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Background: Understanding how footwear cushioning influences movement stability may be helpful in reducing
injuries related to repetitive loading. Research Question: The purpose of this study was to identify the re-
lationship between running experience and midsole cushioning on local dynamic stability of the ankle, knee and
hip.

Methods: Twenty-four trained and novice runners were recruited to run on a treadmill for five minutes at the
same relative intensity. Midsole thickness (thick/thin) and stiffness (soft / hard) were manipulated yielding four
unique conditions. Lyapunov exponents were estimated using the Wolf algorithm from sagittal ankle, knee and
hip kinematics.

Results: Trained runners had increased movement stability in all shoe conditions compared to their novice
counterparts. Midsole thickness and stiffness, overall, did not affect movement stability within each of the
running groups. Novice runners displayed decreased movement stability at the hip while running in the thick/
soft running shoes. It was found that running experience has a greater influence on movement stability in the
lower limbs compared to the midsole characteristics that were manipulated in this experiment. The hip was most
stable followed by the knee and the ankle highlighting decreased stability in distal joints.

Conclusions: It appears that midsole design within current design ranges do not have the ability to influence

movement stability.

1. Introduction

Alternating one’s loading during running variability by manip-
ulating footwear characteristics could be beneficial for runners [1]. It
has been shown that stride interval variability is greater in novice
runners compared to their trained runner counterparts [2]. These
findings show how important running experience is in refining cyclical
movement patterns. From a running economy perspective, the changes
that occur over time with training serve to benefit the athlete and make
them more economical, leading one to believe that reduced variability
is favourable in running from a metabolic perspective. Running on
uneven terrain has been shown to increase running economy by 5% [3].
However, there is evidence that reduced variability in running is linked
to risk of injury [4]. From an injury perspective, it has been suggested
that when tissue fails, the rate of tissue remodelling is slower than the
rate of tissue damage [5]. In distance running, where repetitive stress is
applied, the knee is the most injured joint in the body [6]. Furthermore,
runners with a history of patellofemoral pain syndrome (PFPS) have
been shown to have less variability in continuous relative phase

(segment coupling) compared to runners with no history of injury [4].
From these examples one may believe that too little variability may be
linked to increased risk of overuse injuries. It becomes apparent that
there is a trade off between too much and too little variability while
running, rather, a healthy range of variability exists based on a number
of factors [7].

Aside from running experience, midsole characteristics are im-
portant in connecting a runner to the ground. Variability in running
may be related to the quality of afferent feedback from the plantar
surface of the foot. Additionally, altering midsole properties has the
ability to change this afferent feedback during single legged balance
[8]. It is hypothesized that midsole material acts to degrade the quality
of afferent information that would otherwise be gained directly from
ground contact. Furthermore, previous work has found a relationship
between severity of impacts and perceived comfort in different cush-
ioning conditions [9,10]. Shoes with softer midsoles have been shown
to attenuate vertical loading rates [11]. The amount of variability while
running barefoot and shod has been assessed previously with findings
indicating that variability is increased while running barefoot both in
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kinematics [12], and kinetics [13]. It is suggested that variability in-
creases while barefoot to decrease the risk of injury by preventing
overloading under the heel [14]. The cited work has utilized different
methodologies to understand movement variability including linear
measures such as standard deviations and long term correlations. Un-
derstanding how the control of running is influenced by experience and
footwear may not be fully captured with the use of linear methods as
sequential strides are inherently related. It is still unknown how run-
ning stability is influenced between novice and trained runners and the
potential for each group to sense different cushioning properties, which
may influence movement stability.

This work seeks to evaluate differences in local dynamic stability
between trained and novice runners at a joint level, for the ankle knee
and hip. Understanding the differences between groups of varying ex-
perience, and investigating how groups respond to footwear with dif-
fering midsole characteristics can aid in recommending footwear that is
tailored to someone’s running experience. It was hypothesized that
local dynamic stability would be decreased in novice runners in com-
parison to trained runners due to lack of experience and training. It was
also hypothesized that firmer underfoot material will decrease local
dynamic stability for all participants while softer underfoot material
will increase local dynamic stability due to the perceived impact across
shoe conditions and the ability to change one’s landing patterns over
the running trial.

