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Kinematics of Hip, Knee and Ankle During Cross-
Slope Walking

Purpose: Little information is available on joint kinematic adaptations during walking on cross-
slope surfaces (i.e. a surface incline perpendicular to the direction of locomotion). This study 
aimed to evaluate the effects of cross-slope surfaces on three-dimensional (3D) kinematics of 
hip, knee, and ankle joints during stance phase of walking. 

Methods: This is a quasi-experimental study. Ten healthy adult male students were selected 
through available sampling method and walked along an inclinable walkway in both level (0°) 
and cross-slope (10°) configurations. The 3D angles of hip, knee, and ankle along with their 
time of occurrence (the time reaching to the maximum values for each specific joint angle) were 
analyzed using repeated measures multivariate analysis of variance (MANOVA) by SPSS 17. 
P<0.05 was considered significant. 

Results: Knee and ankle joints had the most kinematic adaptations on cross-slope conditions in 
the sagittal plane, while in the transverse plane angles of hip and knee joints were mainly altered 
(P<0.05). These adaptations are necessary to adjust the functional leg-length during different 
stance phases to both maintain a subtle gait pattern and medio-lateral balance. Though significant 
differences in timing of the joints kinematic events between level and cross-slope walking were 
observed (P<0.05), their temporal aspects of the kinematic adaptations were more consistent than 
their magnitude. 

Conclusion: The information obtained from this study enriches our understanding about the 
kinematic adaptations of the lower extremity joints in stance phase during level and cross-slope 
walking.
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1. Introduction

iomechanics research on gait has largely fo-
cused on level walking [1-3]. However, in 
daily life, we must regularly step on cross-
slope surfaces (i.e. a surface incline perpen-
dicular to the direction of locomotion) that 

may be inclined up to 10° and even more when traversing 
a cross-walk on a steeply inclined street. Despite the prev-
alence of cross-slopes in our environment, we know little 
about segmental adaptations necessary to maintain both 
balance and forward locomotion. Sidewalks and roadways 
with irregular or prolonged cross-slopes may impede 
walking and increase the risk of fall and lower extremity 
injuries, particularly in individuals with decreased motor 
function (e.g. the elderly). 

Only a few studies have focused on cross-slope walking 
[4-6]. These studies usually evaluated the adaptations of 
either a single joint (e.g. the knee) or sub-segmental coor-
dination of a specific limb (e.g. the hindfoot and forefoot) 
during cross-slope walking. Cross-slope locomotion is 
analogous to a leg length discrepancy adaption, in which 
the up- and down-slope limbs must functionally shorten 
and lengthen, respectively, to keep the body vertical [7].

In addition to the joints kinematic alteration in the sag-
ittal plane, cross-slope walking would decrease inver-
sion of the up-slope ankle and increase inversion of the 
down-slope ankle [5]. These kinematic adaptations during 
cross-slope walking could place the ankles at risk for both 
medial (up-slope) and lateral (down-slope) ankle complex 
ligament injury [8]. While for young adults, cross-slopes 
may not be a significant challenge, the asymmetrical de-
mands of cross-slope walking could pose great functional 
muscular-skeletal and balance obstacles for special groups 
(elderly, amputees, etc.) [9].

Though the previous research reported substantial 
changes in the kinematics of cross-slope walking, no in-
formation is available regarding how the behaviors of hip, 
knee, and ankle joints during up- and down-slope walking 
are altered in relation to each other. To enhance forward 
locomotion and prevent the lower extremity injuries in 
cross-slope gait, the motion limitations of one joint should 
be compensated with the altered motions of the adjacent 
joints in the kinetic chain. This information is necessary to 
enhance our understanding of the underlying mechanisms 
involved in healthy and pathologic cross-slope gait.  

	It is hypothesized that the magnitude and temporal dis-
tribution (time of occurrence) of the lower extremity joints 
kinematics will differ substantially between level and 

cross-slopes, and the up-slope and down-slope limbs dur-
ing walking. Therefore, this study aimed to determine the 
effects of cross-slope surfaces on three-dimensional (3D) 
kinematics of hip, knee, and ankle joints during stance 
phase of walking. Understanding the kinematic adapta-
tions of the lower extremities during gait on cross-slope 
surfaces could help in designing orthoses, prostheses, and 
athletic footwear, as well as help therapists and physicians 
treat and avoid injuries in populations with restricted mo-
bility (e.g. the elderly). 

2. Materials and Methods

The study procedure was quasi-experimental with re-
peated measures. 

