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Introduction
Walking forms a complex, yet integral part of daily life, 
allowing individuals to play, perform their activities 
of daily living, work, and navigate within their social 
environment. Whilst acknowledging the potential for 
variation, a child first learns to walk between 12 and 
14 months. Significant changes occur in the speed and 
mechanics of walking across the lifespan because of nor-
mal maturation, development, and ageing [1–3]. Typical 
walking speed and mechanics can be negatively affected 
by many neurological [4], musculoskeletal [5], and car-
diovascular [6] disorders, as well as the natural ageing 
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Abstract
Objectives To determine the evolution of lower-limb joint power values during walking across the lifespan.

Design Series of cross-sectional studies.

Setting This was a pooled analysis of the individual participant joint power data from six datasets, resulting in a 
sample size of 629 participants, between the ages of three to 91 years old.

Main outcome measures Three function-on-scalar regression models were fitted on the outcome measures of joint 
hip, knee, and ankle power. The covariates of this analysis included sex, age, walking speed, stride length, height, the 
interaction between age and speed, and a random intercept for different studies.

Results Ankle push-off (A2) power peaked with a value of 2.46 (95%CI 2.41 to 2.50) W/kg in the 3rd decade of life. 
Hip early-stance power (H1) peaked in the 1st decade, which followed a sharp decline with age till the 3rd decade. 
Hip pull-off power (H3) increased sharply to 0.86 (95%CI 0.84 to 0.88) W/kg in the 5th decade and stabilised thereafter 
with older age.

Conclusion Ankle push-off power appears to reach maturity in the 3rd decade of life. A strict temporal 
correspondence between a decline in ankle push-off power (A2) with age and a compensatory increase in hip pull-
off power (H3) was not observed, challenging the distal-to-proximal alteration in propulsion strategy commonly 
attributed to the ageing process.
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process [2]. Understanding the normative evolution of 
joint power across the lifespan is particularly crucial, as 
it can serve as a diagnostic biomarker of impairment and 
inform the development of therapeutic tools.

The investigation and quantification of age-typical 
walking joint power have either focused on the younger 
adolescent (< 18 years) age groups [1] or on the mid-
dle and older adult (≥ 65 years) age groups [7–9], with 
blended age group studies being rare. Studies of younger 
age groups aimed to quantify typical developmental pat-
terns in joint power, whilst studies of older age groups 
aimed to quantify the typical ageing patterns in the joint 
powers of walking. A description of commonly used dis-
crete joint power indices in the literature can be found in 
Table 1 and Figs. 1 and 2 [10].

The maturation of joint power strategies during walk-
ing has been thought to show a proximal to distal shift 
in power generation during walking. An early review 
by Sutherland observed that the maturation of walking 
occurred at ~ 4 years [11]. An early study reported that 
both H1 (hip extensor in early stance) and H3 power 
generation in early swing, decreased from 4 to 5 years to 
18–21 years [12]. The same study reported that A2 ankle 
push-off power generation increased with age from 4 to 5 
years to 18–21 years [12]. A study on 75 healthy children 
between one and six years old reported that A2 power 
peaked at 4 years old, H1 power peaked at ~ 2 years old, 
and H3 power still had not peaked by 6 years old [13].

A previous study analysed joint power during walking 
in 278 adults between 19 and 86 years old and reported 
that A2, H1, and H3 powers peaked at 60 years, 20 years, 
and 70 years, respectively, whilst walking at a common 
speed of 1  m/s [7]. However, this study did not include 
children and younger adolescents and had relatively few 
participants between 30 and 49 years of age [7]. This 
shortcoming precluded undertaking a lifespan approach 
towards the analysis of joint power during walking. 
Another study reported that A2 power did not signifi-
cantly alter between the 2nd to 6th decades of life, but 
significantly declined from the 7th decade of life [9]. It 
is thought that when compared to younger adults, older 
adults rely more on their hips than their ankles to gener-
ate power for walking [14] – also termed a distal-to-prox-
imal shift in motor strategy. However, previous studies 
reported no evidence of a compensatory effect of hip 
power for an age-related reduction in joint power [7, 9].

