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ABSTRACT

Purpose. The study aims to examine how shoe insole cushioning can influence coordination pattern and variability in males
and females during the landing phase of a jump-landing task.

Methods. Twenty participants (10 males and 10 females) performed jump-landing tasks, and the continuous relative phase
(CRP) and the variability of CRP in foot-shank and shank-thigh couplings were determined during the landing phase.
Results. Women represented lower CRP and CRP variability of foot-shank coupling in non-insole conditions (p < 0.05). Shoe
insole stiffness had no significant effect on CRP or variability in CRP (p > 0.05).

Conclusions. Although females are characterised by lower coupling variability in non-insole conditions, they do have the
capacity to achieve similar coordination patterns and variability as males, in soft and hard conditions. These findings suggest
that with changes in the shoe insole, females can achieve similar joint coupling coordination patterns and variability as com-
pared with males under soft and stiff conditions. In addition, as per this study, changes in shoe insole stiffness may not have

an impact on coordinative strategies or variability of lower extremity joints couplings during landing.
Key words: coordination, variability, continuous relative phase (CRP), gender, jump-landing, shoe insole

Introduction

Many sports and movement activities contain a jump-
ing component, which in turn involves landing. During
landings, mechanical loads may be exerted onto the
lower extremity joints, causing injuries such as stress
fracture [1], patellar tendinopathy [2], anterior cruciate
ligament (ACL) injury [3, 4], and ankle sprains [5] in both
female and male athletes involved in repetitive landing
activities. Evidence suggests that females are more likely
to suffer from landing-related injuries in the lower ex-
tremity, such as ACL rupture and patellofemoral pain
syndrome [6]. Altered neuromuscular control during
landing has been identified to increase the risk of lower
extremity injuries in females as compared with males [6, 7].

Different shoe conditions can potentially modify
the mechanical load transferred to the musculoskeletal
system [8] and adjust joint kinematics resulting from
foot-ground impact [9]. Modifications in shoe stiffness
have been investigated as a mechanism to prevent lower
extremity injuries during landing [9, 10]. But the majority
of studies on footwear and lower extremity joints have
reported on individual joint action rather than coordi-
nation between joints [8, 9]. The integrative movement

of one joint with respect to another i.e. coordination,
may provide insights into the relationship between lower
extremity joints and, consequently, the possible load-
ing on the stabilizing structure of lower limb joints [11].
Several studies have concluded that coordination and
variability in coordination provide the flexibility required
during movement and adaptation to changes in the en-
vironment [12, 13]. Stergiou and Bates [14] showed that
peak foot eversion should occur at the same time as
maximal internal tibial rotation and maximum knee
flexion; the lack of timing between these actions has
been suggested as a possible mechanism for knee pain
in runners. In addition, Miller et al. [15] proved that lack
of synchrony between thigh abduction/adduction and
tibial external/internal rotation couplings might be re-
lated to the iliotibial band syndrome in runners. How-
ever, hardly any effort has been made towards investigat-
ing these adaptive strategies during jump-landing tasks
or their relation to different shoe insole hardness.
Footwear or shoe insole stiffness may be a control
parameter that results in new coordinative strategies.
Kurz and Stergiou [16] reported that ankle coordinative
strategies were significantly different between various
shoe stiffness and barefoot running conditions, and might
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be related to mechanisms that alter impact force during
running. Examining the coordinated action of lower
extremity segments in space and time in response to the
alternation of footwear provides insights that traditional
time series plots of segment motions cannot offer. Limited
studies have examined gender differences in the move-
ment patterns of lower limb joints during landing [3—-4].
Pollard et al. [17] reported that females demonstrated
decreased variability in coupling motions of lower ex-
tremity joints during a cutting manoeuvre, which may
be associated with increased incidence of ACL injury
in women.

However, there would appear to be no investigation
that reports on the coordination pattern of lower ex-
tremity differences between males and females and how
they relate to shoe cushioning during dynamic activities
such as jump-landing. Therefore, the purpose of the study
was to examine how insole stiffness influenced coor-
dination patterns and variability in lower extremity joints
during landing, and how this differed between males
and females.

