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ARTICLE INFO ABSTRACT

Keywords: Biomechanical research exploring the age-based mechanics of running gait can provide valuable
Cluster phase insight into the reported decline in master endurance running performance. However, few studies
Dynamical systems theory have shown consistent biomechanical differences in the gait of trained distance runners com-
Coordination

pared to their younger counterparts. It might be that differences occur in the interaction between
joints. The aim was to explore the differences in tri-joint synchrony of the lower limb, quantified
through cluster phase analysis, of runners at 50 years of age compared to seven years later.
Cluster phase analysis was used to examine changes in synchrony between 3 joints of the lower
limb during the stance phase of running. Ten male, endurance-trained athletes M50
(age = 53.54 *= 2.56 years, mass = 71.05 = 7.92kg) participated in the study and returned
after seven years M57 (age = 60.49 * 2.56 years, mass = 69.08 + 8.23kg). Lower limb kine-
matics (Vicon, 120 Hz) and ground reaction forces (Kistler, 1080 Hz) were collected as partici-
pants performed multiple trials at a horizontal running velocity = 3.83 + 0.40ms~"' over the
force plate. Significant increase (31%) in rate of force development in the absorption phase, and
significantly reduced sagittal plane knee joint range of motion (30.50 v 23.68°) were found
following the seven years of ageing. No further discrete single joint measures were significantly
different between M50 and M57. Joint synchrony between the hip, knee and ankle was sig-
nificantly higher at M57 compared to M50 during the absorption phase of stance. The force
attenuation strategy is compromised after seven years of ageing, which is associated with more
synchronous movements in the lower limb joints. Increased joint synchrony as a function of age
could be a mechanism associated with this key injury provoking phase of running gait.

Lower body kinematics

1. Introduction

Biomechanical research exploring the age-based mechanics of running gait can provide valuable insight into the reported decline
in master endurance running performance (Tarpenning, Hamilton-Wessler, Wiswell, & Hawking, 2004). To date, knee joint kine-
matics, ankle joint stiffness and impact forces have been identified as key biomechanical variables of running gait that change as a
function of age (Bobbert, Schamhardt, & Nigg, 1991; Bus, 2003; DeVita et al., 2016; Fukuchi & Duarte, 2008; Karamanidis,
Arampatzis, & Mademli, 2008). For example, reduced range of motion of the knee joint during ground contact is suggested as a
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common characteristic of ageing runners (Fukuchi & Duarte, 2008), and it has been attributed to a decrease in strength of the tricep
surae and quadriceps femoris muscle-tendon units (Bus, 2003). During the stance phase of running, no age-based differences in the
sagittal plane ankle range of motion have been observed in runners aged 55-65 years, suggesting that such measures do not con-
tribute to the reported increases in ankle stiffness (DeVita et al., 2016). However, DeVita et al. (2016) reported that hip and knee
mechanics were unaffected by age, while, mechanical adaptations at the ankle joint did exist (Bobbert et al., 1991; DeVita et al.,
2016). Therefore, there is need for further examination of age-based changes in running mechanics. While the majority of research
examining changes in running gait with ageing has been cross sectional in nature (c.f. Bobbert et al., 1991; Taunton, Ryan, &
Clement, 2002; Lilley, Dixon, & Stiles, 2011), a longitudinal study design might be more powerful, since it considers individual
responses beyond a single time point in a repeated measures design.