Differences in conclusions regarding the biomechani-
cal maturation of gait have been thought to be due to the 
presence of confounding factors, such as not controlling 
for walking speed [15], and the inappropriate scaling of 
biomechanical data with body anthropometry factors 
[13, 16]. Some studies have reported that age-associated 
alterations in joint power distributions were diminished 
when walking speed and step length were experimentally 

Table 1 Description of Winter’s discrete joint power indices
Discrete 
joint 
power

Descriptor

A1 A region of negative power, corresponding to eccentric 
plantar flexor activity at the ankle during midstance and 
terminal stance

A2 A region of positive power, corresponding to the concentric 
burst of propulsive plantar flexor activity during pre-swing

K1 A region of negative power, corresponding to eccentric 
knee extensor activity at during loading response

K2 A region of positive power, corresponding to concentric 
knee extensor activity during midstance

K3 A region of negative power, corresponding to eccentric 
activity in the rectus femoris during pre-swing

K4 A region of negative power, corresponding to eccentric 
activity in the hamstrings during terminal swing

H1 A small region of positive power, not always present, which 
corresponds to concentric hip extensor activity during 
loading response

H2 A region of negative power, corresponding to eccentric hip 
flexor activity during midstance

H3 A region of positive power, corresponding to concentric 
activity in the hip flexors during pre-swing and initial swing

Fig. 1 Visualisation of Winter’s discrete joint power indices
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controlled [15]. Other studies have reported that age-
associated alterations become magnified when walking 
speed is experimentally controlled [17]. Experimentally 
controlling walking speed may introduce another layer 
of confounding as it forces an individual to walk with an 
unnatural walking pattern. Some studies have advocated 
for normalisation of biomechanical data to anthropomet-
ric measures such as height, leg length, and body mass 
[16, 18–21]. However, other research has expressed con-
cerns over normalising biomechanical data to anthro-
pometric measures [22, 23]. This is because current 
normalisation procedures could introduce undesirable 
statistical properties into the biomechanical data [22]. 
A more appropriate method of considering potential 
confounding factors when investigating the relationship 
between age and joint power including them as covari-
ates within regression models [22, 23].

This study aims to undertake, for the first time, a 
lifespan approach towards the analysis of joint power 
between the ages of three to 91 years of age. We focus the 
statistical inference on three primary discrete joint power 
indices of A2, H1, and H3. The secondary outcomes 
included the remaining joint power indices of A1, K1 
to K4, and H2. Based on the literature, we hypothesised 

that: (1) A2 power will increase during childhood and 
peak by the 2nd decade of life, and decline after the 7th 
decade of life, (2) H1 and H3 powers will decline by the 
2nd decade of life and rise again after the 6th decade of 
life.

Methods
Design
We combined individual participant data from six pub-
licly available datasets [7, 24–28] for analysis. Even 
though methodological variations are present between 
the included studies, random-effects models are used to 
account for individual variations in joint powers between 
studies, allowing to combine data. This approach has also 
been used in meta-analysis studies (e.g [2]). which rou-
tinely pool data from different studies into a random-
effects model despite methodological variations in the 
primary studies (e.g. treadmill [29] and overground [8], 
the meta-analysis [2]). Similarly, a random-effects model 
is used to “average” out the between-study variation in 
joint power.

Fig. 2 Descriptive characteristics of the included participants. All values represent the mean (one standard deviation as error bars), except the count of 
the number of participants in each age category
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Biomechanical protocols overview
The biomechanical protocols used in the six studies can 
be found in the supplementary material, but summarised 
also in Table 2. Scalar joint power was calculated by the 
dot product of joint moment and angular velocity. Joint 
power from each joint and limb was time normalised to 
101 cycle points, between two consecutive initial con-
tacts of each limb; and was subsequently normalised to 
body mass (kg). The average joint power across multiple 
strides and both limbs was calculated for each participant 
and speed.

Statistical analysis
All analyses were conducted in R software (v4.3.0) using 
the refund package (v0.1-34) ( h t t p  s : /  / g i t  h u  b . c  o m /  b e r n  a r  
d - l  i e w  / L i f  e s  p a n - J o i n t - P o w e r). The outcomes  r e p r e s e n t e 
d the joint power trajectories, and the covariates include 
sex (male or female), age (years), walking speed (m/s), 
height (m), stride length (m), the study identifier, and 
the interaction between age and walking speed. Stride 
frequency was not included as it would introduce a per-
fectly collinear variable in the model when speed and 

stride length have already been included. For the knee 
and hip joints, the joint power is represented as a func-
tion of the stride cycle (101 data points, t). For the ankle, 
we represented the joint power as a function of a subset 
of the stride cycle (data points 25 to 75). This is because 
ankle power during early stance and mid to late swing 
was close to zero.