2. Methods
2.1. Participants

Twenty four male participants were recruited to participate in this
study. Novice runner and trained runner groups were created with each
group consisting of twelve participants. Selection criteria for the groups
were as follows: novice runners ran less than a total of 10 km within the
past year [15], while trained runners ran a minimum of 30 km per week
on average. All participants had to be free from injury within the past
three months and have had no experience using any type of product
that had been marketed as a barefoot / minimal running shoe. This
study received ethics clearance from the University of Waterloo’s Office
of Research Ethics review board prior to participant recruitment.

2.2. Footwear

Four shoe conditions were included in this study (Figure 1). Both
the midsole stiffness and thickness were manipulated to differentiate
minimal shoes from traditional shoes. The two levels of midsole stiff-
ness that were used included 40 Asker C (Soft) and 70 Asker C (Hard).
Two variables that are manipulated with footwear construction include
stack height and heel to toe drop. Stack height is defined as the
thickness of the midsole whereas heel to toe off set is the difference

Traditional Shoes
“Thick”

™

Minimal Shoes
“Thin”

Soft Midsoles

Hard Midsoles

Fig. 1. Four different shoe conditions were used based on altering midsole
thickness and stiffness.
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between the heel region’s height and the forefoot regions height. For
the minimal shoes, stack height was 13 mm and the heel to toe drop was
4 mm. For the traditional shoes, stack height was 20 mm and the heel to
toe drop was 12 mm.

2.3. Experimental setup

Lower body kinematics were collected using an Optotrak motion
capture system (NDI, Waterloo, ON, Canada) from rigid bodies
mounted on the pelvis, right thigh, shank and foot, sampled at 100 Hz.
Participants wore a heart rate monitor throughout the data collection to
allow for a similar work rate between the trained and novice running
groups (Forerunner 405, Garmin Ltd., Olathe, KS, U.S.A.).

2.4. Experimental protocol

Rating of Perceived Exertion (RPE) was used as a guideline to
control for the running intensity between novice and trained runners
[16]. Participants were given time to warm up on the treadmill and
were instructed to increase the speed until they reached an RPE score
equal to ‘3’ or a moderate effort. Since the level of running expertise
was different between groups, preferred running speed was different
while the relative intensity between groups was normalized [17]. For
each of the four shoe conditions, participants ran for four minutes on a
treadmill at the pre-determined speed. Shoe order was randomized and
rest was given between all bouts of running.

2.5. Data analysis

Raw marker trajectories were filtered using a 2" order dual pass
Butterworth filter with a cutoff frequency of 15Hz. Sagittal relative
joint angles for the ankle, knee and hip were calculated using Visual 3D
V 4.85.0 (C-Motion Inc., Germantown, MD).

2.6. LyE estimation

Local dynamic stability from kinematic data was estimated from the
largest Lyapunov exponent (LyE). The LyE represents the maximum
rate of divergence of nearby trajectories in state space. Before estima-
tion of the LyE, the original time series data were reconstructed in state
space (Figure 2). The reconstructed state space vector was composed of
multiple (M) time delayed copies (t) of the original time series (x(t)),
where M is the appropriate number of dimensions and © was the time
delay to reconstruct the attractor dynamics (Eq. (1)).

y(®) = [x(@), x(t + 7),...(t + (M — 1)7)] D

The reconstruction lag (t) was determined from the average mutual
information algorithm [18]. The reconstruction lag was selected from
the first local minimum of the average mutual information algorithm.

Embedding dimension (M) was determined from the global false
nearest neighbours algorithm [18]. The appropriate embedding di-
mension was equal to the point at which the percentage of false nearest
neighbours drops to zero.

The largest LyE represents the maximum rate of divergence between
nearest neighbours in state space. Once nearest neighbours were found,
the distance between them was calculated (d,), the algorithm stepped
forward (k) data points and the distance was recalculated (d.). The LyE
is the average rate of divergence or convergence from the running
average of the differences in distances (Eq. (2)).

log, (£
o)

k (2)
Where d; is the initial distance between nearest neighbours, dy is the

final distance between nearest neighbours and k is the number of time
steps taken between the first and second point. The value of k was set to

LyE =
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Fig. 2. Estimation of the largest Lyapunov exponent requires several steps. a) Original time series joint angles used. b) Time delayed copies of the original time series
were created. The size of the time delay is dependent upon the results from (c) the average mutual information algorithm and (d) the false nearest neighbors
algorithm. e) When each time delayed copy is plotted against each other in state space (3 dimensions in this example), the rate of divergence between nearest
neighbors can be calculated. f) An inset from the rectangle in (e) depicting nearby neighbors in state space.