Since it is likely that age induces changes in the kinematics of masters’ running gait, but few studies have shown consistent
biomechanical differences (Bobbert et al., 1991; DeVita et al., 2016), it might be that differences occur in the interaction between
joints. A major focus of the dynamical systems approach to motor control is to understand how the components within a system (e.g.,
joint space degrees of freedom) become coordinated in order to effectively and efficiently meet task demands (Kelso, 1995; Kugler,
Kelso, & Turvey, 1980; Newell, 1985; Turvey, 1990). In this view, the phase relations between the mechanical degrees of freedom of
the lower extremities (intra-limb coordination) have been investigated in walking and running (Diedrich & Warren, 1998; Li, van den
Bogert, Caldwell, van Emmerik, & Hamill, 1999), in relation to lower limb injuries (Hamill, van Emmerik, Heiderscheit, & Li, 1999),
in the investigation of lower limb segment motions (Lamoth, Beek, & Meijer, 2002; Stergiou, Bates, & James, 1997; Takabayashi
et al., 2017), specific gait conditions including obstacles and over-ground v treadmills (Burgess-Limerick, Neal, & Abernethy, 1992;
Chiu, Chang, & Chou, 2015; Clark & Phillips, 1993; Ferber, Davis, & Williams, 2005; Stergiou, Jensen, Bates, Scholten, & Tzetzis,
2001a; van Emmerik & Wagenaar, 1996), and in young and elderly populations (Byrne et al., 2002; Chiu & Chou, 2012, 2013). More
specifically, differences in lower limb coordination during gait as a function of age have been explored (Byrne et al., 2002; Chiu &
Chou, 2012, 2013). Byrne et al. (2002) reported a more in-phase relative phase between the shank and thigh during the braking phase
of walking for older adults, compared to younger adults. If also corroborated for running, this finding has potential implications for
injury. Stergiou et al. (2001a) in fact suggested more in-phase coordination of the lower-extremity segments may limit the impact-
absorbing capacity during the stance phase of running and be associated with an increase in collision forces. The coordinated,
sequential movements of the lower extremities contribute to absorbing the impact force by increasing the time and displacement over
which breaking of acceleration occurs. Finally, Stergiou, Scholten, Jensen, and Blanke (2001b) showed that a relatively out-of-phase
motion during the stance phase might be associated with the desire to reduce the landing load. Therefore, there is need to explore the
interaction between joints, where we might expect more in-phase or synchronous relations between the lower extremity joints as a
function of ageing.

The majority of studies have reported coordination variability, with only some reference to the underlying coordinative structure.
For example, coordination variability has been explored in line with injury and ageing. In recent literature, Wang, Gu, Wang, Siao,
and Chen (2018) showed that lower deviation phase between hip and knee flexion/extension was associated with higher impact
forces during the absorption phase of running. This is in line with the findings of Goldberger (1991) and van Emmerik, Hamill, and
McDermott (2005) who suggested that constraining movement (characterized by lower movement variability and fewer movement
solutions) may not be conducive to absorbing the collision load, and Hamill et al. (1999) who suggested that greater variability was
considered to be functional, while less variable inter-joint coordination variability might induce cartilage tissue to repeatedly ex-
perience greater stress associated with patellofemoral pain. Boyer, Silvernail, and Hamill (2016) reported non-equivalent changes in
the coordination variability of different lower limb segment couplings for men and women of different ages, while Silvernail, Boyer,
Rohr, Briiggemann, and Hamill (2015) did not find significant difference in coordination variability of the lower extremity with age;
therefore, findings are not unequivocal. It is the focus of this work however to explore changes in the coordination profiles.

However, while these studies have enabled a better understanding of the coordination of our biomechanical system during gait
using bivariate methods such as relative phase, continuous relative phase, vector coding, spectral coherence, cross-correlation and
cross-recurrence analysis (Richardson, Garcia, Frank, Gregor, & Marsh, 2012; van Emmerik, Ducharme, Amado, & Hamill, 2016),
they are still limited to exploring the coordination and coordination variability between two mechanical degrees of freedom. In order
to capture coordination of a greater number of system components, a number of techniques have been explored in recent literature.
For example, to capture the collective state of the system, Segers, Aerts, Lemoir, and De Clercq (2007) described the phase relations
between two biomechanically relevant global variables: kinetic energy and gravitational potential energy during walking and run-
ning. Thus, in capturing global variables, they were able to capture more information from the system than only looking at the phases
between two joints or segments. Alternatively, embracing the multiple degree of freedom problem, statistical methods such as
principal component analysis have been used to reduce the dimensionality of mechanical degrees of freedom for all body segments
(Daffertshofer, Lamoth, Meijer, & Beek, 2004; Lamoth, Daffertshofer, Huys, & Beek, 2009). The Uncontrolled Manifold hypothesis has
been tested in relation to gait stability (Papi, Rowe, & Pomeroy, 2015) and hopping performance (Yen & Chang, 2010). More recently,
Williams and Vicinanza (2017) presented a method to consider the relations between multiple oscillators using frequency decom-
position. To date however, no studies have investigated coordination in the three key joints that make up the lower limb.