For each of the three joints, we model the expectation 
of each joint power function yij(t) for every observation i 
and study j as a functional additive model.

 
yij (t) = β0 (t) + sexijβsex + fage (ageij, t)

+ fspeed (speedij, t)
+ fstrlen (stride lengthij, t) + fht (heightij, t)
+ fage,speed (ageij, speedij, t) + bj (t) + εij

where yij(t) is the power value of the respective joint of 
the ith subject and jth study at gait point t, β0(t) is the 
model’s time-varying intercept, βsex a time-independent 
effect of sex, f(⋅, t) indicate functional effects that are 

Table 2 Brief methodologies of included studies
Senden Taylor Lencioni Fukuchi Horst Schriber

Country Netherlands England Italy Brazil Germany Luxembourg
Inclusion 
criteria

Typically developing 
children and healthy 
adults (3 to 91 yo)

Live independently, 
be independent walk-
ers, with no surgical 
procedures (55 to 
86 yo)

Healthy, no loco-
motor disorders (6 
to 72 yo)

Healthy, free from 
lower limb injuries (21 
to 84 yo)

Physically active, 
without gait pathol-
ogy and free of lower 
extremity injuries (19 
to 67 yo)

Asymptomatic, i.e. 
healthy and injury 
free for both lower 
and upper extremi-
ties (19 to 30 yo)

Camera 
system

12-camera opti-
cal motion capture 
system (Bonita, Vicon, 
Oxford, UK)

7-camera motion 
capture system (T20, 
Vicon, Oxford, UK)

9-camera motion 
capture system 
(SMART system, 
BTS, Garbagnate 
Milanese, Italy)

12 cameras (Raptor-4, 
Motion Analysis Cor-
poration, Santa Rosa, 
CA, USA)

10 cameras (Oqus 
310, Qualisys, Gothen-
burg, Sweden)

10 cameras (Oqus 
4, Qualisys, Go-
thenburg, Sweden)

Camera 
sampling 
frequency

100 Hz 100 Hz 60–200 Hz 150 Hz 250 Hz 100 Hz

Force 
platform 
system

Instrumented split-
belt treadmill (Force-
Link, Culemborg)

1 force plate (Type 
9281CA, Kistler, Win-
terthur, Switzerland)

2 force plates (Kis-
tler, Switzerland)

Dual-belt, instru-
mented treadmill (FIT, 
Bertec, Columbus, 
OH, USA)

2 force plates (Type 
9287CA, Kistler, 
Switzerland)

2 force plates (OR6-
5, AMTI, Massachu-
setts, USA)

Force 
sampling 
frequency

1000 Hz 1000 Hz 800–960 Hz 300 Hz 1000 Hz 1500 Hz

Footwear Shod Shod Unshod Unshod Unshod Unshod
Surface Treadmil Overground Overground Treadmill Overground Overground
Processing Markers: LP 2nd But-

terworth, ZeroLag, 
6 Hz
Force: LP 2nd Butter-
worth, ZeroLag, 6 Hz

Markers: Woltring 
quintic spline filter 
(MSE = 10)
Force: LP 4th Butter-
worth, ZeroLag, 10 Hz

Markers: LP 5th 
Butterworth, 
ZeroLag, 6 Hz
Force: Not 
reported

Markers: LP 4th But-
terworth, ZeroLag, 
6 Hz
Force: LP 4th Butter-
worth, ZeroLag, 6 Hz

Markers: LP 4th But-
terworth, ZeroLag, 
6 Hz
Force: LP 4th Butter-
worth, ZeroLag, 18 Hz

Markers: LP 4th 
Butterworth, Zero-
Lag, 6 Hz
Force: LP 4th But-
terworth, ZeroLag, 
18 Hz

Biome-
chanical 
model

9-segment human 
body lower limb, 
HBM2. Hip 3DOF, knee 
1 DOF, ankle 2 DOF

7-segment lower 
body PiG, each joint 
3 DOF

7-segment lower 
body LAMB, each 
joint 6 DOF

7-segment lower 
body, each joint 6 
DOF

13-segment full body, 
each joint 6 DOF

12-segment full 
body, each joint 
6 DOF

https://github.com/bernard-liew/Lifespan-Joint-Power
https://github.com/bernard-liew/Lifespan-Joint-Power
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estimated to be non-linear both in the direction of the 
covariate and across time, fage, speed(ageij, speedij, t) is a 
trivariate smooth effect for the non-linear interaction of 
age, speed and gait cycle, bj(t) are time-varying random 
study intercepts, and εij and independent Gaussian error 
term. The inclusion of a random study intercept enables 
us to account and adjust for other methodological varia-
tions between studies, such as footwear variations.

