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Abstract: The kinematic and kinetic parameters of two staircase exercise postures, namely hands 
behind head and cross step forward, are compared to the parameters for regular stair 
climbing/climbing. A four-step wooden stair instrumented with two force plates were used as the 
action platform whilst the kinematic and kinetic data were collected and analyzed using a 6-camera, 2-
force plate three-dimensional motion analysis system. The results indicate no significant difference of 
the parameters of regular stair climbing and hand behind head posture but indicate increased hip 
moment, power, angular impulse, and work of the cross step forward activity compared to regular stair 
climbing. In the frontal plane, the cross step forward movement exhibits the highest moment and 
angular impulse compared to regular stair walking. It is concluded that the cross step forward stair 
climbing places greater demands on the hip extensor and abductor as well as on the knee abductor.  
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INTRODUCTION 

 
 Physical exercises are important for body health. Everyone should include some forms of physical exertion 
in their daily living activities. Stair climbing is encountered almost every where people go. Researchers believe 
that stair climbing provides a useful physical activity that should be promoted to the public (Eves et al., 2006).  
Efforts have been made to encourage people to use the stairs in their daily activity [Eves et al., 2006; Boreham 
et al., 2000; Ilmarinen et al. 1979; Shenassa et al., 2008; Kerr et al., 2004; Kerr et al., 2001; Dolan et al., 2006; 
Edward, 1983]. One sure benefit of stair climbing is that it activates dynamically large muscle groups of the 
lower extremities (Ilmarinen et al., 1979). To derive the benefits of stair climbing for one’s well-being, a 
number of machines have been designed to simulate the stair climbing action. However, unlike stair machines, 
staircases are free and readily accessible and thus encouraged trainers worldwide to propose exercises that can 
be readily implemented on staircases. 
 A number of staircase exercises have been proposed, including regular walking up and down staircases, 
climbing stairs with the hands behind the head, or walking forward in cross step manner. However, the 
biomechanics of these exercises have not yet been properly explored. Studying the kinematic and kinetic 
patterns of staircase exercises can provide important and useful information regarding the effects of those 
maneuvers on specific parts of the body. The staircase exercises used in the current study are multiple-joint 
exercises which stimulated several muscles groups simultaneously. The joint-specific differences in the 
kinematic and kinetic patterns between these exercises and regular stair climbing (RSC) may be used to 
formulate a set of movements to target specific muscle groups of the lower extremity.  The purpose of this 
research was to determine the kinematic and kinetic characteristics of two of the proposed staircase exercise 
postures, namely climbing stairs with hands behind the head (HBH) and the cross step forward (CSF) 
manoeuver.   They are then compared to the characteristics of RSC. 
 
