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HIGHLIGHTS

e COM energy rate and summed joint work
are consistent during stance in stair.

e Walking conditions significantly influence
both COM and joint works production.

e Mechanical power patterns are different in
stair versus slope and level walking.
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GRAPHICAL ABSTRACT

Normative data of the external work of individual limbs

and of the distribution of joint work during stair crossing
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ABSTRACT

Background: Stair walking requires to elevate or lower the body center of mass and results in increased
muscle contractions and consumed energy compared to level walking. Mechanical work produced by the
body can be quantified through Individual Limb Method and the summed lower limb joint work but
there does not exist normative data of these works in stair ascent and descent compared to slope ascent
and descent of the same individuals.

Methods: Upstair and downstair walking were investigated at 0%, 5% and 12% inclinations and compared
to upslope and downslope walking for thirteen able-bodied volunteers. Lower limb joint and individual
limb powers and works were compared across walking conditions.

Findings: Work production and absorption required to elevate or lower the center of mass directly depend
on the inclination to be crossed (about 0.35 J/kg for 5% slope, 0.9 J/kg for 12% slope and 1.6 J/kg for
stair). However, the distribution among joints and between gait phases is different when considering
stair versus slope walking. In particular, the role of the knee is exacerbated for work production in stair
ascent (45% of total work) as well as for work absorption in stair descent (61% of total work). Also,
more work production/absorption is performed during the swing phase for stair walking then for slope
walking.
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Interpretation: This study provides reference data of the Individual Limb mechanical work performed
during stair walking and show that this method can substitute to summed lower limb joint one during
the stance phase of stair walking.

© 2023 AGBM. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The energy required for locomotion largely varies depending on
the activity, in particular when elevating or lowering the Body Cen-
ter of Mass (BCoM) during slope or stair crossing and depends of
factors such as mass, height and inclination. From a mechanical
point of view, the variation of kinetic energy of the system is equal
to the sum of the powers of external and internal mechanical ac-
tions. In motion analysis, the classical modeling of the human body
consists in representing the body segments as rigid bodies articu-
lated by the joints. Thus, considering the body as a mechanical
system, the sources of internal power originate from the mechani-
cal actions of muscles on the anatomical joints. Therefore, it should
be theoretically possible to link the mechanical work necessary to
perform a given motion to the metabolic energy that is consumed
for the functioning of muscles generating joint motion. Even if di-
rect relationship between overall metabolic energy estimated from
oxygen consumption and mechanical work has not been yet fully
proven in the literature [1-3], this theoretical framework justifies
the relevance of quantifying mechanical work in the attempt to
understand the energy flow during human body motion.

Mechanical work quantification can be done by integrating me-
chanical power over a given period of time. However, the compu-
tation of mechanical power of a mechanical system consists in an
algebraic sum of powers, which assumes that the mechanical en-
ergy produced in a joint can be absorbed by another [4]. From a
physiological point of view, it means that the muscle should be
able to retrieve energy when working in an eccentric mode and
even to release it. Such types of transfer have been considered
as unlikely to occur [4]. In an attempt to get closer to the esti-
mation of the metabolic cost of locomotion, some authors have
proposed to sum the joint work no more in an algebraic sense but
by using absolute values either considering individual joints [4-6]
or individual limbs [7]. In the individual limbs paradigm, the un-
derlying modeling of gait is a succession of pendulum-like phases
where power is mainly generated or absorbed during the step-to-
step transition [8-10]. The ILM power can be estimated from the
ground reaction forces and moments and the velocity of the BCoM,
both accessible from force plate recording only, that could make it
easier to implement than the computation of joint powers. ILM
has been used to quantify mechanical work in the context of am-
putation [9], [11], [12], total ankle arthroplasty [3], obesity [13],
cerebral palsy [14] or post-stroke [15], [16]. Most of these studies
investigated level ground walking.

The comparison of this estimation of the internal work with the
one made from the multibody modeling has also been performed
from experimental data [12], [17], [18] and from a theoretical ap-
proach [10] for level and slope walking. In addition, the descrip-
tion of joint work distribution has already been reported during
slope [19] and stair walking [20] but has never been made for the
same cohort of persons nor compared to the ILM work during stair
crossing.