Inference
The flexibility of functional regression models presents a 
limitation in that the reporting of results becomes com-
plex due to the presence of time-varying effects, with 
nonlinear interactions with the covariates. The recom-
mended approach for reporting would be the predicted 
mean value of the outcome at given values of each covari-
ate. Here, we reported the predicted mean joint power 
waveform given the following values of the varying 
covariates in Table  3, alongside three different walking 
speeds (0.8, 1.2, 1.4 m/s), and nine different age catego-
ries (1st to 9th decade). The values of height and stride 
length in Table 3 represent the mean values of our par-
ticipants in this age range. The following walking speeds 
were used as they represented speeds observed in chil-
dren (e.g. 0.8  m/s in [1]) and in adults [3]. Lastly, we 

reported the mean and 95% confidence interval (CI) of 
the age-associated peak values from A1 to H3. Given the 
high-dimensionality of the covariates, the inclusion of 
parametric and non-parametric terms, and the nonlin-
earity of our models, the present models do not report 
simple beta-coefficients like in linear regression models. 
The individual effects of each covariate also become less 
meaningful to interpret in isolation. However, we still 
report these smooth and time-varying effects of each 
covariate, and their 95%CI in the supplementary material.

Results
A total of 629 participants from all studies were included 
in the present analysis. Basic descriptive summaries of 
the cohort can be found in Fig. 2 (see Table SM1 also in 
supplementary material). In addition, descriptive sum-
maries of the cohort stratified by study can be found in 
Figure SM1 (in supplementary material). Figure 3 repre-
sents the raw mean joint power trajectories across each 
age category, whilst in the supplementary material (Fig-
ure SM2), the mean joint power trajectories across each 
age category split by the study are reported. 

Effects of sex on overall joint power
For ankle and hip overall joint powers, male participants 
were significantly lower than female participants by 0.026 
(t = -3.432, P < 0.001) and 0.019 (t = -5.095, P < 0.001), 
respectively. For knee overall joint power, male partici-
pants were significantly greater than female participants 
by 0.012 (t = 3.102, P = 0.002).

Primary outcomes of A2, H1, and H3
For a walking speed of 1.2  m/s, A2 peak power was at 
its lowest of 2.28 (95%CI 2.22 to 2.34) W/kg in the 1st 
decade and peaked with a value of 2.46 (95%CI 2.41 to 
2.50) W/kg in the 3rd decade (Fig.  4a). Thereafter, A2 
power declined towards 2.32 (95%CI 2.27 to 2.36) W/kg 
in the 8th decade (Fig. 4a). These relationships were con-
sistent across the walking speeds predicted. Regardless of 

Table 3 Values of the covariates used for model prediction
Age range 
(years)

Age 
(years)

Age labels 
(decade)

Height 
(m)

Stride 
length 
(m)

Sex

< 6 5 1st 1.04 0.88 Male
10–19 15 2nd 1.64 1.34 Male
20–29 25 3rd 1.75 1.47 Male
30–39 35 4th 1.73 1.36 Male
40–49 45 5th 1.74 1.3 Male
50–59 55 6th 1.72 1.35 Male
60–69 65 7th 1.70 1.39 Male
70–79 75 8th 1.69 1.29 Male
80–89 85 9th 1.64 1.26 Male

Fig. 3 Represents the raw mean joint power trajectories across each age category, whilst, in the supplementary (Figure SM1), the mean joint power 
trajectories across each age category split by the study are reported
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walking speed, H1 peaked in the 1st decade, which fol-
lowed a sharp decline till the 3rd decade (Fig.  4b). At a 
speed of 1.2 m/s, H1’s lowest value was 0.41 (95%CI 0.39 
to 0.44) W/kg in the 7th decade (Fig.  4b). Qualitatively, 
the trajectory of H1 across the lifespan does not vary at 
the different speeds that were modelled (Fig. 4b). For H3 
at 1.2 m/s, the lowest value was 0.62 (95%CI 0.59 to 0.65) 
W/kg in the 1st decade. It then increased sharply to a 
peak of 0.86 (95%CI 0.84 to 0.88) W/kg in the 5th decade 
and stabilised thereafter with older age (Fig.  4c). The 
same trend for H3 was observed at different predicted 
speeds (Fig. 4c). 