Methods: 
 10 healthy young subjects, five males and five females, mean age 24.8 years (ranging from 22 to 30 years) 
(standard deviation 2.5), mean height 165.2 cm (SD 7.2), mean weight 59.5 kg (SD 11.8), and BMI 21.62 
kg/m2 (SD 3.03). The tests were carried out in the Motion Analysis Laboratory of the University of Malaya 
according to its Department of Biomedical Engineering’s approved test protocol for motion analysis studies 
with the subjects being informed of the protocol and objectives of the research prior to asking them for their 
consent to participate in the study. 
 For the study, a stand-alone four-step wooden staircase (run = 25.5cm, width = 1 m, height = 21.1cm, slope 
=38 deg) was specifically constructed using a three non-connected wooden sections. The first section is 
consisted of the third step and the fourth step which was extended to a one meter platform on which the subject 
could turn about and prepare to descend. The second section, which formed the second step, was cut out so that 
a force plate (Kistler, model 9281CA) can be placed on it. To this end, a special metal stand was designed to 
hold the force plate in place. In addition, two small wooden boxes were installed on top of the second section 
just under the third step to provide support for the third section. A second Kistler force plate was embedded in 
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the laboratory floor, just in front of the stair.  The dimension of the staircase is based on the standard dimension 
for an outdoor staircase (Andiriachi et al., 1980). 
 For the motion test, subjects were barefoot and, for males, wore tight shorts whilst for females, wore tight 
shorts and a T-shirt.  This allowed for proper attachment of sixteen reflective markers on the skin of the lower 
limbs according to the Vicon plug-in gait marker placement protocol. The subjects performed ascending and 
descending motions on the stair.  Kinematic recordings of five trials each of ascending and descending motion 
were recorded using a 6-camera, three-dimensional motion analysis system (Vicon MX3, Oxford Metrics Ltd, 
UK). The stride cycle during stair ascent was defined to begin at first right foot contact with the second step and 
to end when the same foot contacted the fourth step. For descent, the stride cycle started with a right foot 
contact on the second step and ended with the same foot achieving contact with the floor.  
 The stair climbing style included in the study was limited to forward stepping which involved the subjects 
facing forward and climbing up or down the stair in the forward direction.  Three different walking postures 
were employed, namely regular stair climbing (RSC) which involved the subjects walking up or down the 
staircase in the natural way, climbing with hands behind the head (HBH) which involved the subjects putting 
their hands behind the head while walking up or down the staircase, and cross step forward climbing (CSF) 
which involved the subjects walking forward but the feet crossing over to the opposite side of the path line from 
which they began their take off maneuvers. 
 To enable calculation of the hip, knee, and ankle joint angles as well as the external joint moments, 
anthropometric measurements of the subjects were taken.  They included the bilateral leg length, knee width, 
ankle width, height, and body mass. The moments and powers were normalized to body weight. 
 The Vicon Polygon software was used to find the average results of the five trials of ascending and 
descending phases of each posture for each subject and to express all stride events as a percentage of stride 
cycle. The averaged data were saved in ASCII format and transferred to Excel to find the mean maximum 
values of the included key variables, namely the cadence, cycle duration, stance phase, velocity, hip/knee/ankle 
angles, hip/knee/ankle sagittal and frontal plane moments, and powers during ascent and descent.  In addition, 
angular impulses and total joint works were calculated using MATLAB. Finally, all results were saved in Excel 
format and transferred to SPSS 16 for statistical analysis.  An ensemble average curves for the angles, moments, 
and powers were produced using the Polygon software. 
 Paired t-test was used to compare between ascending and descending phases for each exercise posture, 
between regular stair walking and each exercise posture during ascending, and between regular stair walking 
and each exercise posture during descending. 
 
Results: 
 Values of five kinematic and four kinetic parameters involved in stair climbing were obtained from the 
study.  The kinematic parameters were the spatial parameter of maximum angular displacements (at the hip, 
knee, and ankle joint) and four temporal parameters (of cadence, foot off, stride time, and climbing speed).   
From the values obtained, two types of comparison were made, namely the difference between the values of the 
parameters during ascending and descending as well as the difference in the values between the three stair 
climbing postures studied.  On the whole, the differences in the values of the parameters between RSC and 
HBH were not significant and thus, in this discussion, comparisons were made only between RSC and CSF. 
 Table 1 summarizes the mean temporal parameters, namely mean cadence, foot off (stance phase), stride 
time, and speed during the ascent and descent phases of all three postures. The statistical t-test’s p values are 
also included in the table.  CSF shows lower cadence and velocity compared to regular ascending. CSF did not 
show any significant differences in the stance phase compared to regular ascending. During descending as well 
as ascending, CSF shows lower cadence and velocity compared to regular descending.  Comparing ascending to 
descending motion, the cadence and speed were higher during descending except for the CSF which shows no 
significant difference in cadence.  As for stride time, it is higher for ascending (except for CSF) and posture-
wise, highest for CSF throughout.  
 Table 2 summarizes the mean maximum angles observed at the hip, knee, and ankle joints during the ascent 
and descent phases of all postures. No significant difference in hip flexion angle for CSF and in the knee flexion 
angle compared to regular ascending. During descending, the subjects required higher hip flexion angle for CSF 
compared to regular descending. Subjects required greater knee flexion angle but lower ankle dorciflexion angle 
for CSF (P<0.01) compared to regular descending. Phase differences show that the subjects required greater 
flexion at the hip during ascending for both RSW and CSF compared to descending. No significant difference 
was found in the knee flexion angle between the ascending and descending phases of all movements. At the 
ankle joint, the subject required greater ankle dorciflexion angle during descending for RSW compared to 
ascending. All the movements show greater ankle planterflexion angles during descending compared to 
ascending. The mean sagittal plane angles of the hip, knee, and ankle joint during the ascent and descent phases 
of all three postures are illustrated in Figure 1.  
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Table 1: The mean (SD) cadence, stance phase and speed during the ascent and descent phases of all movements. 