3 data points and was divided by the sampling rate to obtain a measure
of time [19].

Additionally, the Wolf algorithm requires several input parameters
including, the number of steps (k = 3), the maximum angle (0.3 ra-
dians), the minimum scale length (0.0001) and the maximum scale
length (0.1) for finding a replacement nearest neighbour [20]. The
values for the input parameters were based upon previous work with
kinematic data [19,21]. The same number of strides were used for all
analyses across all participants. The trial with the minimum number of
strides was used and all other shoe condition trials were truncated to
have the same number of strides by removing data from the end of the
trial (216 strides used).

For each running trial, the reconstruction lag and embedding di-
mension were calculated. As the embedding dimension did not differ
greatly from trial to trial it was set to 7 for the ankle, 6 for the knee and
6 for the hip. Individual reconstruction lag was used for each trial.

2.7. Statistics

A three way mixed general linear model was used for statistical
analysis. Independent variables included within subject factors of
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midsole stiffness and midsole thickness and a between subject factor of
group (novice or trained). For any significant interactions, paired t-tests
were conducted to determine where the difference was significant.
Significance was set to p = 0.05 prior to conducting the study. Heart
rate data were averaged over the running trial. Independent two tailed
t-tests were used to compare average heart rate between groups for
each shoe to ensure heart rate values were similar between Trained and
Novice Runners.

3. Results

Participants in the trained running group ran 61.7 km/week on
average. The novice running group confirmed that they ran less than a
total of 10 km in the past year. Demographic results can be found on
Table 1. Running speed determined from the warm up trial, was 11.2
(1.35) km/hr for the trained running group and 8.5 (0.8) km/hr for the
novice running group. Average heart rate values ranged from 140 bpm
to 146 bpm and were not significantly different (p > 0.41) between
groups for all shoe conditions.
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Table 1
Average(SD) participant demographics.
Novice Trained

Age (Y) 21.5 (2.71) 23.3 (5.82)
Height (m) 1.77 (0.06) 1.75 (0.05)
Weight (Kg) 75.8 (9.8) 68.3 (5.1)
Weekly Mileage (km/week) 61.7 (28.2)
Easy Training Pace (min/km) 4:37 (0:23)
Hard Training Pace (min/km) 3:36 (0:20)

Table 2
Average reconstruction lag (t) for each shoe condition and joint for the two
training level groups.

Shoe 1 Shoe 2 Shoe 3 Shoe 4
Ankle
Novice 14.3 (1.7) 14.0 (1.8) 14.0 (2.3) 13.9 (2.2)
Trained 10.6 (1.9) 10.5 (2.1) 12.5 (3.0) 10.3 (3.1)
Knee
Novice 10.1 (0.9) 10.2 (0.9) 10.2 (0.9) 10.2 (0.9)
Trained 8.5 (1.73) 8.4 (1.67) 8.5(1.8) 8.4 (1.7)
Hip
Novice 19.6 (3.0) 19.3 (2.9) 19.0 (2.5) 19.0 (2.5)
Trained 14.8 (3.7) 14.8 (3.7) 15.0 (3.8) 14.9 (3.8)

3.1. Input parameters

The reconstruction lag found for each joint and shoe condition are
presented in Table 2.

3.2. Ankle LyE

A main effect of group was observed for the LyE for the ankle joint
(F 121 = 13.64, p = 0.001). Novice runners had significantly larger
LyE values compared to trained runners indicating less stability com-
pared to trained runners (Fig. 3a). There were no significant interac-
tions or main effects for midsole thickness or stiffness for the ankle LyE.

3.3. Knee LYE

The LyE for the knee was greater in novice runners compared to
trained runners (F 121 = 31.61, p < 0.001) indicating lower stability
compared to trained runners. Similar to the ankle, there were no dif-
ferences in LyE for the knee across shoe conditions.