Our approach to study the coordination (as simultaneous synchrony) between three joints is adapting the cluster phase method
proposed by Frank and Richardson (2010). The method is based on the Kuramoto order parameter (Kuramoto, 1984, 1989), which
has been previously used to study synchronization of many-body systems in life (Walker, 1969, for cricket synchronization), social
(Néda, Ravasz, Brechet, Vicsek, & Barabasi, 2000a, 2000b, for synchronized applause) and sports sciences (Duarte et al., 2013; for
synchronization among players in a football team). Frank and Richardson (2010) adapted and successfully showed the applicability
of this method to examine synchronization of a smaller number of oscillators. Specific measures of individual and whole group
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synchrony obtained with this method were able to distinguish intentional from chance level coordination tendencies between the
rocking of six chairs (Frank & Richardson, 2010), suggesting that cluster phase might be a viable technique to explore the synchrony
present in limb and whole body degrees of freedom.

1.1. Aim

The aim of this paper was to quantify tri-joint coordination through cluster phase analysis, to examine changes in the age-based
synchronization in the lower limb joints during running, following seven years of ageing.

2. Methods
2.1. Participants and procedures

Ten male endurance-trained athletes (age = 53.54 * 2.56 years, mass = 71.05 = 7.92kg) volunteered to participate in the
study and returned to the study seven years later (age = 60.49 *+ 2.56 years, mass = 69.08 + 8.23 kg). M50 defined the initial data
collection and M57 the data collection seven years later. The criterion for inclusion in the study required the athletes, at the time of
data collection, to: be injury free, participate in a minimum of five running-based training sessions per week (two of which were at an
intensity that exceeded the lactate threshold), have a personal best time for 10 km of less than 40 min, recently finish in the top
twenty positions in the regional county championships. All athletes provided written informed consent, and ethical approval for the
data collection protocol was gained from the host University’s Ethics Board prior to study onset.

2.2. Data collection

Passive markers (14 mm in diameter) were placed at precise anatomical landmarks and anthropometric measurements were
recorded in accordance with the lower body Plug-in-Gait model (Vicon™, Oxford). Following a familiarisation period participants
performed multiple running trials at a standardised horizontal velocity = 3.83 + 0.40m-s~! whilst making right foot-ground
contact with a force plate situated 13 m along the 20 m runway. Participants typically performed 20 running trials which ensured at
least six trials were successful for further analysis i.e. a clean foot strike and correct running velocity. Three-dimensional coordinate
(sample rate: 120 Hz) data of the passive markers were collected using a 12 camera Vicon system (Vicon™, Oxford) synchronized with
a Kistler force plate (Kistler™, Switzerland, 9281C; sample rate: 1080 Hz). The protocol and data collection was replicated seven years
later.

2.3. Data processing

Non-linear transformation was used to reconstruct the 3D coordinate data of each marker. The respective time histories were
smoothed using Woltring’s cross-validated quintic spline with the mean square error noise tolerance level set to 15 mm? from which
the joint centres of the lower body were determined. Sagittal plane hip, knee and ankle flexion/extension angles were determined
using vector defined segments.

Stance phase angular kinematics and ground contact forces of each running trial were analysed and defined between the instants
of initial ground contact (Fz > 8N) and toe off (Fz < 8 N) with the force plate. Stance phase was divided into two sub-phases:
absorption and propulsion, which were distinguished by the time when the horizontal ground contact force = ON.

The hip, knee and ankle joint flexion angles were reported at initial ground contact. Joint ranges of motion (ROM) were reported
during the absorption phase. The peak vertical impact force, rate of vertical force development in the absorption phase and the
vertical force at the time of the transition between the absorption and propulsion phase (normalised to body weight) were examined.
Individual stance phase waveform profiles of the joint angle measures were interpolated to 101 points using a cubic spline (MathCad
13, Adept Scientific). Average of all stance phase measures were calculated for each athlete from six athlete-specific trials for both
data collection sessions. The group means (standard deviation) were then determined.

2.3.1. Cluster phase

The cluster phase method used to assess the synchrony between three joints is Frank and Richardson’s (Frank & Richardson, 2010)
adaptation of the Kuramoto order parameter method (Kuramoto, 1984). Frank and Richardson (Frank & Richardson, 2010) tailored
the Kuramoto model, typically defined for a very large number of oscillatory units (thermodynamic limit, Kuramoto & Nishikawa,
1987), in order to work with systems with a small number of oscillators.

