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	 Material/Methods:	 Thirteen healthy young women participated in the study. Force data were collected from 2 force plates when 
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stepping over 5 cm, 20 cm, and 30 cm obstacle heights) were tested for main effect and interaction effect by 
2-way ANOVA. Paired t-test and 1-way repeated-measure ANOVA were used to compare differences of vari-
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Background

Tripping during locomotion can be caused of falls in older 
adults. Falls often occur without prior warning sign [1] and 
are a major cause of morbidity and mortality [2]. The ability to 
accomplish obstacle negotiation is essential for independent 
mobility, which requires proper adaptive locomotor respons-
es to optimize the step and good single-leg balance mainte-
nance [3]. Difficulty with obstacles is especially common in the 
elderly and persons with pathology [4–9]. Understanding the 
kinematic and kinetic data when stepping over obstacles will 
provide useful information for training of persons with ambu-
latory limitations [4–6,10]. To step over an obstacle, there must 
be balance control of the supporting limb and increased lifting 
of the lead leg as it steps over the obstacle [11]. Successful 
obstacle stepping requires precise and sequential limb move-
ments. The lead limb (LL) must first cross the obstacle, fol-
lowed by the trail limb (TL). A report has indicated that indi-
viduals sometimes have difficulty controlling the movement in 
the TL due to loss of visual feedback [12]. Lower limb trajecto-
ry over an obstacle is updated by concurrent lower visual field 
information [13]. Visible properties of the obstacle such as dif-
ferent widths and heights were used for altering gait pattern 
and leg movement to avoid or accommodate obstacles [14].

The TL has a shorter time and lesser distance for safe prepa-
ration to step with appropriate clearance. Lesser toe clearance 
of the TL was presented when compared to the LL and it may 
lead to tripping and falling [15,16]. Adaptive movement charac-
teristics automatically occur in healthy young adults when con-
fronted with altered environmental situations and trip perturba-
tions [15,17,18]. Obstacle stepping performance may be expressed 
in terms of kinematic behaviors such as movement control of 
the limbs, toe clearance quality, and stepping time [9,12,15,16].

The contribution of kinetic characteristics is often used to 
explain the process of gait [10] and locomotion [19] control. 
Patterns of force generation/absorption and their related time 
help us understand the adaptive mechanisms needed for proper 
and safe movement control [19,20]. Therefore, the purpose of 
this study was to monitor how the LL and TL forces are modu-
lated when stepping over obstacles of various heights, as well 
as to determine the contribution of kinetic data to understand-
ing normal mechanism control in young adults.

Material and Methods

Participant

Thirteen healthy young women participated in the study. 
Average age was 20.5±1.33 years, average weight was 52.5±3.66 
kg, and average height was 158.7±31.1 cm. The subjects were 

free from any diseases that impede mobility and had no def-
icits of vision, hearing, or balance control. Prior to participa-
tion, all participants signed informed consent approving by 
University Research Review Board (MU-IRB 2012/093.0210).

Procedure

Participants walked along an 8-meter walkway at a comfort-
able gait speed and stepped over obstacle boxes (5 cm in 
width and 80 cm in length) of different heights: 5 cm, 20 cm, 
and 30 cm. The boxes were placed between 2 force plates 
(Advanced Mechanical Technologies, Boston, MA series OR-
067). Force parameters during walking over the obstacle were 
collected for the LL and TL at 1000 Hz.

Data analysis

GRFs data included time to the first peak force, time to min-
imum force, time to the second peak force, time to braking 
peak force, time to propulsive peak force, first peak vertical 
force, minimum vertical force, second peak vertical force, brak-
ing peak force, propulsive peak force, vertical impulse, braking 
impulse, and propulsive impulse (Figure 1). GRFs were normal-
ized by body weight (BW) and reported as %BW. Time to the 
peak forces were reported in seconds. Impulses were calcu-
lated by the following equation and were reported as Ns/BW;

Impulse = �������
�

���
 

Figure 1. �Ground reaction forces (GRFs) data included the 
vertical force (first peak vertical force, minimum 
vertical force, and second peak vertical force), 
the anteroposterior force (braking peak force and 
propulsive peak force), and time to peak force (first 
peak vertical force (T1), time to minimum force (T2), 
time to second peak vertical force (T3), time to braking 
peak force (T4), and time to propulsive peak force (T5).
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Force data were selected when each foot contacted the force 
plate and were filtered by the Woltring routine method. Three 
walking trials were collected and 1 successful trial was used 
for analyses.