3.4. Hip LyE

The LyE for the hip had a significant interaction between running
group and midsole thickness (F 121 = 4.79, p = 0.04). Post hoc ana-
lysis revealed that the novice running group had larger LyE values at
the hip in traditional shoes compared to minimal shoes (t (9) = 2.60,
p = 0.029) indicating less stability at the hip in shoes constructed with
thicker midsoles. In the trained running group, there were no differ-
ences between shoes with differing midsole thickness. The trained
running group had significantly lower LyE values for the hip across all
shoe conditions (F 121 = 21.83, p < 0.001). Results from all three
joints can be found in.

4. Discussion

It was originally hypothesized that novice runners would be have
less stability compared to trained runners. The results from the LyE
values at the ankle, knee and hip support this notion as trained runners
displayed increased stability across all shoe conditions tested. The
second hypothesis of this study aimed to influence local dynamic
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Fig. 3. Mean values (error bars indicates 1 S.D.) for the LyE for the ankle (a),
knee (b) and hip (c). Group differences are denoted by *. Across all three joints,
trained runners displayed decreased attractor divergence. The letter ‘x’ denotes
a group x thickness interaction.

stability by manipulating midsole characteristics. It was found, in both
groups, that increasing both midsole stiffness and thickness did not
have an effect on local dynamic stability. The only significant interac-
tion that existed was for the novice running group’s divergence at the
hip while running in traditional shoes compared to minimal shoes. In
traditional shoes, there was decreased stability compared to the thin,
minimal shoes indicating novice runners had less stability at the hip
while wearing footwear with thicker midsoles.

4.1. Group comparisons

Trained runners displayed increased stability at the ankle, knee and
hip across all shoe conditions. This finding compliments previous work
using detrended fluctuation analysis (DFA) to compare long term cor-
relations in novice and trained runners [3]. DFA uses multiple discrete
data inputs such as stride interval time which gives an indication of
how the system varies its cycle time. The current findings show how
stability is different at an individual joint level, which may contribute
to the overall timing of the stride interval variability from Nakayama
et al. (2010). With repeated exposure, it is assumed that the body
naturally refines motor output consistency, which was seen in the
trained runners compared to the novice runners. The results presented
lead to further questions regarding the end points for overly stable and
unstable movement patterns. The point at which a movement pattern is
injurious remains unknown. As this study shows a difference in dy-
namic stability between different levels of running experience it can be
assumed that a novice runner with training may experience changes in
control. The rate of change in dynamic stability with training remains
unknown.



N.S. Frank et al.

4.2. Shoe comparisons

Running stability at the ankle, knee and hip were the same across all
shoe conditions. The degree to which midsole stiffness and thickness
were manipulated, was not great enough to have an effect on local
dynamic stability. The midsole stiffness’s included were specifically
extreme with respect to typical material used in commercially available
running footwear (50-55 Asker C), representing extremely hard and
extremely soft midsoles. This means that altering midsole stiffness
within the bounds of the range of commercially available footwear will
not affect local dynamic stability. The innate pattern of running for all
participants, regardless of experience was unaffected by the perception
of different midsoles. Current findings highlight that it is not the shoes
one is wearing but rather the amount of running experience that is
related to the amount of stability in the lower limbs. Postural control
research has found improved stability in single legged balance while
barefoot [8]. Other work has found increased variability while running
barefoot compared to shod conditions [22]. It has been hypothesized
that running barefoot results in greater variability due to an impact
avoidance strategy, however this remains unproven [23].

The goal of the minimal shoes in this study was to decrease the
amount of movement stability by increasing the perception of impact,
as seen in barefoot research. However, the conditions that were used
did not alter stability implying that the minimal condition was not se-
vere enough to cause a change. Barefoot conditions allow direct in-
formation from the ground to the foot [23]. In both the minimal and
traditional shoe conditions tested, the foot was on top of an insole,
which was on top of different midsoles, which is quite different than
being barefoot. It is important to note that afferent information from
the dorsum of the foot while shod may also play an important role in
the control of running variability. Recent work has compared the
transition to barefoot running and found increased instability [24]. It
remains unknown if the changes are due to differences in cushioning
underfoot or lack of experience while barefoot running. Isolating
feedback from the plantar or dorsal surface of the foot while running
may also be beneficial in understanding if the upper of a shoe aids in
reduced variability while shod.