For each of the three joints time-series, Xuip (t;), Xinee (8), Xankie (£), where ;, i =1, ...,N are the time steps, the phase time-series in
radians [ -, wt] for Gp, Bknees Gannie Was calculated, using the Hilbert transform (Kuramoto & Nishikawa, 1987; Strogatz, 2000).
Then, from the phase time-series we calculated the cluster phase as follows:

, N
q(t) = % D (€xp(iBhip (1)) + exp (e (1)) + eXP(iBantie (1)) "
i=1

and
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q(t) = atan2(q(t)) @

wherei = /=1 (when not used as a time step index), and g (t;) and q(t;) are the resulting group or cluster phase in complex and radian
[ =, x] forms, respectively.

The cluster phase calculated is a description of the global synchrony of the three joints. Based on the global cluster phase q(t;), the
relative phases for the individual joints, ¢;;, (t:), $rnee (1> Py (1), can be calculated as:

¢hip,knee,ankle (ti) = 6hip,knee,ankle (ti) - q(ti) 3)

where ¢hip,knee’ankle (t;) = Onip,knee,ankie () — q(t;) is the compact form for the three equations: ¢hip () = Oup (t) — q(t),
¢knge (ti) = 6knee,(ti) - q([i) and ¢ankle (ti) _= eankle (ti) - q([i)'

As a next step, mean relative phase ¢ and the degree of synchrony p for every joint with respect to the cluster (group) behaviour is
calculated from:

" L X
Buip = ~ Zl exp (i, (1))

(€]
T 1 N
Bune = 33 21 P i () o
e = 37 21 P e () o
and
¢hip,knee,ankle = atan2(¢hip,knee,ankle) (7)
phip,knee,ankle = |¢hip,knee.ankle| (8)

where ¢ and ¢ is the mean relative phase in complex and radian [ -, 5] forms, and p €[0,1].

As mentioned in Richardson et al. (2012), if p = 1 the movement is in complete synchrony with the group (i.e., the phase of the
movement at any time step is equivalent to the group phase shifted by a constant phase). If p = 0 the movement is completely
unsynchronized to the group.

Finally, the degree of synchrony of the three joints to the group as a whole p,,,,, at every time step {; is defined by:

N
pgroup,i = % Z (eXp(i(qShip(ti) - ¢I;1p)) + eXp(i(¢knee(ti) - ¢k;we)) + eXp(i (¢ank1e ([i) - ¢m;klb‘)) (9)
i=1

It is worth noting that p,,,,; provides a continuous measurement (i is the time index) of the group synchrony. In addition,

Pgroupi € [0, 1] and from which the average degree to group synchrony was calculated as:

1 N
0 == Z Paroup.i
'group N P group,i (10)
Note that p,,,, provides a single measure of group synchrony for the experiment (behavioural period or trial) and, again, the
closer to 1 the value of g,,,,,; and p,,,, larger the degree of group synchrony.

2.4. Data analysis

The Shapiro-Wilk statistical test for normal distribution revealed that all measures were normally distributed. Statistical analysis
has been conducted using multivariate analysis of variance (MANOVA), to account for several dependent variables (flexion values,
impact peak, rate of force development, vertical force, joint and mean synchrony values).

2.4.1. Statistical parametric mapping

Statistical parametric mapping (SPM) technique with paired t-test was used to examine the differences in the waveform joint
angle data for M50 and M57. SPM was designed especially for continuous field analysis (Friston, Ashburner, Kiebel, Nichols, & Penny,
2007) and constructs images that lie in the original, biomechanically meaningful sampling space (Pataky, 2010). Open-source one-
dimensional package for Matlab (spm1d version M.0.3.1 (2015.08.28)) was used in the analysis and the scalar test statistic SPM{t}
was computed at each point in the time series as described previously by Robinson, Vanrenterghem, and Pataky (2015).
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Table 1
Statistical comparison of average (sd) discrete angle measures between M50 and M57, using MANOVA. Bold equals significantly different
(p < 0.05).