Statistical analysis

A power analysis testing by G*Power statistical software version 
3.1.9.2 was performed beyond the data of 5 participants. Priori 
test to compute the required sample size for 1-way repeated 
measure was performed. Required range of sample sizes to find 
a statistically significant difference among conditions in almost 
GRFs variables with a type 1 error of 0.05 and a power of 0.90 
were 2 and 12, except for time to the first peak force of lead 
limb, second peak vertical force of lead limb, and time to brak-
ing peak force of trail limb, which required more than 30 sam-
ples. Thus, 13 volunteer participants were recruited in the study.

All data were analyzed by SPSS version 16.0 and demonstrated 
normal distribution tested by Kolmogorov-Smirnov goodness 
of fit test. Two limbs (right or LL and left or TL) and 4 condi-
tions of walking (no obstacle, crossing over 5 cm, 20 cm, and 
30 cm obstacle heights) were tested for the main effect and 
interaction effect by 2-way ANOVA. Paired t-test and 1-way re-
peated-measures ANOVA were used to compare the differenc-
es of force variables between limbs and among walking con-
ditions. LSD was used to find differences among conditions.

Results

Main effect and interaction effect of limbs and conditions

Two-way ANOVA demonstrated the main effects of limb in 
first peak vertical force [F (1, 96)=5.523, p=0.021], minimum 
vertical force [F (1, 96)=9.982, p=0.002], propulsive peak 
force [F (1, 96)=11.477, p=0.001], and propulsive impulse 
[F (1, 96)=38.965, p<0.001].

Main effects of condition were demonstrated in time to min-
imum force [F (3, 96)=12.420, p<0.001], time to the sec-
ond peak force [F (3, 96)=41.087, p<0.001], time to propul-
sive peak force [F (3, 96)=30.601, p<0.001], first peak vertical 
force [F (3, 96)=5.984, p=0.001], braking peak force [F (3, 
96)=10.229, p<0.001], propulsive peak force [F (3, 96)=11.233, 
p<0.001], vertical impulse [F (3, 96)=21.966, p<0.001], braking 
impulse [F (3, 96)=18.498, p<0.001], and propulsive impulse 
[F (3, 96)=36.255, p<0.001].

Interaction effects of limb and condition were found in first peak 
vertical force [F (3, 96)=3.129, p=0.029], propulsive peak force 
[F (3, 96)=4.905, p=0.003], braking impulse [F (3, 96)=13.44, 
p<0.001], and propulsive impulse [F (3, 96)=10.94, p<0.001].

Comparisons of force variables between limbs in each 
walking condition

In each condition of obstacle crossing, the paired t-test was 
used to compare the variables between sides. No significant 
difference between the left and right sides was found when 
walking in the no obstacle condition (Figure 2). When crossing 
the 5 cm obstacle height, there were significant differences of 
time to the second peak force (p=0.001) and time to propul-
sive peak force (p=0.002) between LL and TL (Figure 3). When 
crossing the 20-cm obstacle height, significant differences 
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Figure 2. �Comparisons of the variables [(A) 1) Time to the first 
peak force, 2) Time to minimum force, 3) Time to the 
second peak force, 4) Time to braking peak force, and 
5) Time to propulsive peak force, (B) 1) First peak 
vertical force, 2) Minimum vertical force, 3) Second 
peak vertical force, 4) Braking peak force, and 5) 
Propulsive peak force, and (C) 1) Vertical impulse, 2) 
Braking impulse, and 3) Propulsive impulse] between 
the right and left limbs during no obstacle walking 
condition (n=13), significant difference tested by 
paired t-test at p<0.05.
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were found between the LL and TL in time to propulsive peak 
force (p=0.024), minimum vertical force (p=0.005), propulsive 
peak force (p=0.024), braking impulse (p=0.004), and propul-
sive impulse (p=0.010) (Figure 4). For crossing an obstacle 30 
cm high, significant differences were found between LL and TL 
in first peak vertical force (p=0.001), minimum vertical force 
(p=0.001), braking peak force (p=0.010), propulsive peak force 
(p=0.002), braking impulse (p=0.001), and propulsive impulse 
(p=0.001) (Figure 5).