4.3. Limitations

Several limitations in the current study should be noted. First, it has
been shown that local dynamic stability is different between over
ground and treadmill walking [25]. LyE is reduced while walking on a
treadmill compared to over ground. It is unknown whether running or
running experience alters attractor divergence between treadmill and
over ground testing. It is also known that the treadmill surface has
compliance. A compliant surface may mask the differences in cush-
ioning properties between shoe conditions. For this reason, the middle
of the treadmill bed was reinforced to reduce the effect of bed com-
pliance. Matching the intensity of running between groups of different
fitness levels was a challenge. It was assumed that absolute heart rate
would give the best indication of the effort for an individual. It is as-
sumed that a trained runner would have a lower resting heart rate, and
at ~150 bpm, would be running at a preferred speed that was greater
than a novice runner. It is assumed that both groups were running at the
same preferred pace relative to their given running experience.

4.4. Conclusions

The results from the current study examined the effects of running
experience and midsole properties on local dynamic stability. Increased
running experience was strongly associated with increased local dy-
namic stability at the ankle, knee and hip in the sagittal plane. It was
also found that midsole material does not have an effect on local dy-
namic stability. There was an interaction at the hip as novice runners
displayed increased attractor divergence in thick soft shoes. This is
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important, as it will take more than a change in midsole geometry and
material stiffness to influence one’s movement stability. It appears as
though it is their experience in conducting the movement that has
greater impact on the amount of local dynamic stability. It remains
unknown if shoes with atypical construction such as rocker shoes or
unstable shoes would have an effect on local dynamic stability. The rate
of change in local dynamic stability is still unknown in novice runners
as they transition into trained runners. Current findings may help
classify those who can be considered novice or trained runners. Future
work should aim to further understand how shoe construction could
affect local dynamic stability for the benefit of athletic performance or
injury prevention.

Conflict of interest

The authors declare no conflict of interest.
Funding sources

NSERC.
References

[1] L. Malisoux, J. Ramesh, R. Mann, R. Seil, A. Urhausen, D. Theisen, Can parallel use of
different running shoes decrease running-related injury risk? Scand. J. Med. Sci. Sports
251 (2015) 110-115.

Y. Nakayama, K. Kudo, T. Ohtsuki, Variability and fluctuation in running gait cycle of
trained runners and non-runners, Gait Posture 313 (2010) 331-335.

A.S. Voloshina, A.D. Kuo, M.A. Daley, D.P. Ferris, Biomechanics and energetics of walking
on uneven terrain, J. Exp. Biol. (2013) 081711 jeb-.

J. Hamill, R.E. van Emmerik, B.C. Heiderscheit, L. Li, A dynamical systems approach to
lower extremity running injuries, Clin. Biomech. Bristol Avon (Bristol, Avon) 145 (1999)
297-308.

K. Williams, Biomechanics of distance running, Current Issues in Biomechanics, (1993),
pp. 3-32.

J.E. Taunton, M.B. Ryan, D.B. Clement, D.C. McKenzie, D.R. Lloyd-Smith, B.D. Zumbo, A
retrospective case-control analysis of 2002 running injuries, Br. J. Sports Med. (362)
(2002) 95-101.

N. Stergiou, R.T. Harbourne, J.T. Cavanaugh, Optimal movement variability: a new
theoretical perspective for neurologic physical therapy, J. Neurol. Phys. Ther. 303 (2006)
120.

W. Rose, B. Bowser, R. McGrath, J. Salerno, J. Wallace, 1. Davis, Effect of footwear on
balance, Proceedings of the American Society of Biomechanics, Long Beach (CA), (2011).
M.J. Lake, M.A. Lafortune, Mechanical inputs related to perception of lower extremity
impact loading severity, Med. Sci. Sports Exerc. 301 (1998) 136.

E.M. Hennig, G. Valiant, Q. Liu, Biomechanical variables and the perception of cushioning
for running in various types of footwear, J. Appl. Biomech. 12 (1996) 143-150.