Study subjects

The study population comprised all healthy adult male 
students at McGill University. Ten healthy adult males, 
with no history of gait abnormalities, and an average age 
of 25.4(±8.6) y, height of 174.9(±7.2) cm, and mass of 
68.5(±9.0) kg were selected through available sampling 
method for this study. Because, significant differences in 
the lower extremity joints’ kinematics were reported with 
a smaller sample size of 5 participants and cross-sloped 
(2.5° and 5°) inclination angles  [7] during gait, it was 
supposed that participation of 10 participants walking on 
10° cross-sloped surface will identify significant differ-
ences in kinematic adaptations of the hip, knee, and ankle 
joints in various conditions. The inclusion criteria were 
as follows: 1) no history of lower extremity injuries, and 
2) leg length difference less than 2.0 cm. Leg length was 
measured as the distance between the anterior superior 
iliac spine and the medial malleolus, via the knee joint, 
in a standing position, as specified in the ViconTM (Vi-
con, Los Angeles, USA) documentation. Subjects with 
a leg length difference exceeding 2.0 cm were excluded 
from the study. Before participating in this study, all par-
ticipants signed a consent form, approved by the McGill 
University Research Ethics Board Office.

Experimental set-up

In this study, we used a 7-m transversely inclinable 
walkway with 1.2-m width. A force plate (AMTI, model 
OR6-5-1000, Watertown, MA, USA) was located in the 
middle of the walkway such that the participants could 
perform at least 3 steps on the ramp before hitting the force 
plate. Passive optical markers were placed over anatomi-
cal landmarks of the participants according to the Vicon 
Plug-in Gait model. To avoid slippage, the walkway and 
force plate were covered with an indoor running surface 
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(Mondo America Inc., Laval, QC, Canada). A pilot testing 
indicated that the indoor running surface would not alter 
the magnitude and temporal distribution of the lower ex-
tremity joints kinematics as well as the force plate output 
during walking in various surface conditions.

Participants were familiarized to the walkway in both 
level (0°) and cross-slope (10° transversely up- and down-
slope, respectively) walking conditions. Then, 10 self-
selected speed barefoot walking trials at each condition 
were performed. Of them, 6 trials per condition with com-
plete data sets were selected. The average speed of walk-
ing trials was 1.45(±0.23) m/s on each surface condition 
(P>0.18). Because only the right leg was considered, for 
the cross-slope conditions, the participant walked in both 
directions while the right foot was in up-slope and down-
slope positions, respectively. If the participant’s foot did 
not land completely on the force plate or if the subject tar-
geted the platform, that trial would be excluded.

Data acquisition 

Kinematic data were recorded at 240 Hz using an 8-cam-
era ViconTM system (Vicon, Los Angeles, USA) and fil-
tered using a fourth-order zero-phase lag Butterworth filter 
with an 8 Hz cut-off frequency. Force plate data were ac-
quired at 960 Hz and filtered using a fourth-order low-pass 
Butterworth filter with a 20 Hz cut-off frequency. The force 
plate vertical force output was used to identify the heel-
strike (HS) and toe-off (TO) events. The force plate was 
zeroed prior to collection on the cross-slope conditions to 
remove the effect of its weight on the output channels. 

The dependent variables were the kinematic adaptations 
of hip, knee, and ankle joints across the selected events of 
stance phase and their time of occurrence, as a percent of 
stance, during level walking (LW), inclined walking up-
slope (IWU), and down-slope (IWD), respectively. The 
lower limb’s joint angles calculated according to the meth-
od proposed by Grood and Suntay [10] were obtained 
from the Vicon Plug-in Gait model outputs.

Kinematic abbreviations and sign conventions used for 
the hip, knee, and ankle angles are presented in Table 1. 
For statistical analysis of the kinematic patterns, the lower 
limb’s joint angles were taken at HS and TO in all 3 planes 
of motion. In addition, the maximum values for each spe-
cific joint angle were evaluated during walking in various 
surface conditions (Table 2). These parameters have been 
used extensively in the past for the study of walking [5, 
11-14] in both normal and pathological gait.

Statistical analysis

The 3D angles of right hip, knee, and ankle joints and their 
time of occurrences at each event described above were 
averaged across all trials per condition in all participants 
during walking trials. Because the effect of surface condi-
tions is generally represented by 2 or more of the dependent 
variables and the related assumptions (e.g. multivariate nor-
mality, homogeneity of covariance) were met, these angles 
were analysed using a between subject repeated measures 
MANOVA (statistical test of Wilk’s lambda) by SPSS 
(SPSS Windows, version 17.0, Chicago, USA). The analy-
ses was followed by a Bonferroni post hoc test if a statistical 
main effect for conditions was observed (α=0.05).