Measure M50 M57 p value
Hip flexion at touch down (%) 40.53 (4.24) 37.20 (5.86) 0.164
Hip flexion ROM (°) —14.31 (3.82) —14.65 (3.41) 0.838
Hip flexion at toe off (°) —8.96 (3.76) —-12.12 (5.07) 0.131
Knee flexion at touch down (°) 11.58 (5.73) 15.11 (8.13) 0.276
Knee flexion ROM (°) 30.50 (5.00) 23.68 (4.76) 0.006
Knee flexion at toe off (°) 9.99 (6.75) 11.98 (5.64) 0.484
Ankle flexion at touch down () 13.94 (6.14) 1 1.49 (7.70) 0.441
Ankle flexion ROM (°) 15.74 (4.72) 16.80 (3.51) 0.574
Ankle flexion at toe off (°) —6.29 (6.88) —7.98 (17.98) 0.784
Impact peak Fz (BW) 1.92 (0.38) 2.33 (0.40) 0.454
Rate of force AP (BW/s) 23.92 (4.28) 31.43 (11.28) 0.025
Fz @ Fy = 0 (BW) 2.43 (0.33) 2.63 (0.93) 0.543
Cluster phase
JointSynchronysrance 0.983 (0.011) 0.988 (0.007) 0.080
JointSynchronyagsorerion 0.989 (0.006) 0.996 (0.002) 0.008
JointSynchronyproputsion 0.990 (0.009) 0.994 (0.003) 0.178
Absorption phase
MeanSynchronyyp 0.994 (0.004) 0.998 (0.001) 0.039
MeanSynchronygngg 0.994 (0.003) 0.998 (0.002) 0.005
MeanSynchrony anxie 0.979 (0.013) 0.992 (0.004) 0.015
3. Results

3.1. Joint angles and vertical force

There was no significant differences between the M50 and M57 discrete measures of joint flexion angles at touch down and ROM
in the absorption phase except for a significantly reduced knee joint ROM for M57 compared to M50 (Table 1; p = 0.006, effect
size = 0.35). Fig. 1 illustrates the joint angle waveforms throughout the stance phase for the hip, knee and ankle. SPM found no
significant differences between angles at M50 and M57 for each % during the stance phase. Vertical impact peak force increased, with
an average of 21%, following a seven-year period of ageing, although the difference was not significant (p = 0.454). Rate of vertical
force development in the absorption phase significantly increased for all participants, by average a 31% from M50 to M57, (Table 1;
p = 0.025, effect size = 0.23).

3.2. Joint synchronization

3.2.1. Average degree of synchrony of the group (joint synchrony)

Average joint synchrony g,,,,, (Eq. (10)) measures the presence and magnitude of the tri-joint synchrony. An example time series
of average synchrony is depicted in Fig. 2. It is evident that for the M50 years data, average synchrony is lower during the absorption
phase of stance, compared to M57 years data. Average joint synchrony g, across the entire stance or the propulsion phase was not
significantly different between M50 and M57 (Fig. 3; Table 1). Average joint synchrony across the absorption phase was significantly

M50 M57

Hip

5 A Knee
60 ' 60 e Ankle

Angle (deg)
Angle (deg)

Stance Phase (%) Stance Phase (%)

Fig. 1. Joint angle waveforms throughout the stance phase for the hip (black), knee (dark grey) and ankle (light grey) for M50 (left) and M57
(right).
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Fig. 2. Top: Average joint synchrony gy, for M50 (grey) and M57 (black). Bottom: t-test analysis (SPM{t}) of differences in joint synchrony

waveforms for M50 and M57.

Stance Phase Joint Synchrony
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©
o
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M50

p=0.18

M57

Fig. 3. Mean (sd) joint synchrony for M50 (grey) and M57 (black) during the whole stance phase (top), absorption phase (bottom left) and

propulsion phase (bottom right).

different (Table 1; p = 0.008, effect size = 0.34) between M50 compared to M57 years.

3.2.2. Average degree of synchrony of individual joints

The average degree of synchrony of the individual joints oy, ke aniie (EQ- (8)) quantifies the average degree to which each
individual joint was synchronised to the movements of the three joints as a whole. An example time series of each joint’s synchrony
during the stance phase at M50 and M57 is depicted in Fig. 4. The average degree of synchrony for the absorption phase was
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Fig. 4. Degree of synchronization (average degree of synchrony, p) for a representative participant at M50 (A) and M57 (B); unwrapped individual
phases for hip (black), knee (dark grey) and ankle (light grey) compared with the cluster phase (dashed line) for a representative participant at M50
(C) and M57 (D).

significantly higher for the hip (Table 1; p = 0.039, effect size = 0.31), knee (Table 1; p = 0.005, effect size = 0.39) and the ankle
(Table 1; p = 0.015, effect size = 0.48) between M50 and M57. There was no significant difference in average degree of synchrony
for the propulsion phase the hip (p = 0.225), knee (p = 0.219), or ankle (p = 0.324) between M50 and M57 years.