Comparisons of force variables among walking conditions 
in each of the LL and TL

Table 1 shows comparisons of the variables among walking 
conditions in the LL. Significant differences were found in time 
to minimum force [F (1.316, 15.795)=5.617, p=0.024], time to 
the second peak force [F (1.685, 20.217)=84.877, p<0.001], time 
to propulsive peak force [F (1.307, 15.683)=68.467, p<0.001], 
minimum vertical force [F (2.155, 25.857)=8.376, p=0.001], 
braking peak force [F (3, 36)=11.072, p<0.001], propulsive peak 
force [F (3, 36)=56.738, p<0.001], vertical impulse [F (1.135, 
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Figure 3. �Comparisons of the variables [(A) 1) Time to the first 
peak force, 2) Time to minimum force, 3) Time to the 
second peak force, 4) Time to braking peak force, and 
5) Time to propulsive peak force, (B) 1) First peak 
vertical force, 2) Minimum vertical force, 3) Second 
peak vertical force, 4) Braking peak force, and 5) 
Propulsive peak force, and (C) 1) Vertical impulse, 2) 
Braking impulse, and 3) Propulsive impulse] between 
the lead limb and trail limb during obstacle crossing 
over 5 cm obstacle height condition (n=13), significant 
difference tested by paired t-test at p<0.05.
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Figure 4. �Comparisons of the variables [(A) 1) Time to the first 
peak force, 2) Time to minimum force, 3) Time to the 
second peak force, 4) Time to braking peak force, and 
5) Time to propulsive peak force, (B) 1) First peak 
vertical force, 2) Minimum vertical force, 3) Second 
peak vertical force, 4) Braking peak force, and 5) 
Propulsive peak force, and (C) 1) Vertical impulse, 
2) Braking impulse, and 3) Propulsive impulse] 
between the lead limb and trail limb during obstacle 
crossing over 20 cm obstacle height condition (n=13), 
significant difference tested by paired t-test at p<0.05.
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13.615)=57.765, p<0.001], braking impulse [F (3, 36)=5.406, 
p=0.004], and propulsive impulse [F (1.319, 15.826)=73.276, 
p<0.001]. As the obstacle height increased, the LL had in-
creased braking peak force, propulsive peak force, vertical im-
pulse, braking impulse, and propulsive impulse.

Table 2 shows comparisons of the variables among walking 
conditions in the left or the TL. Significant differences were 
found in time to the first peak force [F (3, 36)=3.075, p=0.040], 
time to minimum force [F (3, 36)=23.248, p<0.001], time to 
the second peak force [F (1.804, 21.649)=84.877, p<0.001], 

time to propulsive peak force [F (3, 36)=81.209, p<0.001], first 
peak vertical force [F (1.694, 20.33)=26.53, p<0.001], minimum 
vertical force [F (3, 36)=7.194, p=0.001], second peak vertical 
force [F (3, 36)=3.315, p=0.031], braking peak force [F (1.362, 
16.34)=19.607, p<0.001], propulsive peak force [F (3, 36)=5.159, 
p=0.005], vertical impulse [F (1.649, 19.788)=90.904, p<0.001], 
braking impulse [F (3, 36)=57.322, p<0.001], and propulsive 
impulse [F (3, 36)=33.814, p<0.001]. As the obstacle height 
increased, the TL had progressively greater values in the first 
peak vertical force, second peak vertical force, braking peak 
force, vertical impulse, braking impulse, and propulsive im-
pulse. The minimum vertical force decreased as the obstacle 
height increased.

Discussion

We investigated kinetic and temporal strategies adopted in 
healthy young adults while stepping over obstacles of differ-
ent heights. We determined the influence of condition and 
limb, as well as interaction effect of condition and limb, on 
kinetic variables while stepping over obstacles. In the no ob-
stacle condition, similar patterns and values of the variables 
for the LL and TL were demonstrated as general gait character. 
The difference of force generation between the LL and TL in-
creased with greater obstacle heights. Alterations of the tem-
poral, force, and impulse were found in the vertical and an-
teroposterior directions.

