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ABSTRACT

Because stair climbing is a common activity of daily living, the ability to do it
eficiently is important to an individual's quality of life. More demanding than leve
walking, stair ambulation is performed with ease by healthy individuals; however, it
is more difficult to perform for those with decrements in motor function, baance
problems, or reduced lower-limb function. The difficulty with stair climbing is
atributable to increased muscular demands, which are reflected in larger forces,
angles, powers, moments, and ranges of motion, and these increased demands occur
consistently at the knee joint.

Kinematic system is used in stair climbing to record the position and orientation of
the body segments, the angles of the joints and the corresponding linear and angular
velocities and acceleration. The purpose of the study is to show an ideal kinematics
gppearance of human gait cycle for stair climbing in order to get measurement values
that can be depended on in the hospitals of rehabilitation, the centers of physica
therapy and the clinical of medical sports as a reference data for kinematic joint
parameter. In this study, 5 subjects were selected from the society, then a video
recording was made for them by using a single digital video camera recorder fitted on
a stand of three legs in a sagittal plane while subjects climbing a stair one by one for
different stair heights. Motion analysis was used to study the knee and hip joint
kinemati cs.

As a result, it was observed that the range of motion at the hip joint is between
(10°-70°) at ascending and the range is between (20°-50°) a descending. The range
of motion a the knee joint is between (20°-90°) at ascending and the range is
between (10°-100°) at descending. The range of motion at the ankle joint is between
(-25°-20°) at ascending and the range is between (-25°-15°) at descending. Also it
was found that the angular velocity at the hip joint is between (-10-10) deg/s for
ascending and (-15-25) deg/s for descending. The angular velocity at the knee joint is
between (-40-30) deg/s for ascending and (-30-50) deg/s for descending. The angular
velocity at the ankle joint is between (-30-20) deg/s for ascending and (-15-15) deg/s
for descending. In this study, biomechanical characteristics of lower limb joint upon
various stair height were presented and these data can be applied to biomedical
research fied that include wearable walking assistant robat.
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INTRODUCTION
he dimbing a stair is very important movement because of its relevance to the
daily activities, and the cooperation of the human with the machine can be
analyzed in phases where higher support from the exoskdeton can be
contributed, as well as smaller forces have to be applied to alow positioning
the foot over the next step [1].

The gluteus maximus is a massive, powerful muscle that is usually active only
when the hip is in flexion, as during stair climbing. Compressive force a the
tibiofemoral joint has been reported to be dslightly greater than three times body
weight during the stance phase of gait, increasing up to around four times body
weight during stair climbing. Compressive force at the patellofemord joint has been
found to be one half body weight during normal walking gait, increasing up to over
three times body weight during stair climbing [2].

Jonathan et al (2002) [3] eva uate weighted stair dimbing exercise as a means of
increasing lower extremity muscle power in mobility-limited older people. They
suggest that stair climbing exercise be a useful component of a home exercise
program designed to enhance lower extremity muscle power, aerobic capacity and
functional performance.

Weéls e a [4] studied a functional comparison of biomechanical outcomes during
gait and stair climbing was carried out for younger individuals with these two
dternative hip arthroplasties. They conclude that reduction in the abduction and
flexion moments appear to be the most significant outcomes effecting function.
Resurfaced hips may function slightly better.
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Robert et d (2002) [5] investigated the biomechanics and motor co-ordination in
human stair climbing at different inclinations. They suggested that there is a certain
inclination angle range where subjects do switch between a level walking and a stair
walking gait pattern.

Patrick et d (2002) [6] examined hip and knee joint kinetics during stair climbing
in 35 young healthy subjects using a subject-specific knee mode to estimate bone-on-
bone tibiofemoral and patdla-femora joint contact forces. They found that the most
striking difference between stair ascent and level walking was that the pesk patdla-
femoral contact force was 8 times higher during stair ascent.

Samantha et al (2005) [7] compared the kinematics and kinetics of the knee joint
during traditional step-over-step and compensatory step-by-step lead-leg and trail-leg
dair ambulation patterns. They concluded that the overall step-by-step lead-leg
during ascent and trail-leg during descent had the highest loads.

Samantha et a (2009) [8] used principal component analysis to compare the gait
patterns between young and older adults during stair climbing. They concluded that
the principal component analysis and discriminant function anaysis applied in ther
investigation indentified gait pattern differences between young and older adullts.