In this context, the aim of the present study is to provide refer-
ence data for the mechanical work developed by healthy subjects
during stair crossing compared to level ground and slope walking.
Particularly, the computation of mechanical work from ILM method
had never been made before during stair crossing. Indeed, stair
crossing is recognized as a very constraining condition that dis-
tinguishes from slope walking not only considering the equivalent

inclination that could not be easily achieved by a slope but also be-
cause of specific locomotion strategy to face the disruption induced
by step-by-step ascent or descent [20]. It can be hypothesized that
the specific profile of mechanical power during stair crossing par-
ticularly during the step-to-step transitions can be captured by the
computation from the ILM method. A secondary objective is to
show the influence of the walking conditions on the different es-
timation of mechanical works. The novelty of the study therefore
comes from both the use of ILM method in stair crossing and the
comparison for the same population of several non-standard con-
ditions.

2. Methods
2.1. Subjects

Thirteen healthy subjects participated in the study (11 M/2 F,
mean =+ standard deviation, age: 39 + 16, height: 175 + 8 cm,
mass: 69 + 9 kg). The protocol was approved by the local ethics
committee and all participants gave their informed consent.

2.2. Protocol

Data collection was conducted in two different motion analy-
sis laboratories with the same equipment, protocol, and operators.
Subjects were equipped with 54 markers to record segmental and
articular kinematics of the whole body with a motion analysis op-
toelectronic system (Vicon V8i, UK) sampled at 100 Hz. Markers
were positioned on specific anatomical landmarks in accordance
with the protocol described by Pillet et al. [21].

A static trial was performed to define a reference position and
two pictures were taken simultaneous. Then, subjects were asked
to walk at a comfortable self-selected speed in 7 conditions includ-
ing level walking on a 9 m pathway, ascent and descent of a gentle
slope at 5% (2.8°), ascent and descent of a steep slope at 12% (6.8°)
ascent and descent of a four step stairway (28.5 cm run for 17.5
cm rise which corresponds to an equivalent inclination of 32° i.e.
63%). The inclination values were chosen both to correspond to
current values in the literature [22-25] and to be consistent with
accessibility normative standards (normal slope inferior to 5% and
maximal authorized slope of 12%). The same process led us to se-
lect the number of stairs to have a complete stair gait cycle (more
than 3 steps) as in [26], [27] and in accordance with the norma-
tive recommendation for public space (28 c¢cm of run for 16 cm
of rise). All situations were instrumented with two force plates
(AMTI, USA) sampled at 1000 Hz. Each stair was instrumented
thank to the design of the specific staircase [28]. Five successful
trials were recorded for each condition, a trial being considered
successful if each lower limb hit the device on at least one of the
force plates.

2.3. Data analysis

Force plate data were resampled at 100 Hz to be synchro-
nized with motion capture data. Spatio-temporal parameters and
anatomical frames, segmental and articular kinematics and kinet-
ics of the lower limbs (ankle, knee, and hip), pelvis and trunk
were computed according to Pillet et al. [29] following the rec-
ommendations of the International Society of Biomechanics. An



Table 1

Gait spatio-temporal parameters (mean, SD, min and max of the entire group) for the different conditions.

Mean (SD) Min - Max Level 5% (3°) slope 12% (7°) slope Stairs
Up Down Up Down Up Down
Velocity (m/s) 1.26 (0.10) 1.26 (0.17) 127 (0.17) 1.26 (0.16) 127 (0.19) 0.58 (0.07) 0.61 (0.08)
122 - 1.55 0.85 - 1.56 0.87 - 1.57 0.86 - 1.51 0.81 - 1.61 0.49 - 0.74 0.50 - 0.75
Step Length(m) 0.70 (0.04) 0.70 (0.06) 0.67 (0.06) 0.71 (0.07) 0.66 (0.08) 0.34 (0.03) 0.36 (0.06)
0.58 - 0.75 0.53 - 0.78 0.51 - 0.75 0.55 - 0.85 0.51 - 0.79 0.30 - 041 0.29 - 047
Double support (%) 11(2) 12(2) 11(2) 12 (2) 10 (2) 11 (2) 13 (2)
8-13 7-15 6-14 8-15 7-13 4-14 9-16
anthropometric model of the external shape of the segments was 3. Results