J. Heidenfelder, T. Sterzing, T.L. Milani, Systematically modified crash-pad reduces im-
pact shock in running shoes, Footwear Sci. 22 (2010) 85-91.

M.J. Kurz, N. Stergiou, The spanning set indicates that variability during the stance period
of running is affected by footwear, Gait Posture 172 (2003) 132-135.

A. Altman, I. Davis, Do barefoot runners display more variability in footstrike mechanics
than shod runners? 35th Annual Meeting of the American Society of Biomechanics
(2011).

D. De Clercq, P. Aerts, M. Kunnen, The mechanical characteristics of the human heel pad
during foot strike in running: an in vivo cineradiographic study, J. Biomech. 2710 (1994)
1213-1222.

M.L. Bertelsen, J.F. Jensen, M.H. Nielsen, R.O. Nielsen, S. Rasmussen, Footstrike patterns
among novice runners wearing a conventional, neutral running shoe, Gait Posture (2012).
G. Borg, Psychophysical bases of perceived exertion, Med. Sci. Sports Exerc. 145 (1982)
377-381.

J.J. Demello, K.J. Cureton, R.E. Boineau, M.M. Singh, Ratings of perceived exertion at the
lactate threshold in trained and untrained men and women, Med. Sci. Sports Exerc. 194
(1987) 354-362.

H.D.I. Abarbanel, Analysis of Observed Chaotic Data: Springer Study Edition, Springer
Verlag, 1996.

S.R. Wurdeman, S.A. Myers, N. Stergiou, Transtibial amputee joint motion has increased
attractor divergence during walking compared to non-amputee gait, Ann. Biomed. Eng.
(2012) 1-8.

A. Wolf, J.B. Swift, H.L. Swinney, J.A. Vastano, Determining Lyapunov exponents from a
time series, Phys. D 163 (1985) 285-317.

S.R. Wurdeman, S. Myers, A. Jacobsen, N. Stergiou, Prosthesis preference is related to
stride-to-stride fluctuations at the prosthetic ankle, J. Rehabil. Res. Dev. (2012).

N. Stergiou, L.M. Decker, Human movement variability, nonlinear dynamics, and pa-
thology: is there a connection? Hum. Mov. Sci. 305 (2011) 869-888.

S.E. Robbins, A.M. Hanna, G.J. Gouw, Overload protection avoidance response to heavy
plantar surface loading, Med. Sci. Sports Exerc. 201 (1988) 85-92.

A. Ekizos, A. Santuz, A. Arampatzis, Transition from shod to barefoot alters dynamic
stability during running, Gait Posture 56 (2017) 31-36.

J.B. Dingwell, J.P. Cusumano, P.R. Cavanagh, D. Sternad, Local dynamic stability versus
kinematic variability of continuous overground and treadmill walking, J. Biomech. Eng.
1231 (2001) 27-32.

[2]
[3]

[4]

[5]

[6]

[7]

[8]
[9]
[10]
[11]
[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]
[21]
[22]
[23]
[24]

[25]


http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0005
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0005
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0005
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0010
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0010
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0015
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0015
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0020
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0020
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0020
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0025
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0025
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0030
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0030
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0030
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0035
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0035
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0035
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0040
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0040
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0045
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0045
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0050
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0050
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0055
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0055
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0060
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0060
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0065
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0065
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0065
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0070
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0070
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0070
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0075
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0075
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0080
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0080
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0085
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0085
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0085
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0090
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0090
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0095
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0095
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0095
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0100
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0100
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0105
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0105
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0110
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0110
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0115
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0115
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0120
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0120
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0125
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0125
http://refhub.elsevier.com/S0966-6362(18)30350-3/sbref0125

	Local dynamic stability of the lower extremity in novice and trained runners while running intraditional and minimal footwear
	Introduction
	Methods
	Participants
	Footwear
	Experimental setup
	Experimental protocol
	Data analysis
	LyE estimation
	Statistics

	Results
	Input parameters
	Ankle LyE
	Knee LyE
	Hip LyE

	Discussion
	Group comparisons
	Shoe comparisons
	Limitations
	Conclusions

	Conflict of interest
	Funding sources
	References