AIM OF THE STUDY

The purpose of the study is to show a biomechanical study for stair dimbing in
order to get measurement values that can be depended on in the hospitals of
rehabilitation, the centers of physical therapy and the clinical of medica sports,
instead of depending on the measurement values that are dependent on the
development countries for the same movement. The analysis investigated the
biomechanics and motor co-ordination in humans during stair climbing at different
dair height.

STAIR ASCENT AND DESCENT

In stair climbing, a cycle constitutes the movement of the body from one step up
or down to the next. A cyde begins with both feet on a stair and begins when one foot
is lifted or pulled off the surface of the step. In stair ascent, the initial phase, termed
limb lift, ends when the foot is placed securely on the next step. At this point in the
cycle, pull-up begins. This phase involves the forceful extension of the limb on the
next step to devate the body from the original step. The phase ends when the foot of
the limb on the original step contacts the subsequent step. In stair descent, the events
are smilarly named, although the actions are different Figure (1a).

Stair ascent and descent have similar patterns to those described for walking and
running. However, the hip muscles generally contribute less than the musdes acting
on the knee and ankle joints. A review of the muscles contributing to ascent and
descent is presented in Figure (1b). Going upstairs, or ascent, is first initiated with a
limb lift via vigorous contraction of the iliopsoas, which pulls the limb up against
gravity to the next stair. The rectus femoris becomes active in this phase as it assists
in the thigh flexion and eccentrically slows the knee flexion [2].

Next, the foot is placed on the next step. At this point, there is activity in the
hamstrings, primarily working to slow down the extension a the knee joint. As the
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foot makes contact with the next step, weight acceptance involves some activity in
the extensors of the thigh.

The next phaseis pull-up, in which the limb placed on the upper step is extended
to bring the body tip to that step. Most of the extension is generated at the knee joint.

There is minimal contribution from the hip other than contraction by the gluteus
medius to pull the trunk up over the limb. Finaly, in the forward propdling stage in
which the limb on the lower step pushes up to the next step, there is minimal activity
at the hip, with the ankle joint generating the most of the force.

Going downgtairs, or descent, requires minimal hip muscular activity. In the limb
pull phase, the hip flexors are active, followed by hamstring activity in the foot
placement phase, when the limb is lowered to the sup surface. As the limb makes
contact with the next step in weight acceptance, the hip is minimally involved, as
most of the weight is eccentrically absorbed at the knee and ankle joints. The muscles
acting at the knee joint are primarily responsible for generating the forces in the
forward propelling phase.

In the find phase of support, the controlled lowering phase, the body is lowered
onto the step primarily through eccentric muscle activity at the knee joint. There is a
minimum amount of hip extensor activity at the end of this phase.

In stair climbing, it is the limb on the higher step that produces the greatest effort for
both ascent and descent.

The knee joint is more active in ascent than descent and the hip joint activity is
small in both, being almost negligible in the descent phase.

Stair Climbing
Muscle Ascent Descent
Dorsiflexors *
Gluteus Medius **
Hamstrings *
Iliopsoas >
Plantar Flexors *x
{ Quadriceps **
AL T - h: 2 * Low activity
U ' . **  Moderate activity

***  High activity

@ (b)

Figure (1) In stair ascent with the left limb leading, there is significant contribution
from the quadriceps, with assistance from the plantar flexors and the iliopsoas. In
descent with the right limb leading, the same muscles control the movement
eccentrically. For stair climbing as a whole, there is less contribution from the hip
muscles than in walking or running. [2]
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KINEMATICSOF STAIR CLIMBING

Kinematics of stair climbing involves the study of the shape, pattern, form of
mation, and sequencing of movement with respect to time, without particular
reference to the force or forces that cause or result from the motion. Biomechanists
commonly use high-speed cinematography or videography to perform quantitative
kinematic analyses. The process involves taking a carefully planned film or video of a
performance, with subsequent computerized or computer-assisted analysis of the on a
picture-by-pi cture basis.

The anatomical coordinate (x, y) of the knee joint node K:
x = Lycos04,y = Lysinb,
The anatomical coordinate (x, y) of the ankle joint node A:
x = Licos0, = L,cos0,,
y = Lysin, * L,sinb,
The anatomical coordinate (x, y) of contact node C:
x = Lycos0; £ L,cos0, * Lzcosbs,
y = LysinBy = L,sinb, % L3sinf;

Figure (2) Four link planar analysis of saggital plane stair climbing
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KINETICSOF STAIR CLIMBING

Kinetics of stair climbing is the study of the forces associated with this motion.
Human movement involves simultaneous tension development in agonist and
antagonist muscle groups. The tension in the antagonists controls the velocity of the
movement and enhances the stability of the joint at which the movement is occurring.
Since antagonist tension development creates torque in the direction opposite that of
the torque produced by the agonist, the resulting movement at the joint is a function
of the net torque [1].