We found changes in kinetic variables following different ob-
stacle conditions. Stepping over a high obstacle required longer 
time to peak force, increased force, and increased impulse in 
both the LL and TL, except for time to braking peak force. The 
key moment of obstacle crossing happens when the LL lands 
after stepping over an obstacle and the TL must generate pro-
pulsive force to carry the body and the TL across the obstacle 
[10]; this is when the body weight is on the LL and the TL steps 
over the obstacle safely without visual feedback. Achievement 
of the task demonstrated postural and balance control on the 
TL, coupled with motor executive function of the LL.

Previous studies demonstrated that normal adults are able to 
adjust their limb to allow the foot to clear the obstacle. The 
lead foot clearance assessed by distance between toe and ob-
stacle did not change even when the obstacle height was in-
creased [4,15,21], whereas trail clearance increased with in-
creasing obstacle height [21]. Control of human locomotion 
requires a proper motor coordination strategy that is safe 
and energy efficient. A high-stepping gait may be a strate-
gy to avoid tripping over an obstacle [21]. Asymmetrical toe 
clearance can increase risk of tripping while elderly individu-
als try to step over an obstacle, with much lower distance of 
foot clearing of the TL than the LL [22]. However, a strategy of 
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Figure 5. �Comparisons of the variables [(A) 1) Time to the first 
peak force, 2) Time to minimum force, 3) Time to the 
second peak force, 4) Time to braking peak force, and 
5) Time to propulsive peak force, (B) 1) First peak 
vertical force, 2) Minimum vertical force, 3) Second 
peak vertical force, 4) Braking peak force, and 5) 
Propulsive peak force, and (C) 1) Vertical impulse, 
2) Braking impulse, and 3) Propulsive impulse] 
between the lead limb and trail limb during obstacle 
crossing over 30 cm obstacle height condition (n=13), 
significant difference tested by paired t-test at p<0.05.
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Variables

No 

obstacle

Height 

5-cm

Height 

20-cm

Height 

30-cm

df F
p- 

value*

Partial 

Eta 

Squared

Least significant difference (LSD)

Right limb Lead limb Lead limb Lead limb
p- 

value1

p- 

value2

p- 

value3

p- 

value4

p- 

value5

p- 

value6

Mean SD Mean SD Mean SD Mean SD

1

Time to the 

first peak 

force (s)

0.15 0.03 0.15 0.04 0.17 0.07 0.15 0.07 3 0.636# 0.597 0.050 NS NS NS NS NS NS

2

Time to 

minimum 

force (s)

0.29 0.04 0.32 0.05 0.35 0.07 0.39 0.12 1.316 5.617+ 0.024 0.319 0.023 0.006 0.006 0.012 0.044 NS

3

Time to the 

second peak 

force (s)

0.46 0.05 0.52 0.06 0.62 0.09 0.72 0.12 1.685 84.877+ <0.001 0.876 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

4

Time to 

braking peak 

force (s)

0.10 0.02 0.10 0.03 0.10 0.02 0.12 0.02 3 2.868# 0.05 0.193 NS NS NS NS NS NS

5

Time to 

propulsive 

peak force (s)

0.54 0.06 0.58 0.07 0.66 0.10 0.77 0.12 1.307 68.467+ <0.001 0.851 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

6

First peak 

vertical force 

(%BW)

111.55 8.47 119.29 12.75 119.56 20.98 114.92 15.26 1.93 2.183+ 0.137 0.154 NS NS NS NS NS NS

7

Minimum 

vertical force 

(%BW)

81.68 9.09 77.59 9.92 80.17 10.46 84.29 9.48 2.155 8.376+ 0.001 0.411 <0.001 NS NS NS <0.001 0.015

8

Second peak 

vertical force 

(%BW)

117.87 8.39 120.50 8.89 120.34 13.20 120.61 12.79 3 0.794# 0.505 0.062 NS NS NS NS NS NS

9
Braking peak 

force (%BW)
–17.17 2.19 –22.28 4.71 –23.21 6.12 –21.94 5.73 3 11.072# <0.001 0.480 <0.001 <0.001 0.001 NS NS NS