Material and methods
Participants

The participants were 20 university students, com-
prising 10 men (mean + SD; age: 21.33 + 2.42 years;
height: 180.5 + 10.00 cm; mass: 69.08 + 7.67 kg) and
10 women (mean + SD; age: 21.00 + 1.32 years; height:
165.5 + 9.00 cm; mass: 59.08 + 7.67 kg) who had engaged
in competitive sport activities that included jump-land-
ing manoeuvres (such as basketball and volleyball) for
the past three years. The following inclusion criteria
were applied: no history of orthopaedic lower limb prob-
lems, neurological disease or cardiovascular pathology.
The sample size was determined to be large enough to
detect significant differences between different condi-
tions. The number of subjects was calculated with the
use of SPSS Sample Power 3.0 (SPSS Inc., Chicago, IL,
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USA) and based on the effect size (ES) of 0.25 standard
deviation (SD), with an alpha level of 0.05, and power
at 0.80. All the subjects provided their informed consent,
and the study was approved by the university review board.

Procedure

All the participants were familiarized with the testing
procedure. A standardized general warm-up was per-
formed, followed by dynamic stretching exercises con-
sisting of approximately 15 seconds for each muscle group.
The subjects performed two tasks: a maximum vertical
jump (MV]) test and a jump-landing task. To measure
the MV]J, the highest standing hand reach was subtracted
from the jump, as well as the highest reach of the sub-
ject (Sargent jump test). The MV] test was used to set
the main testing protocol of the jump-landing task.
During this, the participants jumped forward and up-
ward in an attempt to hit a suspended soccer ball and
then land with both feet in the centre of two force plates
flush with the ground; this was followed by jumping
as high as they could straight up in the air and finally
landing back onto the force plates. The first landing phase
(from the instant of initial contact [IC] to take-off) was
used in data analysis. The starting position for each par-
ticipant was 50% of height from the centre of the sus-
pended ball. The distance from the centre of the force
plate to the vertically suspended ball was 50% of MV]
(Figure 1). All the participants were instructed on the
proper jumping mechanics, including landing softly
with feet approximately shoulder-width apart, main-
taining the alignment of knees over toes and shoulders
over knees, and stabilizing in a partial squat position.
The subjects were allowed to practice the jumps until they
reported feeling comfortable with the task and were
able to perform repetitions with the proper technique.

Each participant performed five successful jump-land-
ing trials. The results of five trials were averaged and
used for statistical analysis. The order in which the shoes
were tested was randomly assigned for each subject. All
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Figure 1. A diagram of the jump-landing task (right) and experimental set-up for the jump-landing task (left).
A. The distance from the starting position to the centre of the force plate is 50% of the participant’s height.
B. The distance from the centre of the force plate to the soccer ball is 50% of the maximum vertical jump height
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of them performed jump-landing trials with the same
sports shoes (sneaker model, Nike Air Max Glide) that
were supplied by the investigators in the study. Three
shoe conditions were investigated, differing only in terms
of insole stiffness: Asker C-40 (soft), Asker C-65 (stiff),
and non-insole. The compliance of insoles was based on
the manufacturing test. The insoles were constructed
of polyurethane foam moulded into the shape of a foot
bed (6-mm thickness at the centre of the heel and 3-mm
thickness at the forefoot) with a textured Poron foam
top cover (1-mm thickness).

Experimental set-up

Coordinates of retro-reflexive markers (14 mm in di-
ameter) were sampled at 200 Hz with an eight-camera
optical motion capture system (Oqus 300, Qualisys, and
Gothenburg, Sweden). Ground reaction force (GRF) val-
ues were sampled synchronously at 1000 Hz with the
use of two force platforms (ORS model, AMIT, Water-
town, MA, USA) embedded in the lab surface. Cameras
positioned around the two force plates captured the
participants’ jump-landing tasks. Markers were placed
bilaterally over the following landmarks: fifth metatarsal
head, calcaneus, lateral malleolus, and lateral epicondyles
of knee, lateral thigh, posterior superior iliac spine, and
anterior superior iliac spine [18]. For the purpose of the
study, only the right side was used for data reduction and
analysis. Prior to data collection, a static calibration
trial was collected with the subject in a quiet stance.