Figure (3) shows a free body diagram of the knee joint. To analyze the internal
and external forces it is necessary to know the force line of action and point of
goplication of muscles within the musculoskeletal structure For this reason,
kinesiological data is of importance in biomechanica modeing as wdl as
anthropometric and mechanical capacity data.

The three main coplanar forces acting on the lower leg: ground reaction force (Fy),
patellar tendon force (Fp), and joint reaction force (F;) are designed on a free body
diagram of the lower leg while climbing stairs. Because the lower leg is in
equilibrium, the lines of application for all three forces intersect at one point. Because
the lines of application for two forces (F, and F;,) are know the line of application for
the third force (F,) can be determined. The line of application for forces Fy and F, are
extended until they intersect. The line of application for J can then be drown from its
point of application to the tibial surface through the intersection point.

Force. Fy

Tidisbiwicial

F Faorce, F
centact ot

Forcs, F

Farce, F,

Figure (3) Freebody diagram of thelower leg during stair climbing

The two main moments acting around the center of motion of the tibiofemoral
joint are designed on the free body diagram of the lower leg during stair climbing.

The flexing moment on the lower leg is the product of the weight of the body (Fg,
the ground reaction force) and its lever arm (&), which is the perpendicular distance of
the force Fy to the center of motion of the tibiofemora joint. The counterbalancing
extending moment is the product of the quadriceps muscle force through the patellar
tendon (Fp) and its lever arm (b). Because the lower leg is in equilibrium, the sum of
these two moments must equal zero (O: M = 0).
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The counterclockwise moment is arbitrarily designed as possible (F, < a = F, %

b = 0). Vaues for lever arms a and b can be measured from anatomical specimens or

on soft tissue imaging or fluoroscopy, and the magnitude of F, can be determined

from the body weight of the individua. The magnitude of F, can then be found from
the moment equilibrium equation:

E, = fg>a

Po b

Force, F,

Figure (4) Two main moments diagram of the lower leg during stair climbing

MATERIALS AND METHODS

Two-dimensional motion was obtained by using a single digital video camera
recorder, this camera gives 25 frames per second, it contains video compression
format [MPEG2/JPEG] (still images), recording time [approximately 650 minute].
Have a hard disk [30 giga byte], Handy cam station and USB cable to transport the
recording videos from the hard disk by connecting it to the computer. The camera is
fitted on a stand of three legs then located perpendicular to the line of progression as
subjects walked, the camera is fitted at high (1) m and the distance of the camera
from the center of thetrgectory line of the subject is (2.80) m.

A sufficiently high frame rate will ensure that the instances of maximum and
minimum displacement (linear and angular) of a joint or limb, and of other key events
in a performance are recorded. An increase in the frame rate will aso serve to
improve the precision, and therefore the accuracy, of temporal measurements, for
example, the phase durations of a movement. This is particularly important where the
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phases are of short duration. For stair climbing, 25-50 Hz frame was suggested by
Carl et d [9].

Three different stair heights (15, 20, 25cm) are used in this analysis to show the
effect on joint angles and joint reaction forces, Fig.(5) and (6).

15, 20,25 em

Floor

Figure (6) Movement of hip, knee, and ankleduring descending

The hip, knee, and ankle angles from complete cycle for five volunteers at three
different stair heights (15, 20, 25 cm) were measured as shown in (Figs.7-10) as
examples for both ascending and descending.

Sdecting normal subject to get for it the absolute angular changes at hip, knee,
and ankle joints from three complete cycles, by using the software to get the diagram
of stick figures that represent the angular changes at that joints, to calculate the
angular velocity at the hip, knee and ankle joints then the measurement absolute angle
divided by the time. The angular velocities at the hip, knee, and ankle joints are
divided by the time at each step to caculate the angular accderation. Mat lab
program is used to show a graphicd representation of its hip, knee, and ankle angular
velocities and angular accel erations.
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[~ =

Figure (7) Stair dimbing (ascent), stair height = 20 cm

-

Figure (8) Stair dimbing (descent) stair height =20 cm
= e i » )

V4

| .
Figure (9) Stair climbing (ascent), stair height = 15cm
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Figure (10) air climbing (descent) stair height =15 cm

RESUL TS AND DISCUSSION

From the graphical representation of one normal subject at the hip there is a single
peak of flexion a descent and two at ascent in each cycle. In ascent, the hip flexes
during the stance phase, and then starts to decrease flexion until reaches a minimum
value at about 60% of gait cycle. The range of hip flexion is aout 55 degrees
(Fig.11). In descent, the hip flexes and then starts to increase flexion until reaches a
maximum value at about 75% of gait cycle The range of hip flexion is about 25
degrees (Fig.12).