3. Results

During walking on level and cross-slope surfaces, the 
hip, knee, and ankle angles as well as the relative times 
plotted against percentage of stance showed distinct pat-
terns of motion (Figure 1). Regarding the hip angles, sig-
nificant differences were observed in the transverse plane. 
More specifically, the HER at IWD was greater than that 
of LW (P=0.045) (Table 3). At TO, while the hip was ex-
ternally rotated during IWU, it had an internal rotation at 
IWD (P=0.011). The timing of the selected events at the 
hip was more variable than its angle values. In the frontal 
plane, pairwise comparisons revealed that the HAD during 
LW occurred at 30.3% of stance which was significantly 
earlier than IWU (35.2% of stance, P=0.027) (Table 4). 
In the transverse plane, pairwise comparisons showed that 
the HER during IWU occurred earlier compared to those 
at LW and IWD (both P<0.001), while the HIR occurred 

Table 1. Kinematic abbreviations and sign conventions used for hip, knee, and ankle joints.

Joint angles Sagittal Frontal Transverse

Hip Extension (Ext): –
Flexion (Flx): + 

Abduction (Abd): –
Adduction (Add): +

External rotation (ERot): –
Internal rotation (IRot): +

Knee Extension (Ext): –
Flexion (Flx): + 

Abduction (Abd): –
Adduction (Add): +

External rotation (ERot): –
Internal rotation (IRot): +

Ankle Plantar flexion (PF): –
Dorsiflexion (DF): +

Eversion (Eve): –
Inversion (Inv): +

External rotation (ERot): –
Internal rotation (IRot): +
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at 71.5% of stance during IWU which was significantly 
earlier than LW (78.9% of stance, P=0.036) (Table 4). 

Regarding the knee joint, the angle adaptions with re-
spect to the different walking surface conditions occurred 
in 3 planes of motion (Table 3). In the sagittal plane, KFX 

during IWD was significantly greater than that of LW 
(P=0.033). Conversely at TO, the knee flexion decreased 
significantly during IWD compared to LW (P=0.028). In 
the frontal plane, pairwise comparisons revealed that the 
KAD during LW was smaller than those of IWU (P=0.009) 
and IWD (P<0.001). In the transverse plane and at TO, the 

Table 3. Mean (SD) values of hip, knee, and ankle angles and associated mean differences across the selected events of stance 
phase in level walking (LW), inclined walking up-slope (IWU) and down-slope (IWD). 

Joint Plane Event LW IWU IWD F

Mean difference (°)

η2LW
vs

IWU

LW
vs

IWD

IWU
vs

IWD

Hip 

Sagittal
HS

HEX
TO

23.5(2.2)
−21.1(3.8)
−16.3(4.1)

  25.0(2.2)
−25.3(4.1)
−18.9(3.1)

  24.6(1.8)
−25.5(3.6)
−18.1(3.3)

1.26
2.53
1.77

−1.5
−4.2
−2.6

−1.1
−4.4
−1.8

  0.4
−0.2
  0.8

0.085
0.064
0.099

Frontal
HS

HAD
TO

−3.8(2.1)
  3.1(1.6)
−7.4(1.5)

−5.0(2.8)
  3.1(1.4)
−7.0(1.5)

−3.7(3.1)
  3.3(2.2)
−6.6(1.8)

0.53
0.31
0.28

−1.2
  0.0
  0.4

  0.1
−0.2
  0.8

  1.3
−0.2
  0.4

0.043
0.086
0.055

Transverse

HS
HER
HIR
TO

−1.2(2.7)
−2.5(2.2)
  2.3(2.0)
  0.2(4.1)

−2.7(4.2)
−3.0(3.4)
  3.3(2.8)
−1.4(5.2)

−2.3(3.4)
−3.8(2.5) 
  3.2(2.6)
  1.3(4.2) 

0.10
3.20
0.71
4.01

−1.5
−0.5
−1.0
  1.6

−1.1
−1.3*
−0.9
−1.1

  0.4
−0.8
  0.1

  −2.7*

0.009
0.232
0.043
0.334

Knee 

Sagittal

HS
KFX
KEX
TO

−5.2(1.9)
  6.0(2.3)
−6.7(2.2)
  17.9(2.3)