4. Discussion

The current paper examined changes in synchronization in the lower limb joints during running, following seven years of ageing,
to further understand how running technique changes as a function of age. To the authors’ knowledge this is the first longitudinal
research of changes in the gait kinematics and kinetics of competitive endurance runners. Discrete and waveform analysis examined
the changes in lower body kinematics and ground reaction forces during the stance phase of running. To further understanding of the
organisation of the lower limb movements, cluster phase was used to examine changes in tri-joint synchrony. Rate of force devel-
opment and joint synchrony during the absorption phase increased at M57 compared to M50.

In particular, rate of vertical force development in the absorption phase was significantly higher at M57, by an average of 31%.
Peak vertical impact force, even though not significantly higher at M57, increased by an average of 21%, compared to M50. To date,
there is debate in the literature as to whether this vertical force increases, decreases, or does not significantly change with age (DeVita
et al., 2016; Diss, Weeks, Gittoes, Tong, & Kerwin, 2015; Kline & Williams, 2015; Power et al., 2010). However, these previous studies
were based on cross sectional designs and the results are therefore confounded by inter-individual differences in and between groups.
Based on the longitudinal design used here, both the rate of force and peak measures suggest a required augmentation in runners’
ability to attenuate vertical forces or improve muscle activation prior to impact with the ground, following a period of ageing.

Analysis of typically reported discrete sagittal plane joint angles found only the knee joint ROM measure to be significantly
different after a seven-year period of ageing. It is acknowledged that significant decreases in masters endurance running performance
occur after 50 years of age (DeVita et al., 2016), however it is suggested that exposure to the rigors of competitive running provides a
unique landscape for the changes that occur (Power et al., 2010). In agreement with previous research (DeVita et al., 2016; Fukuchi &
Duarte, 2008; Lilley et al., 2011) knee ROM in the absorption phase was shown to decrease with age. Reduced knee kinematics have
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been associated with reductions in strength of the triceps surae and quadriceps femoris muscle-tendon units (DeVita et al., 2016) and
suggest that the force attenuation strategy is altered, which is concerning due to this injury provoking absorption phase of stance.

This is the first application of the cluster phase method to exploring the relations between multiple joint actions during human
movement. Average synchrony in the current analysis ranged between 0.70 and 0.99, suggesting that the current system represents a
unit with synchrony that is in line with that of synchronising of rocking chairs reported in (Frank & Richardson, 2010) and the
synchrony among players in a football team (Duarte et al., 2013).

Tri-joint synchrony significantly increased in the absorption phase of stance at M57, compared to M50, demonstrating that the
fundamental biomechanical interaction of the joints underpinning the absorption of force has changed. Specifically, increased
synchrony indicated that the hip, knee and ankle are working more as a single unit where the timings are more similar and phases
coherent. The mechanical constraint of increased synchrony that appears to have arisen as a consequence of ageing could be asso-
ciated with loss of complexity (Lipsitz & Goldberger, 1992), where the three joints are operating as a single, more synchronous unit.
Moreover, the increase in vertical ground reaction force variables suggests that this increase in lower limb joint synchrony is a less
functional solution, and thus further research might explore this proposition.

Previous research exploring coordination in gait has reported more in-phase coupling between the shank and thigh during the
breaking phase of walking for older adults compared to younger adults (Byrne et al., 2002). Stergiou et al. (2001a) suggested more in-
phase coordination of the lower-extremity segments may limit the impact-absorbing capacity during stance phase of running, and be
associated with an increase in collision forces. Stergiou et al. (2001b) showed that a relatively out-of-phase motion during the stance
phase might be associated with the desire to reduce the landing load. This is in line with the current findings and suggests that
measures of coordination and synchrony could be key to understanding changes in gait with age, in line with both the theories of
motor control and biomechanics and injury. Specifically, it is suggested that the coordinated, sequential movements of the lower
extremities contribute to absorbing the impact force to a greater extent than those that are more synchronised, by increasing the time
and displacement over which breaking of acceleration occurs.

5. Conclusion

An increase in tri-joint synchrony in the absorption phase of stance after seven years indicates that the hip, knee and ankle are
working more as a single unit where the timings are more similar and phases more coherent. The mechanical constraint of increased
synchrony that appears to have arisen as a consequence of ageing could be associated with the increase in vertical ground reaction
force variables.

The results from this study suggest that the cluster phase method can be used to identify coordination changes in three joints
during running as a function of changing biological constraints.

Future work could examine whether there is limited adaptability in this synchronization in response to perturbations in the
running surface with ageing, for example. It might also be explored whether increased synchrony is a characteristic of aged gait and
movement per se.
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