Secondary outcomes
A1 peak power increased sharply from the 1st to the 
2nd decade reaching a value of -0.78 W/kg (95%CI -0.87 
to – 0.68 W/kg) at a walking speed of 0.8 m/s. Interest-
ingly, at the faster speeds of 1.2 and 1.4 m/s, A1 exhib-
ited a decline in peak power from the 1st to the 2nd 
decade (Fig.  5a). For K1, the lifespan trajectory demon-
strates a very consistent pattern regardless of walking 
speed (Fig. 5b). The peak K1 power reduced sharply from 
the 1st to the 2nd decade, and reduced more gradually 
to the 6th decade; then as age progressed, it stabilised 
(Fig. 5b). The lifespan trajectories of K2 peak power dif-
fered between a slower speed of 0.8  m/s, compared to 
faster speeds of 1.2 and 1.4 m/s (Fig. 5c). For example, at 
1.2 m/s, K2 peak power reduced from the 1st to the 3rd 
decade, reaching a value of 0.32 (95%CI 0.29 to 0.35) W/
kg, before reversing to its greatest value of 0.44 (95%CI 
0.39to 0.49) W/kg in the 9th decade (Fig. 5c). In contrast 
at 0.8  m/s, K2 peak power increased to a maximum of 
0.39 (95%CI 0.33 to 0.44) W/kg in the 3rd decade, before 
declining and fluctuating after the 5th decade (Fig. 5c).

The lifespan trajectories of K3, K4, and H2 retained a 
similar trajectory across different walking speeds. K3 and 
K4 peak powers decline in their magnitudes from the 1st 
to the 3rd decade, before increasing in their magnitudes 
up to approximately the 5th decade, and then stabilising 
thereafter (Figs. 5d, e). H2 peak power exhibited multiple 
fluctuations with age, with a more pronounced increase 
in magnitude between the 1st to the 2nd decade, and 
from the 5th to the 7th decade (Fig. 5f ).

Discussion
This work has illustrated the importance of investigat-
ing walking as a lifespan continuum. Most ageing walk-
ing biomechanics studies tend to compare people only 
between two age categories, such as between younger 
vs. older adults [2] and neglect potential alterations 
between the two age categories. However, the ageing pro-
cess is heterogeneous, and for adults, this is reflected in 
the reduction in walking speed from the age of 60 years 
[30]. Our study shows joint powers change non-linearly 
with age, and this non-linear alteration persists into older 
adulthood (i.e. >60 years). This suggests that the homoge-
neity of walking behavior within older adults should not 
be assumed.

In partial support of our primary hypotheses, A2 peak 
power was greatest and H1 power was least in the 3rd 
decade of life. Contrary to the primary hypotheses, A2 
power exhibited a gentle decline after its peak and not 
after the 7th decade. Also, H1 power exhibited two rises 
in magnitude – at the 3rd and 7th decades; whilst H3 
power had a sharp rise in magnitude after the 1st decade. 
Beyond the primary hypotheses, an interesting observa-
tion was that H1 and K1 power magnitudes across the 
lifespan did not vary much across the walking speed 

Fig. 4 Predicted mean and 95% confidence interval of the three primary joint power outcomes of (a) A2, (b) H1, and (c) H3, using the values of the covari-
ates specified in the manuscript
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values used in the prediction. This suggests that both H1 
and K1 are less useful as biomechanical biomarkers to 
detect age-related variations in walking speed.

The age at peak A2 power likely reflects the age of ankle 
push-off maturation, which is in disagreement with a 
prior study of 75 healthy children, which reported that 
ankle dynamics matured around 4 years old [13]. Samson 
et al. [13] reported that A2 power increased from 1 to 4 
years old, and declined from 4 to 6 years old. The present 
study found that A2 power increased from the 1st to the 
3rd decade. The differences in results could be because 
Samson et al. [13] did not include older individuals, 
which precluded knowing if a peak in joint power with 
age represented a transient period or whether maturation 
was achieved. Our results were congruent with another 
study, which reported that A2 power increased from < 8 
years to 20 years [31].

A2 power decline has been thought to cause the age-
related decline in walking speed [14]. Interestingly, when 
speeds are matched statistically, a sharp decline in A2 
power was not observed, but rather a milder decline in 
A2 power happens from the 3rd to the 4th decade of life. 
The present findings were consistent with Sloot et al. [9] 
who reported a Pearson correlation magnitude of only 
− 0.28 between peak ankle power and age. It appears that 
healthy older adults can recruit additional ankle power 
for propulsion to maintain similar walking speeds as 
younger adults [32].