−5.2(1.5)
  8.1(1.7)
−8.3(2.8)
  16.0(3.0)

−5.0(1.6)
  9.0(2.6)  
−8.8(3.0)
  14.3(1.5) 

0.27
3.35
0.99
2.98

  0.0
−2.1
−1.6
  1.9

  0.2
−3.0*
−2.1
  3.6*

  0.2
−0.9
−0.5
  1.7

0.025
0.273
0.044
0.307

Frontal

HS
KAD
KAB
TO

−2.6(1.4)
  2.1(1.8)
−2.2(1.6)
  8.9(1.3)

−2.2(2.1)
  3.9(1.7) 
−3.7(2.6)
  8.2(1.1)

−4.0(2.8)
  4.9(2.0) 
−3.9(2.8)
  7.7(1.6) 

0.94
3.78
0.44
0.23

  0.4
−1.8**

−1.5
  0.7

−1.4
−2.8**

−1.7
  1.2

−1.8
−1.0
−0.2
  0.5

0.079
0.431
0.031
0.017

Transverse

HS
KIR
KER
TO

−8.7(4.4)
  2.0(3.1)
−1.2(2.8)
  5.0(3.2)

−8.1(6.8)
  3.2(2.4)
−0.8 (2.0)
  2.1(2.9) 

−10.3(8.5)
  2.6(3.3)
−1.6(2.0)
  6.3(3.6) 

0.28
0.92
0.15
4.03

  0.6
−1.2
  0.4

  2.9**

−1.6
−0.6
−0.4
−1.3

−2.2
  0.6
−0.8

−4.2**

0.009
0.012
0.006
0.287

Ankle

Sagittal

HS
APF
ADF
TO

−1.9(2.7)
−9.1(2.3)
  5.7(2.5)

−13.8(5.2)

−2.3(3.3)
−9.3(2.1)
  6.8(2.0)

−12.1(4.7)

−0.4(4.9)
−6.0(2.6)
  4.6(1.8)  

−17.2(3.6) 

1.03
2.91
2.43
2.67

−0.4
−0.2
−1.1
  1.7

1.5
 3.1**

1.1
  −3.4

  1.9
  3.3**

  2.2**

−5.1*

0.076
0.338
0.239
0.194

Frontal

HS
AEV
AIN
TO

  0.7(0.6)
−2.8(1.6)
  1.2(0.9)
  3.0(3.1)

  0.2(0.9)
−3.1(1.2)
  1.9(1.6)
  1.8(2.1)

  0.6(0.6)
−2.6(1.0)
  0.5(0.8)
  4.0(3.4) 

1.31
0.79
1.03
0.63

  0.5
−0.3
−0.7
  1.2

 0.1
 0.2
 0.7
-1.0

−0.4
  0.5
 1.4

  −2.2

0.063
0.076
0.071
0.059

Transverse
HS

AER
TO

  4.3(1.5)
−5.1(2.5)
  10.5(3.8)

  4.1(2.1)
−5.3(2.4)
  11.2(3.2)

  3.9(2.2)
−7.3(4.2)
  11.7(4.3)

0.23
0.77
0.60

  0.2
−0.2
−0.7

  0.4
−2.2
−1.2

 0.2
  −2.0
  −0.5

0.082
0.093
0.057

*P<0.05
**P<0.01 
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Table 2. Additional gait events used for comparisons of the kinematic parameters of hip, knee, and ankle joints during stance 
phase of walking.

Joint Sagittal Frontal Transverse

Hip Maximum Ext (HEX) Maximum Add (HAD) Maximum IRot (HIR)
Maximum ERot (HER) 

Knee Maximum Flx (KFX)
Maximum Ext (KEX)

Maximum Add (KAD)
Maximum Abd (KAB)

Maximum IRot (KIR)
Maximum ERot (KER)

Ankle Maximum PF (APF)
Maximum DF (ADF)

Maximum Eve (AEV)
Maximum Inv (AIN)

Maximum ERot (AER)
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knee internal rotation decreased significantly during IWU 
compared with those at LW and IWD conditions (both 
P<0.001). No significant difference was observed in the 
timing of the selected events for the knee joint (P<0.05).

