed ratio should be
selected based on the ability of the patient.

Second, adaptation may not occur completely if the dou-
ble support time does not re-establish symmetry in the late-
adaptation period. This is expected to be influenced by the
shorter walking duration compared with that in the previous
study [8, 34]. In particular, perfect adaptation may occur
with a longer asymmetric walking duration. However, we
expected these durations to be enough to achieve our main
aim of clarifying the process of the change in the lower
limb joint movement of each leg from symmetric walking
to asymmetric walking.

Third, the change in lower limb joint movement was dem-
onstrated only by analyzing kinematic data. It is important to
recognize that the cause of changes in walking patterns can
be confirmed by analyzing the muscle activity and kinetic
data.
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6 Conclusion

We clarified the changes in the limb angle and lower limb
joint angle when re-establishing step length symmetry using
a split-belt treadmill. The results showed that the hip flexion
angle of the leading leg re-established symmetry at HS of
the fast and slow sides when using a split-belt treadmill. On
the other hand, the knee extension angle of the leading leg
expanded the asymmetry at HS of the fast and slow sides.
The shank of the fast leg possibly accelerated more to move
the heel further forward. Therefore, if subjects have lim-
ited knee extension function to accelerate the shank in the
swing phase, they will be forced to increase the hip flexion
movement of the fast side limb. Future studies should aim
to establish split-belt treadmill training protocols to improve
kinematic asymmetry in the lower limb joints for patients
with gait asymmetry by analyzing kinetic data.
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