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The aim of the current investigation was to examine the effects of minimalist and conventional footwear
on the loads experienced by the hip and knee joints during the depth jump.

Ten male participants performed depth jumps onto a force platform in each footwear condition.
Kinematics of the lower extremities were also quantified using an eight-camera infra-red motion
capture system, allowing hip and knee kinetics to be calculated. Differences between footwear were
tested using paired samples t-tests.

Peak hip and knee joint forces were found to be significantly larger in minimalist (hip = 4.62 & knee
= 4.74 BW) in comparison to conventional footwear (hip = 4.39 & knee = 4.46 BW). At the hip,
average and instantaneous load rates were significantly greater in conventional (average = 64.14 &
instantaneous = 234.06 BW/s) compared to minimalist (average = 44.43 & 200.80 BW/s) footwear. At
the knee instantaneous load rate was significantly larger in conventional (265.55 BW/s) compared to
minimalist (198.07 BW/s) footwear.

Given that the load rate is advocated as a more clinically meaningful measure of injury risk the current
study shows that minimalist footwear may be most appropriate for those who are susceptible to hip and
knee pathologies.
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INTRODUCTION

Plyometrics are used extensively by both recreational and competitive athletes
as a means of improving their strength and power [1]. Plyometric activities
feature an initial eccentric muscle action which is followed immediately by
a concentric contraction [2]. Training using plyometrics has been shown
to mediate neuromuscular adaptations to the myotatic reflex, elasticity of
muscle and the Golgi tendon organ [3]. The eccentric phase of plyometric
activities stimulates the myotatic reflex which allows further recruitment of
motor units during the subsequent concentric muscle action [4]. The series
and parallel muscle elements are also able to accumulate eccentric strain
energy, which generates additional force provided the concentric muscle
contraction follows in a sufficiently short time frame [4]. Finally, although
the Golgi tendon organs have a protective mechanism which shields against
very high tensile loads, plyometric training has been shown to promote Golgi
tendon desensitization whereby the muscles elastic components are able to
experience greater eccentric lengthening [5]. Plyometric training has been
shown to mediate improvements in a range of functional sports tasks [6-13].

However, despite the positive performance alterations associated with this
training modality, plyometric activities, such as depth jumping, are associated
with rapid decelerations which generate large transient forces [14]. Thus the
loading imposed upon specific musculoskeletal structures has been linked
to the aetiology of lower extremity injuries [14]. Jump landing actions have
been associated with a number of pathologies, with hip and knee pain [15,
16] being amongst the most common injuries related to plyometric activities.
Hip and knee pain are common chronic pathologies in athletic populations
[17] and their specific aetiology is linked to habitual and excessive joint
loading [18, 19]. Hip and knee joint disorders are thus strongly associated
with high impact activities, such as depth jumping.

In recent years there has been a shift in footwear selection, with more
and more athletes now choosing to perform their activities in minimalist
footwear, and plyometric training is no exception [20]. Minimalist footwear
is now very popular and has received considerable attention in footwear
biomechanics literature [21]. There is only very limited research which has
examined the effects of minimalist footwear during plyometric activities, such
as depth jumping. LaPorta et al. [22] showed that no significant differences
in peak power production and jump height were evident between barefoot,
minimalist and conventional footwear during the depth jump. Sinclair et al.
[20] investigated the effects of minimalist, conventional and energy return
footwear on the kinetics and kinematics of depth jumping. They showed that in
minimalist footwear, average and instantaneous loading rate were significantly
lower but that jump height was also significantly reduced. Finally, Sinclair
et al. [23] examined the effects of minimalist and conventional footwear on
patellofemoral and Achilles tendon loads during the depth jump. Their findings
showed that whilst no differences were evident in Achilles tendon kinetics,
minimalist footwear significantly reduced patellofemoral loading.

There is currently a paucity of information regarding the influence of minimalist
footwear on the loads experienced by the hip and knee joints during plyometric
activities. Thus the effects of different footwear on the loads experienced by the
hip and knee joints remain unknown. The aim of the current investigation was,
therefore, to determine the effects of minimalist and conventional footwear
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on the loads experienced by the hip and knee during the depth jump. An
investigation such as this may give important information with regards to the
effects of different footwear during plyometric activities.

MATERIAL AND METHODS

Ten male participants (age 21.56 +3.25 years; height 1.74 +£0.08 m; mass
69.56 +5.45 kg) took part in the current study. Participants were university
1st or 2nd team level athletes who currently utilized plyometric drills as part
of their training. Approval for this work was acquired from the university
ethics committee, and each participant provided written informed consent.