Data analysis

Qualisys Track Manager (Qualisys Inc., Gothenburg,
Sweden) was used to track the positions of the markers
and to process raw marker data. Marker coordinates were
filtered with a fourth-order Butterworth filter. The cut-off
frequency for low-pass filtering of kinematic data was
12 Hz, as determined with a residual analysis [19].
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Figure 2. The definition of absolute angles of foot (a),
shank (b), and thigh (c) in a sagittal view [19]

In the present study, frames associated with IC of
the first landing and take-off were established for the
start point and end point, respectively. The IC of the
landing phase was defined as the instant where the force
plate reported values greater than 20 N [20].

Sagittal plane segmental angles relative to the right
horizontal (9) were calculated for the thigh, shank, and
foot (Figure 2). Segmental angular velocities (w) were
calculated with the first central difference method. The
time series for each segmental angle and angular ve-
locity were plotted for the first landing (from IC to
take-off). To determine the coordination, the continuous
relative phase (CRP) method was implemented for foot-
shank and shank-thigh couplings [21]. Figure 3 illustrates
the process by which CRP was calculated for the right
thigh-shank coupling during the landing phase.

Phase plots were calculated for the relevant segment
and joint angles. Each phase plot consisted of the an-
gle (/) on the horizontal axis, with its first derivate,
angular velocity (w), on the vertical axis. To calculate
the phase angle (¢), phase plots were normalized for
each trial. The phase angle was defined as the angle be-
tween the right horizontal axis and a line drawn from
the origin to a specific data point (6, w), and was cal-
culated as follows:

w(t)
o)

CRP was then calculated for foot-shank and shank-
thigh couplings in the sagittal plane by subtracting the
relative phase of the distal segment from the proximal
segment.

¢ =tan™

CRP(t) = p(t)proximal segment — p(t)distal segment

To measure the mean CRP and CRP variability, the
CRP profile for each coupling relationship was inter-
polated to 100 data points with the use of the polynomial
procedure. Ensemble curves were calculated from the
coupling relationships for each participant, as the mean
from five trial CRP curves. The mean and variation of
CRP were calculated as the SD of each point on the en-
semble curve, and quantified by calculating the aver-
age SD over the complete profile.

The normality was assessed with the Kolmogorov-
Smirnov test. Two-way repeated measures analyses of vari-
ance (3 insole stiffness x 2 genders) were performed on
the CRP and CRP variability during landing. Statistical
analysis was carried out for each joint coupling (foot-
shank and shank-thigh). To quantify meaningfulness,
the ESs were also calculated with Cohen’s d. All statistical
analyses were performed with SPSS 18.0 (SPSS Inc., Chi-
cago, IL, USA), and the significance level was set as p < 0.05.
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Figure 3. An example illustration of the process by which the continuous
relative phase (CRP) was calculated from thigh-shank angles and angular velocity
segments. A, B. Time series of the shank and thigh angular position during
the first landing phase (from initial contact to toe-off). C, D. Time series of the
shank and thigh angular velocity during the first landing phase (from initial
contact to toe-off). E, F. Angular position-Angular velocity phase plots were
created for the landing phase. These phase plane data were then normalized
on the basis of maximum joint angles and angular velocity. G, H. Phase plane
data were then converted to phase angle data for each point along the landing
phase. I. Thigh phase angles were subtracted from the shank phase angles
to form the thigh-shank CRP values for each point, and interpolated to 100%
of the landing phase with a cubic spline function
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Table 1. CRP and CRP variability of foot-shank and shank-thigh couplings for males and females
during the landing phase in stiff insole conditions