also built from the pictures taken during the static pose and per-
sonalized using the method described by [29]. This model allowed
the estimation of personalized body segment inertial parameters
from segmental densities. The densities were taken from Dempster
[30] except for the thorax, where a modified density taken from
Amabile et al. [31] was used. Body segment inertial parameters in-
cluding segment centers of mass then serve for the computation of
joint moments and of the Body Center of Mass (BCoM). Joint mo-
ments were obtained from classical inverse dynamics method and
were used to compute individual joint power. Thus, joint power
was computed as the dot product of joint moment and relative
angular velocity of the distal segment relatively to the proximal
segment of the joint. The sum of the ankle, knee and hip power
was also assessed and referred as the summed lower limb joints
power.

The position of the Body Center of Mass (BCoM) was computed
as the barycenter of the same segmental centers of mass and BCoM
kinematics inferred from segmental kinematics during the motion.
Then, BCoM velocity could also be obtained in the global refer-
ence frame by fourth order finite differentiation after filtering with
a Butterworth second order filter at 5 Hz. Then, the mechanical
power of each individual limb was assessed by the dot product of
the velocity of the body center of mass and the resulting ground
reaction forces on the considered lower limb. All power data were
analyzed by cycle defined as the period of time between a contact
with the floor of one given lower limb to the following contact of
the same limb in all the studied conditions. Individual limb power
was compared to the above mentioned summed lower limb joints
power.

Positive and negative works were calculated by numerical inte-
gration of powers over time for the entire cycle, which gives two
estimations of the mechanical positive and negative works per-
formed i.e. the ILM and the summed joint ones.

The effects of the walking conditions were investigated using a
one-way ANOVA with repeated measures (and Kruskall Wallis non-
parametric test for the non-normally distributed parameter). Inves-
tigated parameters were the peaks of positive and negative power
and the values of positive and negative works for the 5 computed
powers (ankle, knee, hip, sum of the joint and ILM). When the
ANOVA showed a difference between groups, post hoc Tukey’s tests
were used for pairwise post-hoc comparisons. On total, 27 compar-
isons (7 walking conditions) were made for each of the 5 positive
and 5 negative parameters (3 joint powers, summed joint power,
ILM power). For the sake of clarity, in the result part, we exhaus-
tively present only the values of mechanical work for the summed
joint power and ILM work results. We also gave the result of sta-
tistical analysis in the text for power peaks and reported the joint
parameters that revealed no significant differences between stair
walking conditions and one of the other conditions with a level of
significance of p<0.01.

The walking velocities, step lengths and double support dura-
tions are given for the group of 13 subjects in Table 1. The walking
velocities were similar across conditions except for stair ascent and
descent. The step lengths were equivalent for level, and upslope
walking, slightly smaller in downslope walking and even smaller
in up stair and down stair walking. There was no significant differ-
ence in the double support duration across conditions.

Lower limb joint power curves are presented as corridors rep-
resenting the average +/- one standard deviation for the entire
group in Fig. 1. When walking on slopes, the global pattern of
the joint power curves over a gait cycle was not affected by the
slope. For each joint, a tendency of increase can be observed for
the positive peaks while climbing the slope and the negative ones
while descending the slope. However, only the hip positive peak
at the beginning of stance revealed significantly different (p<0.01)
between level (0.56 +/-0.36 W/kg), gentle (0.25 +/- 0.21 W/kg)
and steep slopes (0.12 +/- 0.1 W/kg) in descent and between level
and steep slope in ascent (1.66 +/-0.48 W/kg). When walking in
stairs, differences were observed in the patterns of individual joint
powers as compared to walking in slopes. In particular, peaks of
power absorption at the ankle in descent and generation at the
knee in ascent occurred in the early stance. In the same time, the
hip power generated in ascent (1.23 +/- 0.57 W/kg) was smaller
than while going down the steep slope even if the difference was
not statistically significant.