FOOTWEAR

The footwear used during this study consisted of conventional (New Balance
1260 v2) and minimalist footwear (Vibram five-fingers, ELX, shoe size 8-10
in UK men’s sizes).

PROCEDURE

This investigation examined hip and knee (tibiofemoral) joint kinetics during
the stance phase of the depth jump, i.e. the duration over which the foot was
in contact with the ground. Participants completed five depth jumps in each
footwear condition, landing with their dominant (right) limb onto a piezoelectric
force platform (Kistler, Kistler Instruments Ltd., Alton, Hampshire). Participants
jumped from a 0.4 m box placed 0.3 m in front of the platform [20], which
captured kinetic data at 1000 Hz. The stance phase initiated at the instance of
foot contact and ended at the time of foot take-off. This was quantified as the
duration over which >20 N of vertical force was applied to the platform. To
avoid any sequence effects the order in which participants performed in each
footwear was randomized. Kinematic information was collected at a capture
rate of 250 Hz using an eight-camera motion analysis system (Qualisys Medical
AB, Goteburg, Sweden).

The lower extremities were defined using the calibrated anatomical systems
technique [24]. To delineate the segment co-ordinate axes of the right foot,
shank and thigh, retroreflective markers were placed unilaterally onto the 1st
metatarsal, 5th metatarsal, calcaneus, medial and lateral malleoli, medial and
lateral epicondyles of the femur. To define the pelvis segment further markers
were positioned onto the anterior (ASIS) and posterior (PSIS) superior iliac
spines. Carbon fibre tracking clusters were positioned onto the shank and
thigh segments. The foot was tracked using the 1st metatarsal, 5th metatarsal
and calcaneus markers and the pelvis using the ASIS and PSIS markers. The
centres of the ankle and knee joints were delineated as the mid-point between
the malleoli and femoral epicondyle markers [25, 26], whereas the hip joint
centre was obtained using the positions of the ASIS markers [27]. Static
calibration trials were collected in each footwear allowing for the anatomical
markers to be referenced in relation to the tracking markers/clusters. The Z
(transverse) axis was oriented vertically from the distal segment end to the
proximal segment end. The Y (coronal) axis was oriented in the segment from
posterior to anterior. Finally, the X (sagittal) axis orientation was determined
using the right hand rule and was oriented from medial to lateral.
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PROCESSING

Dynamic kinematic trials were digitized using Qualisys Track Manager software
and then exported as C3D files into Visual 3D (C-Motion, Germantown, MD,
USA). Ground reaction force and kinematic data were smoothed using cut-off
frequencies of 50 and 10 Hz using a low-pass Butterworth 4th order zero lag filter.

Hip and knee kinetics were computed using Newton-Euler inverse-dynamics. To
quantify joint forces anthropometric data, ground reaction forces and angular
kinematics were used. The net joint forces were normalized by dividing the
values by each participant’s bodyweight (BW). Knee contact stress (MPa) was
calculated as a function of the contact force integrated over the tibiofemoral
contact area. The contact area was determined by fitting a polynomial curve
to the data of Shiramizu et al. [28].

In addition, total hip and knee impulse were calculated (BW-s) by multiplying
the mean contact force by the stance time. Finally, hip and knee joint average
and instantaneous load rates (BW/s) were also quantified. The average load rate
was calculated as a function of the change in force from initial contact to peak
force divided by the duration over which the force occurred, and instantaneous
load rate as the peak increase in force between adjacent data points.

STATISTICAL ANALYSIS

Differences in hip and knee joint kinetics as a function of footwear was
examined using paired samples t-tests with statistical significance accepted
at the P < 0.05 level. All statistical analyses were conducted using SPSS v22.0
(SPSS Inc., Chicago, USA).

RESULTS

Figures 1 and 2 present the hip and knee joint kinetics as a function of footwear
and Tables 1 and 2 show discrete hip and knee kinetic parameters. The results
indicate that the experimental footwear significantly influenced both hip and
knee kinetics during the depth jump.