Males Females
Joints coupling CRP (°) CRP variability (°) CRP (°) CRP variability (°)
Foot-shank 9.3 65.10 11.15 63.8
Shank-thigh 25.6 40.0 23.3 38.8

Table 2. CRP and CRP variability of foot-shank and shank-thigh couplings for males and females
during the landing phase in non-insole conditions

Males Females
Joints coupling CRP (°) CRP variability (°) CRP (°) CRP variability (°)
Foot-shank 20.13* 65.1 17.8 72.3
Shank-thigh 22.6* 42.2 26.4 40.5

" Statistically significant difference as compared with females, p < 0.05

Table 3. CRP and CRP variability of foot-shank and shank-thigh couplings for males and females
during the landing phase in soft insole conditions

Males Females
Joints coupling CRP (°) CRP variability (°) CRP (°) CRP variability (°)
Foot-shank 22.63 67.1 6.2 69.2
Shank-thigh 26.7 40.5 17.6 40.2

Results

No significant differences in CRP values (p = 0.26)
or variability in CRP (p = 0.13) were found between the
shoe conditions for foot-shank coupling (Tables 1-3).

During landing, women demonstrated significantly
lower CRP (p = 0.00, ES = 0.52) and CRP variability (p <
0.01) in foot-shank coupling. Post hoc testing showed
significant differences in the non-insole condition
(p = 0.045, ES = 0.6); however, these differences were
not significant for stiff and soft insole conditions.

No interaction was found between gender and the
shoe condition in terms of CRP values (p = 0.34) and
variability in CRP (p = 0.43) for foot-shank coupling.

CRP and CRP variability were not influenced by shoe
condition differences (p = 0.66 and p = 0.13, respectively),
gender differences (p = 0.61 and p = 0.36, respectively),
or shoe stiffness and gender interaction (F = 0.79, p = 0.45
and p = 0.43, respectively) in shank-thigh coupling
(Tables 1-3).

Discussion

The purpose of the study was to determine how shoe
cushioning can influence coordination patterns and
variability in lower extremity joint couplings between
males and females. The results of the investigation indi-
cate that gender differences exist in the coordination
pattern of foot-shank coupling in the sagittal plane, but
these coordinative strategies are not influenced by shoe
insole cushioning. Furthermore, females and males have

different patterns of foot-shank coupling during non-
insole conditions, but the coordination patterns and
variability in foot-shank and shank-thigh couplings in
stiff and soft insole conditions were similar between
genders. These results are in agreement with previous
studies [22, 23], indicating that females and males have
different joint coupling coordination patterns during
landing. A key extension over previous studies includ-
ed the fact that the current task studied jump-landing.
The study proves that women display less foot-shank
coupling coordination and variability. Previous studies
suggested that the decreased variability of joint couplings
might be attributed to less flexible coordination, which
could indicate less adaptability of lower extremity joints
to the changes in the environment, and increase the risk
of injuries. For example, it is well-known that women
encounter non-contact ACL injuries more often than men
during landing activities [17]. This may be related to the
less flexible pattern of coordination, which limits their
ability to adapt to the environmental perturbations,
frequently experienced during jump-landing activities.
In addition, a comparison of gender differences in land-
ing mechanics may provide further insight into coor-
dination and variability differences. Previous studies
have reported kinematic landing pattern differences
between genders at IC [24, 25].

A low CRP value indicates that there is a more coor-
dinated relationship (in phase) between two segments,
whereas a high CRP value demonstrates a lower coor-
dination (out of phase) interaction between segments.
Therefore, although females may inherently possess lower
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coupling variability than males, they have the capacity
to achieve similar coordination patterns and coordina-
tion variability under insole conditions.

