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Introduction and Objectives: The barbell back squat is widely accepted and prescribed as an effective exercise for
increasing muscular strength in the lower extremities. There has been some debate as to the best footwear for squatting.
Benefits of weightlifting shoes may include providing a firmer base and the maintenance of a more upright posture to
reduce external shear forces on the spine [1]. Conversely, benefits of squatting barefoot may include improved
proprioception, balance, and training of the intrinsic musculature of the foot and ankle [2]. While various studies have
attempted to assess the overall effectiveness and safety of the various shoe types (i.e. barefoot, shod, weightlifting
shoe) during the back squat [e.g. 1-2], they have been limited to 2-D analyses. To address this, a recent paper assessed
the influence of the three footwear types on 3-D kinematics and muscle activation during a 70% 1-RM back squat in
males [3]. The authors found that compared to barefoot the running shoe was associated with increased squat depth,
knee flexion, and rectus femoris activation [3]. However, to better understand the effects of these shoe types on the
human body, kinetic analyses of joint loading are also required. Thus, the purpose of this study was to examine 3-D lower
limb and spine kinetics to comprehensively evaluate the benefits and limitations of each type of squatting footwear.
Methods: 24 experienced weightlifters (12M, 12F) performed one trial per footwear condition (barefoot, shod,
weightlifting) in a randomized order. Each trial required participants to perform three repetitions of 80% 1RM barbell back
squats at a self-selected speed, depth, and body positioning (average mass lifted = 97±38.3kg). During all trials, 3-D
kinematic data were collected from body segments at 200 Hz (Oqus 400+, Qualisys, Sweden). Participants placed one
foot on each of two force plates (FP6090, Bertec, USA), which recorded the 3-D ground reaction forces and moments at
2000Hz. Using Visual-3D (C-Motion Inc., USA) an inverse dynamical linked-segment model was developed to calculate
lower extremity and lumbar spine moments. Furthermore, lumbosacral joint compression and shear forces were
calculated in Visual-3D by combining the estimated force from a single-muscle equivalent with the reaction forces
resulting from the inverse dynamics analyses  [4]. Ensemble averages across the repetitions were taken, and minimum
and maximum values were extracted for each shoe condition and compared using repeated-measures ANOVAs with
post-hoc tests in SPSS 22 (IBM Corporation, USA). The critical p-value was adjusted to 0.01 using the false discovery
rate technique. 
Results: There was no effect of footwear on ankle moments in any body-fixed movement plane. For the knee there was a
significant main effect of shoe type on the knee extension moment (p= 0.001), where post-hoc testing revealed that the
running and weightlifting shoes produced significantly larger moments than the barefoot condition. There was also a main
effect of shoe type on internal knee rotation moments (p= 0.002), where the weightlifting shoe produced significantly
larger moments than both other conditions. Conversely, for the hip there was also a main effect of shoe type on the
extension moment (p= 0.004), where the barefoot condition produced significantly larger moments than either the shod or
weightlifting shoe condition. Lastly, there was also a significant main effect of shoe type on both internal (p=0.005) and
external (p=0.003) hip rotation moments, where the barefoot condition produced greater external rotation and less



internal rotation than either shoe type condition. There were no differences in lumbar spine moments (p>0.01) or
lumbosacral compression (p= 0.18) or shear (p= 0.954) forces between conditions.
Conclusion: The results from this novel 3-D kinetic analysis indicate that altering footwear conditions appears to
redistribute the internal biomechanical loading amongst the lower extremity joints during the back squat exercise and
would perhaps alter the musculoskeletal adaptations elicited. Thus, trainers and coaches may be able to modify both
squat difficulty (i.e. joint targeting) as well as musculoskeletal injury risk (i.e. joint unloading) via footwear modifications.
However, between-condition differences in joint kinetics were relatively small in magnitude (~3-20 Nm) and therefore
future research should incorporate more sophisticated modelling approaches to discern the practical significance of these
findings, and how they may fluctuate across individuals (i.e. experience) and squat variations (i.e, frequency, intensity,
time, and type).
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