From the graphical representation of the subject at the knee one peaks of flexion

for ascent and descent. In ascent, the knee flexes during the stance phase, and then
starts to decrease flexion until reaches a minimum value a about 50% of gait cycle,
then increases to reach a peak value at about 65% of gait cycle, then decreases again
a the end of gait cycle. The range of knee flexion is about 80 degrees (Figs.13). In
descent, the knee flexes and then starts to increase flexion until reaches a maximum
value at about 66% of gait cycle, then decreases at about 80% of gait cyde The range
of knee flexion is about 90 degrees (Fig.14).
From the graphical representation of the subject at the ankle three peaks of flexion for
ascent and descent. In ascent, the ankle flexes during the stance phase, and then starts
to decrease flexion until reaches a minimum value at about 30% of gait cyce then
increases to reach a peak value at about 65% of gait cycle, then decreases again at the
end of gait cyde The range of ankle flexion is about 45 degrees (Fig.15). In descent,
the ankle flexes and then starts to incresse flexion until reaches a maximum value at
about 68% of gait cycle, then decreases at the end of gait cycle The range of ankle
flexion is about 40 degrees (Fig.16).

Figs.(11) to Fig.(16) show that increase the stair height will increase both the hip,
knee and ankle joint angles, and the decrease of stair height will decrease them.
Considerable differences were also observed when comparing joint angles during
stair ascent and descent, which is in agreement with previous studies [7].

Results for hip joint angular velocity are shown in Fig.(17) for ascending and Fig.(18)
for descending. Results for knee joint angular velocity (change in joint angle per
time) are shown in Fig.(19) for ascending and Fig.(20) for descending. Results for

764

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng.& Tech. Journal ,Vol .30, No.5, 2012 Biomechanical Analysis of
Human Stair Climbing
(Ascending and Descending)

ankle joint angular velocity are shown in Fig.(21) for ascending and Fig.(22) for
descending.

Fig.(23) to Fig.(28) show the angular accd eration (change in joint angular velocity
per time) for hip, knee, and ankle for both ascending and descending.
Results for joint reaction forces are shown in Fig.(29) for ascent and Fig.(30) for
descent. Two peaks are shown for both ascent and descent. Maximum joint reaction
force is 350N at about 85% of gait cycle for ascent, and 370N at about 20% of gait
cycle for descent.

CONCLUSIONS

1. Hip, knee and ankle angles differ in each gait cycle of stair climbing, similarly to
spatial-temporal parameters (step, stride length and the stride rate), the primary
independent variables is the variability of step length, step width, and step time.

2. The effect of stair height on the joint reaction forces increases for both ascent and
descent stair climbing for different stair height, which increase joint moments.

3. Considerable differences were aso observed when comparing joint angles,
velocity, acceleration, and reaction forces during stair ascent and descent, which is an
agreement with previous studies.

15cm

Hip Joint Angle (deg)

0 20 80 100

Perc4e?1t of Gait6 8yc|e

Figure (11) Hip joint anglesduring ascent at different step leves
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Figure (12) Hip joint angles during descent at different step levels
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Figure (13) Kneejoint angles during ascent at different step levels
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Figure (14) Kneejoint angles during descent at different step levels
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Ankle Joint Angle (deg)
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Figure (15) Anklejoint angles during ascent at different step levels
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Figure (16) Anklejoint anglesduring descent at different step leves
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Figure (17) Hip joint veocity during ascent
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Figure (18) Hip joint velodty during descent
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Figure (19) Kneejoint velocity during ascent

60 -
50 -
40 ~
30 -
20 ~
10 1
0

-10 q 20 %0 60 80 00
.20 4

Knee Joint velocity, deg/s

.30 -
40 -
50 -

Percent of Gait Cycle

Figure (20) Kneejoint velocity during descent
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Figure (21) Anklejoint velocity during ascent
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Figure (22) Anklejoint velocity during descent
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Figure (23) Hip joint acceleration during ascent
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Figure (24) Hip joint acceleration during descent
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Figure (25) Kneejoint accd eration during ascent
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Figure (26) Kneejoint accderation during descent
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Figure (27) Anklejoint acceeration during ascent
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Figure (28) Anklejoint accderation during descent
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Figure (29) Joint Reaction force during ascent at different step levels
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Figure (30) Joint Reaction force during descent at different step levels
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