The results of present study demonstrated similar
coordination patterns and variability for foot-shank and
shank-thigh couplings between hard, soft, and non-in-
sole conditions. The findings indicate that lower extremity
coordinative strategies are not affected by footwear
conditions. Kurz and Stergiou [16] applied the dynamic
system theory to explore ankle coordinative strategies
under bare-foot, hard, and soft shoe conditions. The
results of their study revealed significant differences
in CRP between shoe insole and bare-foot conditions
during treadmill running. These differences in coor-
dination strategies were attributed to the different me-
chanical roles of the surrounding ankle musculature
during bare-foot running. Besides, during bare-foot run-
ning, the lower extremity perception of impact forces,
gained through mechanoreceptors, may also affect co-
ordinative strategies. Kurz and Stergiou [16] found no
significant differences in the coordination of sagittal
foot-shank and foot-leg couplings between the two
shoe conditions. They suggested that the ankle might not
have sensed a need to change the coordinative strategies.
Moreover, Lake and Lafortune [23] pointed out that
individuals could not perceive small changes in material
densities. The current study supports similar findings
in that the change in shoe insole stiffness may not have
been sufficient for changes in the coordinative strategies.
An alternative explanation is that the participants were
athletes involved in sports activities that included jump-
landing manoeuvres and performed a highly controlled
jump-landing task. They were instructed on the proper
jumping mechanics, such as landing softly with feet
approximately shoulder-width apart, maintaining align-
ment of knees over toes and shoulders over knees, and
stabilizing in a partial squat position. These constraints
may potentially reduce the available degrees of freedom
(or redundancy) and limit the differences in joint cou-
pling variability between shoe conditions.

Conclusions

The investigation provides insights into how shoe
insole stiffness affects joint coupling coordination, as
well as coordination variability between genders. The
results indicate that coupling coordination and coor-
dination variability in non-cushioned shoe conditions
are lower for females as compared with males. Gender
differences in coordination and variability may provide
insights into the reasons behind injury risk differences
between males and females. However, in the case of stiff
and soft insole conditions, both genders demonstrated
similar coordination and variability in coordination.
These findings suggest that with changes in the shoe
insole, females may gain the capacity to achieve a simi-
lar joint coupling coordination pattern and variability
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as male athletes, under both soft and stiff insole condi-
tions. Therefore, while females may inherently possess
lower coupling variability than males, they can achieve
similar coordination as their male counterparts with
the necessary insole modification. It is also possible that
changes in shoe insole hardness in the current study was
not sufficient to initiate modifications in coordinative
strategies and coordination variability in lower extrem-
ity joint couplings.

References

1. Chockley C. Ground reaction force comparison between
jumps landing on the full foot and jumps landing en
pointe in ballet dancers. ] Dance Med Sci. 2008;12(1):
5-8.

2. Bisseling RW, Hof AL, Bredweg SW, Zwever J, Mulder T.
Are the take-off and landing phase dynamics of volleyball
spike jump related to patellar tendinopathy? Br J Sports Med.
2008;42(6):483-489; doi: 10.1136/bjsm.2007.044057.

3. Hughes G, Watkins J, Owen N, Lewis M. Gender differ-
ences in knee kinematics during landing from volleyball
block jumps. ] Hum Mov Stud. 2007;52(1):1-20.

4. Malinzak RA, Colby SM, Kikendall DT, Yu B, Garrett WE.
A comparison of knee joint motion patterns between men
and women in selected athletic tasks. Clin Biomech. 2001;
16(5):438-445.

5. Ross SE, Guskiewicz KM, Yu B. Single-leg jump-landing
stabilization times in subjects with functionally unstable
ankles. J Athl Train. 2005;40(4):298-304.

6. Almonroeder TG, Benson LC. Sex differences in lower
extremity kinematics and patellofemoral kinetics during
landing. J Sport Sci. 2016;29:1-7.

7. Russell KA, Palmieri RM, Zinder SM, Ingersoll CD. Sex
differences in valgus knee angle during a single leg drop
jump. J Athl Train. 2006;41(2):166-171.

8. Ly QH, Alaoui A, Erlicher S, Baly L. Towards a footwear
design tool: influence of shoe midsole properties and ground
stiffness on the impact force during running. ] Biomech.
2010;43(2):310-317; doi: 10.1016/j.jbiomech.2009.08.029.