Regarding the ankle angles, significant differences dur-
ing various walking conditions were observed in the sag-
ittal plane (Table 3). More specifically, the APF at IWD 
was smaller than those of LW and IWU (both P<0.001). 
In addition, the ADF during IWD was smaller compared 
to that of IWU (P=0.003). At TO, a greater plantar flexion 
was observed during IWD compared to IWU (P=0.023). 
In terms of timing of the events, pairwise comparisons 

revealed that the ADF during IWD occurred at 75.9% of 
stance which was significantly earlier than IWU (84.4% of 
stance, P=0.014) (Table 4).

4. Discussion

The purpose of this study was to determine the effects 
of cross-slope surfaces on 3D kinematics of the hip, knee, 
and ankle joints; both the magnitude and timing of the 
selected events, during stance phase of walking. Overall, 
the kinematic patterns were similar to the previous studies 
on level walking [5, 13-15]. However, significant differ-
ences were observed in these patterns between the level 

Figure 1. Three- dimensional angular kinematics for the hip, knee, and angle during stance phase of level walking (LW; mean, sol-
id black line; SD, gray line), inclined walking up-slope (IWU; mean, dotted red line), and down-slope (IWD; mean, dashed blue line).
a and b represent significant differences between LW vs. other conditions and IWU vs. IWD, respectively.
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and cross-slope conditions, as well as asymmetrical dif-
ferences between the up-slope and down-slope leg. Pre-
sumably without such compensations on the cross-slope 
surfaces, the up-slope and down-slope limbs may not be 
able to both avoid lateral falling and maintain a steady for-
ward locomotion. 

Walking in different surface conditions caused kinematic 
adaptations in the sagittal plane for the knee and ankle 
joints. A greater maximum knee flexion was accompa-
nied by a smaller ankle plantar flexion at IWD in the first 
30% of stance. Owing to the fast falling of body center of 
mass (COM) during stepping at down-slope, as indicated 
by greater vertical ground reaction force [16], higher knee 
flexion might partially compensated the greater loading re-
sponse posed during IWD leading to a softer landing from 
HS to the first 30% of stance.

In the meantime, decreased plantar flexion was ensured 
lengthening of down-slope limb. In agreement with the 
findings of Dixon and Pearsall [5] and Walsh et al. [17], 
on the down-slope side, subjects attempted to increase their 
functional leg-length by decreasing dorsiflexion during 
mid-stance and increasing plantar flexion at TO (Table 3, 
Figure 1g). In addition, decreased knee flexion at TO dur-
ing IWD was a compensatory mechanism to lengthen the 
down-slope limb. Without compensation of the lower limbs 
on the cross-slope surface, the up-slop and down-slop limb 

would be either too long or too short, respectively, to permit 
comfortable locomotion and vertical balance [18]. 

	Knee abduction/adduction harmony with knee flexion/
extension (Figure 1d and 1e) played an important role in 
adjusting the functional leg-length during different phases 
to maintain subtle gait pattern and medio-lateral balance. In 
the frontal plane, greater knee adduction from HS to the first 
30% of stance during IWU and IWD indicated the greater 
effort required to transfer the body COM to up the slope, and 
shifting of body COM towards down-slope, respectively. 
This assumption is supported by the ground reaction force 
adaptations observed during cross-slope walking [16].

In the transverse plane, the hip kinematic alterations 
during various walking conditions showed 2 distinct pat-
terns: 1) an external rotation in the first half of stance, 
and 2) an internal rotation from mid-stance through 
the second half of stance. Our results revealed signifi-
cant differences in these patterns between the level and 
cross-slope conditions, with down-slope hip being more 
externally rotated by 1.3°, as well as asymmetrical dif-
ferences between the up-slope (externally rotated) and 
down-slope (internally rotated) hips (Figure 1c).

These compensatory mechanisms may work in order 
to minimize both the medio-lateral displacement of body 
COM during walking on cross-slope surfaces and move-
ment perturbations in the other joints, thereby reducing en-

Table 4. Mean (SD) values of timing of the selected events (maximum values) of hip, knee, and ankle angles as a percentage of 
stance, and associated mean differences,  across the intervals of stance phase in level walking (LW), inclined walking up-slope 
(IWU) and down-slope (IWD).