Fig. 2 compares the summed lower limb joints powers and the
external mechanical power performed by each individual leg on
the COM according to the walking conditions. The average summed
lower limb joints powers curve is very similar to the external me-
chanical power performed by each individual leg on the COM (in-
dividual limb power) for all walking conditions. As for the individ-
ual joint power, the values of the positive peaks increased during
walking upslope and the values of negative peaks increased during
walking downslope. Thus, the peak of positive power was signifi-
cantly increased in a steep slope ascent (4.96 +/- 1.44 W/kg) com-
pared to level walking (3.33 +/- 1.3 W/kg). The peak of negative
power was significantly greater during steep slope descent (—4.15
+/- 1.65 W/kg) compared to level walking (—1.45 +/- 0.93 W/kg).
Again, the pattern in stair is radically different and exhibits quasi
exclusive positive values in ascent and conversely negative values
in descent. Positive peaks of power appeared in early stance while
going up and negative peaks in late stance while going down.

The positive and negative works of each joints were computed
along the whole gait cycle and summarized in Fig. 3 for each walk-
ing conditions.

In ascent, even if all joint positive works increased, the pro-
portion of the total work due to the individual joint evolved with
the walking condition. In particular, in slope, the part of the power
produced by the ankle and the knee decreased (from 44% and 21%
during level walking to 38% and 18% during steep slope ascent)
while the contribution of the hip increased (34% during level walk-
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Fig. 1. Ankle, knee and hip joint power curves and corridors during ascent and descent of 5% slope, 12% slope and stair compared to level walking throughout gait cycle. In
column: walking conditions (slope 5%, slope 12% and stair). In line: joint (ankle, knee and hip). On each graph are displayed the power curves for the condition in ascent
and descent compared with level walking.
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entire gait cycle).

ing to 43% during steep slope ascent) when the slope increased. In
stair ascent, the distribution of work production was completely
different and the contribution of the knee became predominant
(45% of the work production compared to 26% and 28% for the
ankle and the knee respectively). As concerns negative works, the
total work logically decreased while the inclination increased but
the proportion between joints remained slightly constant across
conditions.

In descent, the negative work performed by the joint continu-
ously increased with the slope except for the stair condition where
a decrease of the hip negative work was observed. In terms of pro-
portion, the distribution among joints remained relatively stable
across downslope walking conditions (between 23% and 25% for
the ankle, 53 and 58% for the knee and 19% and 22% for the hip)
but this distribution was totally modified when walking down-
stairs with a very limited contribution of the hip (4%) while the
absorption by the knee and the ankle represented 61% and 34% of
the total respectively. Finally, the positive work performed by the
joints decreased progressively with the inclination with no signifi-
cant disruption due to the stair condition.

The positive and negative works computed along the stance
phase were compared for the summed ankle-knee-hip power and
the individual limb power and are presented in Fig. 4. The indi-
vidual limb method estimated equal positive and negative works
(0.34 +/- 0.07 J/kg) during level walking. On the contrary, using
the summed ankle-knee-hip power, the positive work (0.43 +/-
0.09 J/kg) was overestimated and negative work (—0.39 +/- 0.07
J/kg) was underestimated compared to individual limb method
evaluation. As expected, when inclination increased, the individual
leg positive work increased, and the individual leg negative work
decreased in ascent. Conversely, the individual leg negative work
increased in ascent, and the individual leg positive work decreased
in descent. The total work value is in accordance with the vari-
ation of potential energy of the body center of mass over a cycle
(about 0.35 J/kg for 5% slope, 0.9 ]J/kg for 12% slope and 1.6 ]J/kg for

stair). In particular, even if the equivalent inclination crossed when
walking in the stair of the present study is about 5 times the one
crossed over the steep slope, the step length decrease observed
in stair (2 times smaller in stair vs slope) resulted in a moder-
ate increase of the work. Finally, the total work computed over the
stance phase of gait (provided by the ILM method that necessitates
the force plates measurement) is underestimated due to the part
of the power generated/absorbed during the swing phase (captured
by the summed joint powers) particularly in stair locomotion.

The result of the statistical analysis revealed a significant influ-
ence of the walking condition on all the studied parameters. For
the summed ankle-knee-hip work as for the external mechanical
work computed by ILM method, pairwise comparisons confirmed
significant differences except for the positive work produced in
stair descent compared to steep slope descent (p=0.97 and p=0.98
respectively) and for negative work produced in stair ascent com-
pared to steep slope ascent (p=0.99 and p=0.14 respectively). For
joint works, the Table 2 summarized the difference that are not
significant i.e. all others were significant at the level p<0.01.