Older adults have been thought to rely more on their 
hip muscles for forward propulsion in compensation for 
a reduction in ankle plantarflexion power, compared to 
younger adults [14]. Whether an increase in H3 power 
can be considered an age-related compensatory strat-
egy for an A2 decline may thus be questionable, given 
that the age at which H3 increases does not coincide 

Fig. 5 Predicted mean and 95% confidence interval of the secondary joint power outcomes, using the values of the covariates specified in the manuscript
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with corresponding decreases in A2. One study reported 
greater H3 in older (78 years) compared to younger adults 
(26 years) at a walking speed of ~ 1.4 m/s [8], which was 
supported by the present findings. Contrary to our study, 
Sloot et al. [9] reported that H3 power declined in older 
adults (≥ 70 years old) compared to younger adults (30–
40 years old). However, walking speed was not controlled 
for during their analysis [9].

Interestingly, the age-related trajectories of H1 and 
K1(absorption during loading response) power did not 
vary qualitatively with walking speed, suggesting that 
these biomechanical markers do not cause age-related 
alterations in walking speed. The major hip extensor role 
is largely to accelerate the centre of mass vertically for 
body weight support during the period of H1 [33], whilst 
K1 is for braking and support during the collision phase 
of walking [33]. Induced acceleration analysis revealed 
that the gluteus maximus contribution to body weight 
support increases as a function of walking speed, but the 
contribution by the gluteus medius remained relatively 
invariant [33]. Similarly, greater walking speed was asso-
ciated with greater quadriceps contribution to support 
and braking during the period of K1 [33]. However, the 
study by Liu et al. [33] did not control step/stride length 
variations across different walking speeds. A previous 
study reported that muscle function during gait is sensi-
tive to stride length variation [34, 35].

Joint power indices like A2 and H3 vary with both 
walking speed and age, which makes them a challenge 
to use as biomarkers for ageing. Our results suggest that 
H1 and K1 may represent speed-invariant gait biomark-
ers for ageing. These powers occur during early stance 
and provide a stable platform to propel later during 
stance. A biomarker is a measurable indicator of health 
conditions that can inform disease diagnosis, prognosis, 
treatment, or prevention [36]. If joint powers vary due 
to age and not walking speed, such as H1 and K1, then 
it is possible that these could be prognostic biomarkers. 
This is important since lower-extremity muscle power is 
a better predictor of functional performance than lower-
extremity muscle strength [37]. For example, lower-
functioning older adults have significantly reduced H1 
power compared to their age-matched, high-functioning 
counterparts, despite walking speeds being similar [38]. 
If these power phases are biomarkers, then future work 
will need to validate these by testing their predictive abil-
ity, and then demonstrate the effects of an intervention to 
‘improve’ joint power, such as power training (since this 
increases both force and velocity) [39].

The present study has limitations that should be noted. 
Even though this study pooled the individual data of 629 
participants for analysis, certain age groups are under-
represented in the analysis. Participants aged < 10 years 
old and > 80 years old are not well represented and would 

present opportunities for future research and the expan-
sion of our database. A second limitation of the present 
study is that we did not include data from all public data-
sets which reported either individual participant data (e.g 
[40]). or aggregated data (e.g [41]). Incorporation of the 
present methodology within a formal systematic review 
framework could represent future research. However, 
this is especially challenging in biomechanics as not all 
public datasets provide the required biomechanical data 
as text results, which makes secondary data pooling 
quicker. Some public datasets only provide their data in 
raw motion capture file formats (e.g. C3D) (e.g [42]). This 
then requires significant resources to prepare the data 
for analysis. A third limitation of the present study was 
the cross-sectional design of the included primary stud-
ies. Cross-sectional studies cannot distinguish between-
subjects relationships (e.g. a greater A2 power on average 
being associated with greater age on average) from 
within-subjects relationships (e.g. increasing age by 1 
year being associated with a 1 unit change in A2 power).

Conclusions
Ankle push-off power appears to reach maturity in the 
3rd decade of life and exhibits a slow decline in mag-
nitude with age thereafter, which is more apparent at 
faster walking speeds. A strict temporal correspondence 
between a decline in ankle push-off power (A2) with age 
and a compensatory increase in hip pull-off power (H3) 
was not observed, challenging the distal-to-proximal 
alteration in propulsion strategy commonly attributed 
to the ageing process. Interestingly, hip and knee power 
during the collision period (H1, K1) does not vary sig-
nificantly with speed but with age. This potentially ide-
alises these peak powers as biomarkers of ageing, without 
the confounding effects of walking speed that otherwise 
affect many other candidate biomechanical biomarkers.
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