 Cadence 
(steps/min) 

Foot off 
(%) 

Stride time 
(sec.) 

Speed 
(m/sec.) 

RSW  
ASCENT 

 
80.7(4.8) 

 
62.4(1.7) 

 
1.50(.09) 
a; p<.0 

.49(.037) 
 

DESCENT 
 

87.2(6.8) 
a; p<.05 

63.6(2.8) 1.39(.11) .58(.050) 
a; p<.05 

HBH  
ASCENT 

 
80.88(4.8) 62.26(1.4) 1.49(.086) 

a; p<.05 
.48(.024) 

DESCENT 
 

87.59(5.2) 
a; p<.05 

64.11(3.1) 1.38(.083) .59(.044) 
a; p<.001 

CSF  
ASCENT 

 
73.04(7.4) 
b; p<.01 

61.9(2.2) 
 

1.67(.51) 
b; p<.01 

.44(.054) 
b; p<.05 

DESCENT 72.39(8.1) 
b; p<.01 

62.57(2.6) 1.69(.198) 
b; p<.001 

.48(.058) 
a; p<.05, b; p<.01; 

a Main effect, phase differences;  b Main effect, activity type. 

 
Table 2: The mean (SD) maximum angles observed at the hip, knee and ankle joint during the ascent and descent phases of all movements. 

 Hip flexion 
(degree) 

Knee flexion 
(degree) 

Ankle dorci-flexion 
(degree) 

Ankle planter-flexion 
(degree) 

RSW  
ASCENT 

 
DESCENT 

 

71.97(12.47) 
a; p<.001 

44.32(12.44) 

107.22(5.95) 
 

104.83(7.72) 

20.69(3.05) 
 

32.24(7.13) 
a; p<.001 

22.88(4.75) 
 

33.60(5.49) 
a; p<.001 

HBH  
ASCENT 

 
71.36(12.7) 
a; p<.001 

105.39(5.83) 20.93(3.25) 22.17(5.32) 

DESCENT 
 

42.74(11.7) 
b; p<.05 

105.08(6.58) 31.47 (6.94) 
a; p<.001 

33.97(4.06) 
a; p<.001 

CSF  
ASCENT 

 
DESCENT 

 

74.33(11.3) 
a; p<.001 

50.09(12.0) 
b; p<.01 

107.59(8.82) 
 

110.21(6.21) 
b; p<.01 

20.67(3.98) 
 

21.63(5.49) 
b; p<.01 

23.5(7.56) 
 

33.08(4.97) 
a; p<.001 

a Main effect, phase differences;  b Main effect,activity type. 

 
 Table 3 shows the mean maximum external moments and mean maximum angular impulses observed at the 
hip, knee, and ankle joint during the ascent and descent phases of all three postures. For the moments, during 
ascending, the subjects demonstrated greater external hip flexion moments for CSF and greater hip adduction 
moments compared to regular stair ascending. At the knee, the subjects demonstrated lower knee flexion 
moments for CSF compared to regular stair ascending. In the frontal plane, subjects show greater knee 
adduction moment for CSF compared to regular stair ascending. During descending, subjects demonstrated 
greater external hip flexion moments for CSF and greater hip adduction moments compared to regular stair 
ascending. In the frontal plane, subjects show greater knee adduction moment for CSF compared to regular stair 
descending. Phase differences showed that there were no significant difference in the hip flexion and adduction 
moments between the ascent and descent phase of all movements except for RSW which showed higher hip 
adduction moments during stair descent compared to ascent. At the knee, all the movements required higher 
flexion moment during descending  No significant difference in the knee adduction moments between the 
ascent and descent phase were found for RSW and CSF. At the ankle, CS required higher dorciflexion moment 
during descending compared to ascending phase. No significant difference was found in dorciflexion moment 
between the ascending and descending phase of RSW. The mean sagittal plane moments of the hip, knee, and 
ankle joint and mean frontal plane moments of the hip and the knee joint during the ascent and descent phases 
of all movements are illustrated in Figure 3. 
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Fig. 1: Mean angle of the ankle, knee, and hip joint during stair ascent and descent phases of all movements (n 