10

Propulsive 

peak force 

(%BW)

23.94 3.32 26.75 3.71 30.62 3.76 33.27 5.42 3 56.738# <0.001 0.825 0.001 <0.001 <0.001 <0.001 <0.001 0.01

11

Vertical 

impulse 

(Ns/BW)

0.53 0.07 0.57 0.08 0.65 0.11 0.74 0.14 1.135 57.765+ <0.001 0.828 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

12

Braking 

impulse 

(Ns/BW)

–0.027 0.004 –0.032 0.007 –0.032 0.007 –0.030 0.008 3 5.406# 0.004 0.311 <0.001 0.001 NS NS NS NS

13

Propulsive 

impulse 

(Ns/BW)

0.032 0.005 0.038 0.007 0.049 0.009 0.063 0.014 1.319 73.276+ <0.001 0.859 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Table 1. Comparisons of the variables among conditions in the right limb or lead limb (n=13).

* Significant difference tested among conditions by one way repeated measures ANOVA; NS – not significant; # sphericity assumed; 
+ Greenhouse-Geisser pair of difference tested by LSD between; 1 no obstacle and 5 cm height obstacle crossing conditions; 
2 no obstacle and 20 cm height obstacle crossing conditions; 3 no obstacle and 30 cm height obstacle crossing conditions; 4 5 cm and 
20 cm height obstacle crossing conditions; 5 5 cm and 30 cm height obstacle crossing conditions; 6 20 cm and 30 cm height obstacle 
crossing conditions.
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Variables

No 

obstacle

Height 

5-cm

Height 

20-cm

Height 

30-cm

df F
p- 

value*

Partial 

Eta 

Squared

Least significant difference (LSD)

Right limb Lead limb Lead limb Lead limb
p- 

value1

p- 

value2

p- 

value3

p- 

value4

p- 

value5

p- 

value6

Mean SD Mean SD Mean SD Mean SD

1

Time to the 

first peak 

force (s)

0.15 0.03 0.16 0.03 0.15 0.03 0.14 0.03 3 3.075# 0.040 0.204 NS NS NS NS 0.020 NS

2

Time to 

minimum 

force (s)

0.29 0.04 0.32 0.06 0.36 0.08 0.41 0.06 3 23.248# <0.001 0.660 0.018 <0.001 <0.001 0.008 <0.001 0.024

3

Time to the 

second peak 

force (s)

0.47 0.05 0.54 0.07 0.61 0.12 0.70 0.07 1.804 51.931+ <0.001 0.812 <0.001 <0.001 <0.001 0.003 <0.001 0.006

4

Time to 

braking peak 

force (s)

0.11 0.02 0.11 0.02 0.11 0.01 0.11 0.02 3 0.858# 0.472 0.067 NS NS NS NS NS NS

5

Time to 

propulsive 

peak force (s)

0.55 0.06 0.60 0.08 0.69 0.10 0.75 0.09 3 81.209# <0.001 0.871 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

6

First peak 

vertical force 

(%BW)

109.81 8.81 118.64 9.20 128.41 9.58 132.20 12.83 1.694 26.53+ <0.001 0.689 0.001 <0.001 <0.001 <0.001 0.004 NS

7

Minimum 

vertical force 

(%BW)

79.23 7.27 76.37 8.16 73.96 7.92 71.73 9.64 3 7.194# 0.001 0.375 NS 0.005 0.002 NS 0.016 NS

8

Second peak 

vertical force 

(%BW)

118.11 10.57 118.28 13.81 118.82 15.92 125.85 13.36 3 3.315# 0.031 0.216 NS NS 0.043 NS 0.021 NS

9
Braking peak 

force (%BW)
-17.44 4.72 -20.40 4.91 -24.16 4.58 -26.78 6.47 1.362 19.607+ <0.001 0.620 <0.001 <0.001 <0.001 0.001 0.005 NS

10

Propulsive 

peak force 

(%BW)

23.57 2.92 26.85 4.20 27.71 4.08 25.72 4.37 3 5.159# 0.005 0.301 0.014 0.002 NS NS NS NS

11

Vertical 

impulse 

(Ns/BW)