9. Bates BT, Stergiou N. Performance accommodation to
midsole hardness during running. ] Hum Mov Stud. 1996;
31:189-210.

10. Clarke TE, Frederick EC, Cooper LB. Effects of shoe cushion-
ing upon ground reaction forces in running. Int J Sports
Med. 1983;4(4):247-251, doi: 10.1055/s-2008-1026043.

11. van Emmerik REA., van Wegen EE. On variability and sta-
bility in human movement. J Appl Biomech. 2000;16(4):
394-406; doi: 10.1123/jab.16.4.394.

12. Hamill J, Palmer C, van Emmerik REA. Coordinative vari-
ability and overuse injury. Sports Med Arthrosc Rehabil
Ther Technol. 2012;4(1):45; doi: 10.1186/1758-2555-4-45.

13. Hamill J, van Emmerik REA., Heiderscheit BC, Li L. A dy-
namical systems approach to lower extremity running
injuries. Clin Biomech. 1999;14(5):297-308.

14. Stergiou N, Bates BT. The relationship between subtalar
and knee joint function as a possible mechanism for
running injuries. Gait Posture. 1997;6(3):177-185; doi:
10.1016/S0966-6362(97)01119-3.

15. Miller JE, Nigg BM, Liu W, Stefanyshyn DJ, Nurse MA. In-
fluence of foot, leg and shoe characteristics on subjective
comfort. Foot Ankle Int. 2000;21(9):759-767; doi: 10.1177/
107110070002100908.

Human Movement, Vol. 18, No 1, 2017
http://humanmovement.pl/



HUMAN MOVEMENT

N.F. Alirezaei, Y.N. Khoshraftar, Effect of shoe insole stiffness and gender on coordination

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Kurz MJ, Stergiou N. Does footwear affect ankle coordina-
tion strategies? ] Am Podiatr Med Assoc. 2004;94(1):53-58.
Pollard CD, Heiderscheit BC, van Emmerik REA, Hamill J.
Gender differences in lower extremity coupling variability
during an unanticipated cutting maneuver. ] Appl Bio-
mech. 2005;21(2):143-152; doi: 10.1123/jab.21.2.143.
McClay L, Manal K. Coupling parameters in runners with
normal and excessive pronation. J Appl Biomech. 1997;13(1):
109-124; doi: 10.1123/jab.13.1.1009.

Winter DA. Biomechanics and motor control of human
movement. New York: John Wiley & Sons; 2005.
Janssen I, Sheppard JM, Dingley AA, Chapman DW,
Spratford W. Lower extremity kinematics and kinetics
when landing from unloaded and loaded jumps. J Appl
Biomech. 2012;28(6):687-693.

Pollard CD, Davis IM, Hamill J. Influence of gender on hip
and knee mechanics during a randomly cued cutting
maneuver. Clin Biomech. 2004;19(10):1022-1031; doi:
10.1016/j.clinbiomech.2004.07.007.

Scholz JP. Dynamic pattern theory — some implications
for therapeutics. Phys Ther. 1990;70(12):827-843.
Lake M], Lafortune MA. Mechanical inputs related to
perception of lower extremity impact loading severity.
Med Sci Sports Exerc. 1998;30(1):136-143.

Decker M]J, Torry MR, Wyland DJ, Sterett W1, Steadman JR.
Gender differences in lower extremity kinematics, kinetics
and energy absorption during landing. Clin Biomech.
2003;18(7):662-669, doi: 10.1016/S0268-0033(03)00090-1.
Fagenbaum R, Darling WG. Jump landing strategies in
male and female college athletes and the implications of
such strategies for anterior cruciate ligament injury. Am J
Sports Med. 2003;31(2):233-240; doi: 10.1177/0363546
5030310021301.

Human Movement, Vol. 18, No 1, 2017
http://humanmovement.pl/

43