= 10). The black, dark gray and light gray colors present the RSW, HBH, and CSF activities, 
respectively. The solid and the dashed line present the ascending and descending phase, 

 
Table  3: The mean (SD) maximum external moments and mean (SD) maximum angular impulses observed at the hip, knee and ankle joint 

during the ascent and descent phases of all movements. 
 Hip 

Flex-ion 
Hip 

Add-uction 
Knee 

Flex-ion 
Knee 

Add-uction 
Ankle 

Dorci-flexion 
Moments (N.m/kg) 

RSW  
ASCENT 

 
DESCENT 

.893(.199) 
 

.918(.195) 

.552(.233) 
 

.747(.177) 
a; p<.05 

.878(.240) 
 

1.164(.135) 
a; p<.01 

.695(.151) 
 

.673(.151) 

1.279(.193) 
 

1.509(.218) 
 

HBH  
ASCENT 

 
.880(.191) .604(.256) .884 (.263) .720(.131) 1.277(.194) 

DESCENT .9380(.313) .766(.228) 1.206(.119) 
a; p<.01 

.707(.170) 1.637(.268) 
a; p<.05, b; p<.05 

CSF  
ASCENT 

 
DESCENT 

1.272(.282) 
b; p<.01 

1.228(.292) 
b; p<.05 

1.179(.287) 
b; p<.001 

1.047(.155) 
b; p<.01 

.643(.271) 
b; p<.001 

1.108`.138) 
a; p<.001 

.975(.144) 
b; p<.001 
.965(.153) 
b; p<.001 

1.243(.291) 
 

1.622(.262) 
a; p<.01 

Impulses (N.m.s/kg) 
RSW  

ASCENT 
 

DESCENT 

.624(.277) 
 

.624(.342) 
 

.751(.495) 
 

1.039(.342) 
a; p<.05 

.742(.247) 
 

.907(.191) 
a; p<.05 

.626(.363) 
 

.791(.291) 
a; p<.05 

1.383(.470) 
 

2.006(.547) 
a; p<.01 

HBH  
ASCENT 

 
.643(.297) .820(.545) .687(.230) .675(.362) 1.38(.479) 

DESCENT .586(.357) 1.030(.354) .923(.172) 
a; p<.05 

.781(.327) 2.061(.554) 
a; p<.001 

CSF  
ASCENT 

 
DESCENT 

.953(.303) 
b; p<.01 

.860(.370) 
b; p<.01 

1.454(.648) 
b; p<.001 

1.395(.306) 
b; p<.01 

.459(.277) 
b; p<.01 

.740(.1579) 
a; p<.01, 
b; p<.05 

1.11(.384) 
b; p<.001 

1.032(.256) 
b; p<.001 

1.471(.542) 
 

1.980(.528) 
a; p<.01 

 
a Main effect, phase differences;  b Main effect,activity type. 
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 For the angular impulses during ascending, the subjects demonstrated greater hip flexion impulse for CSF 
and greater adduction impulse compared to regular ascending. At the knee, the subjects demonstrated lower 
knee flexion impulse for CSF and greater knee adduction impulse compared to regular ascending. During 
descending, the subjects demonstrated greater hip flexion impulse for CSF and greater adduction impulse 
compared to regular descending. At the knee, the subjects demonstrated lower knee flexion impulse for CSF 
and higher knee adduction impulse compared to regular descending.  Phase differences showed that there was 
no significant difference in hip flexion impulse for all movements. The hip adduction impulses were higher 
during descending for RSW compared to the ascending phase. CSF showed no significant phase differences in 
hip adduction impulse. At the knee, all the movements required higher flexion moment during descending. The 
knee adduction impulse was greater during descending for RSW compared to ascending phase. CSF showed no 
significant phase differences in knee adduction impulse. At the ankle, all the movements required higher 
dorciflexion impulse during descending.  The variation of the mean moments are sown in Figure 2 (for the 
saggital plane) and in Figure 3 (for the frontal plane). 
 