0.520 0.074 0.583 0.091 0.676 0.129 0.750 0.112 1.649 90.904+ <0.001 0.883 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

12

Braking 

impulse 

(Ns/BW)

-0.027 0.007 -0.034 0.011 -0.044 0.011 -0.056 0.009 3 57.322# <0.001 0.827 0.001 <0.001 <0.001 <0.001 <0.001 0.001

13

Propulsive 

impulse 

(Ns/BW)

0.032 0.005 0.038 0.006 0.042 0.006 0.042 0.004 3 33.814# <0.001 0.738 0.001 <0.001 <0.001 0.001 0.019 NS

Table 2. Comparisons of the variables among conditions in the left limb or trail limb (n=13).

* Significant difference tested among conditions by one way repeated measures ANOVA; NS – not significant; # sphericity assumed; 
+ Greenhouse-Geisser pair of difference tested by LSD between; 1 no obstacle and 5 cm height obstacle crossing conditions; 
2 no obstacle and 20 cm height obstacle crossing conditions; 3 no obstacle and 30 cm height obstacle crossing conditions; 4 5 cm and 
20 cm height obstacle crossing conditions; 5 5 cm and 30 cm height obstacle crossing conditions; 6 20 cm and 30 cm height obstacle 
crossing conditions.
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high stepping or excessive asymmetrical gait modulation cre-
ates high demand of metabolic energy and reduces control for 
normal movement. Previous research on gait pattern adapta-
tions when stepping over obstacles of different heights demon-
strated that step length [21] was not influenced by the height, 
but that crossing speed decreased [23] and step duration in-
creased [23] across obstacle heights. Over different obstacle 
heights, the center of pressure velocity during the loading re-
sponse phase was not changed, but decreased during mid-
stance [24]. In the present study, we found kinetic alteration 
while stepping over obstacles of different heights, as demon-
strated by adaptability of obstacle crossing in young healthy 
adults. The time to minimum force, time to the second peak 
force, and time to propulsive peak force were increased fol-
lowing the increased obstacle height, both in the LL and TL. 
Increase in braking and propulsive peak forces and increase 
in vertical and propulsive impulses were demonstrated when 
height was increased, both in the LL and TL. Moreover, the TL 
had greater adaptability in force variables compared to the LL. 
These findings demonstrated an increase in the first peak ver-
tical force and braking impulse and a decrease in minimum 
force when height was increased only in the TL. The findings 
are consistent with a previous kinetic study [10], in which 
Begg et al. [10] reported that the TL generated greater vertical 
and propulsive forces during the push-off phase than the LL.

Obstacle crossing is requires mutually interdependent control 
of the LL and TL. For normal control, we found that the dif-
ference between LL and TL was increased in the tested vari-
ables when the height of obstacle was increased. Comparisons 
among conditions in each limb demonstrated the adaptabil-
ity of time and force control when the height was increased. 
Time to minimum force, time to the second peak force, and 
time to braking peak force were delayed when height was 
increased. Braking peak force was increased with increased 
obstacle height, but was relatively constant when changing 
from the 20-cm to 30-cm obstacle height in both the LL and 
TL. When confronted with obstacles of different heights, body 

movement is modified, allowing proper force generation and 
absorption, perhaps associated with maintaining postural bal-
ance and reducing energy consumption. This is supported by 
the unchanged values of some variables such as braking im-
pulse of the LL and propulsive impulse of the TL when obsta-
cle height changed from 20 cm to 30 cm. It is also important 
to note that the force–time characteristic under the LL reflects 
not only control of TL over obstacles but also landing of the LL 
after clearing obstacles.

Conclusions

Our results show that the constraints of stepping over ob-
stacles imposed different kinetic demands on the LL and TL, 
with the complicated interaction of force time characteristics. 
Strategic movement control during obstacle crossing with dif-
ferent heights in young healthy subjects indicated the ability 
to adapt movement to environmental conditions. These find-
ings may be used as a model when comparing healthy young 
people to the elderly and to those who have physical impair-
ments. Further research should investigate the intersegmen-
tal dynamic control and muscle activity underlying locomotor 
adjustments during obstacle crossing.
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