4. Discussion

The present study aimed at comparing the change of energy
rate of the center of mass (COM) and of the distribution of joint
power contributing to this change in different walking conditions
with a special focus on stair crossing. A secondary objective was to
investigate the influence of the walking conditions of the mechan-
ical works estimated from both methods. The normative reference
data obtained in this study are useful to understand movement de-
mands by determining the sources of the work production that can
be modified by training or external factors [32].

Globally, the amount of work produced or absorbed is related to
the increase or decrease of the equivalent inclination to be crossed.
However, due to the physical architecture of the stair and the ca-
pabilities of human joints, the required work in stair is lower than
in a slope of equivalent grade consistently with the decrease of the
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Fig. 4. Positive (white) and negative (dark grey) work obtained via the individual limb method (ILM) and using the summed lower limb joints power (SJP) in all walking
conditions (average and standard deviations over the entire group for the stance phase only).

Table 2

Summary of the parameters that revealed no significant differences between stair as-
cent or descent and another condition identified from the post hoc pairwise comparisons
between stair descent and slope descent (first line) and between stair ascent and slope as-
cent (second line). The table contained only the parameters for which p value was >0.01.

12% slope descent

5% slope descent

Level

Ankle negative work
Knee negative work
Hip negative work

Stair descent

Ankle negative work
Knee positive work
Knee negative work
Hip negative work

Ankle positive work
Ankle negative work
Knee positive work

Knee negative work

12% slope ascent

5% slope ascent

Level

Knee positive work
Knee negative work

Stair ascent

Ankle negative work
Knee positive work
Knee negative work
Hip negative work

Ankle positive work
Ankle negative work
Knee positive work
Knee negative work
Hip positive work
Hip negative work

step length (2 times lower in stair than in steep slope). Indeed, if
power patterns (joint and COM) when walking in slopes are simi-
lar to the ones when walking on level ground, they differ in stair
ascent and descent. Particularly, energy generation in ascent and
absorption in descent are almost equally distributed between the
early and late stance phases. The power peaks are indeed exac-
erbated in early stance in ascent and in late stance in descent
compared to slope walking even with a steep inclination (up to
5 W/kg).

The comparison between the external mechanical work at the
COM and the summed joint works during stance shows consistent
results for all walking conditions. The differences can be assumed
to come from different sources related to the hypotheses surround-
ing each modeling [33], the contribution of soft tissues [17] or

experimental uncertainties [18]. The study confirms that the use
of ILM method is relevant to estimate the power produced by one
single limb. It also exhibits the inherent limitations of the two
methods, which justifies to consider them as complementary in-
dicators of the mechanical work [18].

As concerns stair walking, the results corroborate previous find-
ings available in the literature describing lower limb joint power
[20], [34], [35]. The knee is the joint that contributes the most
to both the production and absorption of work during stair as-
cent and descent respectively (45% in ascent and 61% in descent of
the total work produced/absorbed respectively). The novelty of the
study is to combine this analysis with the total work performed by
the lower limb. The results demonstrate that walking in stair im-
plies very different joint contributions than walking in slope. This



is obviously due to the necessity to adapt to the geometric con-
figuration of the stair and to the physiologic limits of the different
joints. The overall work performed is however lower if related to
the equivalent inclination of the stair. Thus, human joints seem to
naturally adopt efficient strategy to this aim.

One limitation of the study is related to the walking velocities
chosen by the volunteers that were different in stairs compared
to the other walking conditions. These differences partially hin-
dered the comparison of walking conditions, the external mechan-
ical power being directly linked to this velocity. Other limitation
lies in the experimental conditions as the stair is only three steps
which does not allow to record steady-state stair walking but still
remains a good compromise in the context of laboratory move-
ment analysis. The size of the sample and the gender unbalance
(11 males and 2 females) must also be considered as a limita-
tion knowing that differences in muscle cocontractions has already
been shown in the literature depending on gender [36], [37].

5. Conclusion

To conclude, the present study highlights the complementarity
between external mechanical power of individual limbs and joint
powers from inverse dynamics computation to fully understand
the adaptations of the gait pattern in different walking conditions.
It also provides normative data that could be used to compare
pathologic population results to able-bodied persons in level, slope
and stair walking.
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