 
Fig. 2: Mean sagittal plane moment of the ankle, knee, and hip joint during stair ascent and descent phases of 

all movements (n = 10). The black, dark gray and light gray colors present the RSW, HBH, and CSF 
activities, respectively. The solid and the dashed line present the ascending and descending phase, 
respectively 

 
 Table 4 shows the mean maximum absolute powers and total works observed at the hip, knee and ankle 
joint during the ascent and descent phases of all movements. For the power, during ascending, the CSF 
produces greater hip power compared to regular ascending. At the knee and ankle joint, no significant 
differences were found in power production of all movements compared to regular ascending. During 
descending, no significant differences in the hip power were found compared to regular descending. Phase 
differences show that both RSW and CSF required greater hip power during ascending compared to descending. 
At the knee, all the movements required higher power during descending compared to ascending. At the ankle, 
CSF required higher power during descending compared to ascending. No significant phase difference was 
found in the ankle power in the RSW activity. The mean (SD) powers at the hip, knee, and ankle joint during 
the ascent and descent phases of all movements are illustrated in Figure 4.  
 For the total work, during ascending, CSF generates higher hip work compared to regular ascending. At the 
knee, CSF generates lower work compared to regular ascending. At the ankle, CSF lowered the work compared 
to regular ascending. During descending, no significant difference was found in the hip work for CSF compared 
to regular descending. At the knee, generated lower work compared to regular descending. At the ankle, CSF 
generated lower work compared to regular descending. Phase differences show that all the movements required 
higher hip work during ascending. At the knee and ankle, all the movements required higher work during 
descending. At the ankle, all the movements required higher work during descending. 
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Table 4: The mean (SD) maximum absolute powers and total works observed at the hip, knee and ankle joint during the ascent and descent 
phases of all movements.  

 Hip 
 

knee 
 

Ankle 
 

Power (w/kg) 
RSW  

ASCENT 
 

DESCENT 

1.56(.47) 
a; p<.001 
.82(.32) 

 

2.64(.62) 
 

4.28(1.06) 
a; p<.01 

2.87(.87) 
 

4.01(1.71) 

HBH  
ASCENT 

 
1.512(.450) 
a; p<.001 

2.719(.607) 2.794(.767) 

DESCENT .757(.267) 
 

4.590(.945) 
a; p<.01 

4.982(2.637) 
a; p<.5 

CSF  
ASCENT 

 
DESCENT 

1.957(.560) 
a; p<.05, b; p<.05 

1.063(.590) 

2.548(.714) 
 

3.892(.650) 
a; p<.001 

2.432(1.058) 
 

4.525(2.091) 
a; p<.05 

Total work (j/kg) 
RSW  

ASCENT 
 

DESCENT 

1.434(.693) 
a; p<.001 
.725(.388) 

2.324(.604) 
 

3.359(1.004) 
a; p<.01 

1.239(.500) 
 

2.556(.887) 
a; p<.001 

HBH  
ASCENT 

 
1.478(.659) 
a; p<.001 

2.266(.611) 1.237(.466) 

DESCENT .670(.295) 3.504(.941) 
a; p<.01 

2.695(.885) 
a; p<.001 

CSF  
ASCENT 

 
DESCENT 

1.994(.856) 
a; p<.001, b; p<.01 

.876(.387) 

2.014(.635) 
b; p<.05 

2.937(.613) 
a; p<.001,  b; p<.05 

1.112(.497) 
b; p<.05 

1.781(.780) 
a; p<.05, b; p<.01 

a Main effect, phase differences;  b Main effect,activity type. 

 

 
 
Fig. 3: Mean frontal plane moments of the knee, and hip during stair ascent and descent phases of all 

movements (n = 10). The black, dark gray and light gray colors present the RSW, HBH, and CSF 
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activities, respectively. The solid and the dashed line present the ascending and descending phase, 
respectively. 

 
Fig. 4: Mean power at the ankle, knee, and hip joint during stair ascent and descent phases of all movements (n 

= 10). The black, dark gray and light gray colors present the RSW, HBH, and CSF activities, 
respectively. The solid and the dashed line present the ascending and descending phase, respectively.  

 
Discussion: 
 It is obvious from the study that regular stair climbing and different exercise postures produce different 
kinematic and kinetic characteristics at different parts of the body. The results indicate that staircase exercises 
are able to produce desired effects on the body and can be manipulated to target specific muscle groups of the 
body for managing one’s personal exercise need. 
 These findings may be used to more effectively target specific lower-extremity muscle groups when 
recommending exercises so that the general public can benefit in a most effective way from the stairs at the 
office, in the home, or at the shopping mall to build and maintain healthy bones, muscles, and joints. 
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