HIP KINETICS

Peak hip force was shown to be significantly (t (9) = 4.06, P < 0.05) larger
in minimalist footwear (Figure 1; Table 1). In addition, the hip average (t (9)
= 3.12, P < 0.05) and instantaneous (t (9) = 7.28, P < 0.05) load rate were
shown to be significantly larger in conventional footwear (Table 1).
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Fig. 1. Hip joint kinetics as a function of footwear (black = minimalist & grey = conventional)
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Table 1. Hip joint kinetics as a function of footwear

Conventional Minimalist
Mean SD Mean SD
Peak hip force (BW) 4.39 0.44 4.62 0.40
Time to hip force (s) 0.13 0.04 0.17 0.07
Hip average load rate (BW/s) 64.14 21.44 44.43 19.43
Hip instantaneous load rate (BW/s) 234.06 29.83 200.80 40.19
Hip impulse (BW:'s) 1.47 0.18 1.45 0.16

KNEE KINETICS

Peak knee force was shown to be significantly (t (9) = 3.74, P < 0.05) larger
in minimalist footwear (Figure 2a; Table 2). In addition, peak knee stress was
also shown to be significantly (t (9) = 3.51, P < 0.05) larger in minimalist
footwear (Figure 2b; Table 2). Finally, the knee instantaneous (t (9) = 11.24,
P < 0.05) load rate was shown to be significantly larger in conventional
footwear (Table 2).
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Fig. 2. Knee joint kinetics as a function of footwear (black = minimalist & grey = conventional)

Table 2. Knee joint kinetics as a function of footwear

Conventional Minimalist
Mean SD Mean SD
Peak knee force (BW) 4.46 0.61 4.74 0.54
Time to knee force (s) 0.13 0.08 0.07 0.03
Knee average load rate (BW/s) 93.33 12.78 95.71 21.78
Knee instantaneous load rate (BW/s) 265.55 23.97 198.07 30.98
Knee impulse (BW:s) 1.33 0.09 1.37 0.09
Knee stress (MPa) 16.02 1.76 16.88 1.66
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DISCUSSION

The aim of the current investigation was to examine the effects of minimalist
and conventional footwear on hip and knee joint kinetics during maximal depth
jumping. This represents the first comparative analysis regarding the influence
of minimalist and conventional footwear on hip and knee joint kinetics during
depth jumping and may thus be utilized to inform athletes regarding footwear
selection.

The first key finding from the current investigation is that peak hip and knee joint
forces were shown to be significantly larger in the minimalist in comparison to
conventional footwear. This observation opposes the findings of Sinclair et al.
[23], who found that minimalist footwear reduced the specific loads experienced
at the patellofemoral joint. It is proposed that this divergence relates to the
distinct nature of the loading patterns associated with the two knee joint
articulations. This finding shows that further investigation of knee loading is
required in addition to previous analyses which have habitually investigated
only the patellofemoral joint. Given the proposed relationship between excessive
joint loading and the aetiology of joint pathology [18, 19], this suggests that
minimalist footwear may place athletes at increased risk from chronic hip and
knee injuries.

However, this observation is confounded somewhat as the magnitude of the rate
of loading at both the hip and knee joints was found to be significantly larger in
conventional footwear. It is proposed that this finding relates to the alterations
in lower body joint alignment in minimalist footwear during depth jumping [20],
which increase the body’s propensity for deceleration allowing the peak forces
experienced by the musculoskeletal structures to be experienced over a longer
duration. This finding may also be important from an injury perspective, as
Zadpoor & Nikooyan [29] evidenced that the loading rate and not the magnitude
of the peak force was most strongly linked to the aetiology of chronic pathology.
Indicating that the rate at which the load is applied may be a more clinically
meaningful measure of injury risk than indices of peak load. Leading to the
speculation that minimalist footwear may ultimately be most appropriate for
those who are susceptible to hip and knee pathologies. However, this must be
corroborated using further prospective analyses which specifically investigate
joint kinetics before this proposition can be fully substantiated.

A potential drawback of the current work is that only male participants were
tested. During landing tasks females athletes have been shown to exhibit altered
coronal and transverse plane biomechanics at the hip and knee joints in relation
to males [30]. Furthermore, Laporta et al. [22] showed that the biomechanical
effects of different footwear during jumping and landing activities were gender
dependent. Based on this information, the results of the current investigation
cannot be generalized to female athletes, and future analyses should seek to
repeat the current analysis using a female sample.

CONCLUSIONS

Although the effects of different footwear on the mechanics of depth jumping
have been investigated previously, the current knowledge regarding the
influence of minimalist and conventional footwear on hip and knee kinetics is
limited. Therefore, the present study contributes to the current literature base
by providing a comprehensive investigation of hip and knee joint loads whilst
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performing depth jumps in minimalist and conventional footwear. The current
study showed that peak hip and knee forces were greater in minimalist footwear
but that rates of loading were the highest in the conventional condition. Given
that the rate at which the load is applied has been advocated as a more
clinically meaningful measure of injury risk, the current study shows that
minimalist footwear may be the most appropriate for those who are susceptible
to hip and knee injuries. However, further prospective work is necessary
specifically investigating the rate at which joint kinetics are applied as a risk
factor for joint pathology before this proposition can be substantiated.
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