Joint Plane Event LW IWU IWD F

Mean difference (%)

η2LW
vs

IWU

LW
vs 

IWD

IWU 
vs 

IWD

Hip 

Sagittal HEX 90.0(1.3) 91.5(1.9) 88.5(2.0) 0.67 −1.5 1.5 3.0 0.008

Frontal HAD 30.3(1.7) 35.2(2.0) 34.5(3.1) 2.34 −4.9* −4.2 0.7 0.271

Transverse HER
HIR

30.0(2.4)
78.9(4.0)

17.3(2.7)
71.5(3.1)

32.2(1.8)
76.0(3.3)

3.18
2.69

12.7**

7.4*
−2.2
2.9

−14.9**

-4.5
0.393
0.301

Knee 

Sagittal KFX
KEX

28.1(4.0)
71.8(5.2)

28.0(3.7)
73.6(4.2)

29.3(3.0)
73.4(3.8)

0.34
0.59

0.1
−1.8

−1.2
−1.6

−1.3
0.2

0.011
0.004

Frontal KAD
KAB

23.8(2.2)
68.7(5.5)

27.2(5.7)
73.7(7.8)

25.9(4.4)
72.2(3.4)

1.09
0.93

−3.4
−5.0

−2.1
−3.5

1.3
1.5

0.103
0.077

Transverse KIR
KER

25.6(7.6)
69.6(6.1)

29.0(6.3)
67.3(7.3)

26.2(4.7)
62.4(4.1)

0.26
0.51

−3.4
2.3

−0.6
7.2

2.8
4.9

0.023
0.060

Ankle

Sagittal APF
ADF

17.2(3.0)
78.8(5.5)

17.4(3.4)
84.4(7.9)

17.4(2.9)
75.9(8.3)

0.78
0.63

−0.2
−5.6

−0.2
2.9

0.0
8.5*

0.009
0.212

Frontal AEV
AIN

18.0(2.7)
78.8(3.5)

18.4(3.0)
79.3(2.1)

18.2(2.9)
77.1(4.0)

0.13
0.27

−0.4
−0.5

−0.2
1.7

0. 2
2.2

0.033
0.002

Transverse AER 22.2(5.1) 27.8(3.6) 20.8(6.6) 0.80 −5.6 1.4 7.0 0.006

*P<0.05
**P<0.01  
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ergy expenditure. Furthermore, significantly smaller KIR 
at TO during IWU compared to the other surface condi-
tions facilitated the up-slope hip external rotation, thereby 
shifting body COM to the up-slope edge of the walkway 
to attain stability (Table 3, Figure 1c and 1f).

In general, while during walking on different cross-slope 
conditions, knee and ankle joints had the most kinematic 
adaptations in the sagittal plane. These alterations in the 
transverse plane were mainly observed in hip and knee 
joints. Our findings showed that knee, as the only lower 
extremity joint with 3D kinematic alterations, played an 
essential role to maintain balance and forward locomotion 
during level and cross-slope walking. 

Variations in timing of the selected kinematic events for 
the level and cross-slope walking showed that hip and 
ankle joints are mainly affected by the surface conditions. 
However, the temporal aspects of the kinematic adaptations 
were more consistent than their magnitude (Tables 4). Begg 
et al. [19] and Shapiro et al. [20] reported timing consis-
tency in human gait and proposed that such consistencies 
reflect motor programs for movement control in which a 
stored sequence of motor commands can be individualized 
to meet specific tasks demands. Thus, in cross-slope gait the 
relative timing of the joints kinematic events is specified by 
a motor program with the 3D joint angles scaled up or down 
depending on transverse inclination angle.

Although this study provides insight into the 3D kine-
matics of the hip, knee, and ankle joints during cross-slope 
walking, it has a few limitations. To fully evaluate the 
cross-slope walking, the kinematic alterations of hip, knee, 
and ankle during the swing phase should be studied, as 
well. In addition, how other populations (e.g. females, chil-
dren, elderly, and individuals with lower extremity inju-
ries) would modify the kinematics of their lower extremity 
joints during cross-slope walking is unknown. Therefore, 
the findings of this study may not completely represent the 
cross-sloped walking kinematics in those populations. Fur-
ther research is required to address these concerns.

This study showed that walking on cross-slope surfaces 
require substantial and asymmetrical 3D kinematic ad-
aptations of hip, knee, and ankle. The highest variability 
were observed in the sagittal plane kinematics of knee and 
ankle, (to ensure shortening/lengthening of up-slop and 
down-slope limbs, respectively) and the transverse plane 
of hip and knee (to minimize medio-lateral displacement 
of body COM during cross-slope walking). These kine-
matic adaptations are necessary to have a subtle walking 
while maintaining dynamic medio-lateral balance. Similar 
to previous findings, the temporal aspects of the kinematic 

adaptations were more consistent than their magnitude. 
This information enriches our understanding about kine-
matic adaptations of the lower extremity joints in stance 
phase during level and cross-slope walking.
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