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Abstract 

 

 Turning while walking requires substantial joint kinematic and kinetic adaptations 

compared to straight walking in order to redirect the body centre of mass (COM) towards the 

new walking direction. The role of muscles and external forces in controlling and redirecting 

the COM during turning remains unclear. The aim of this study was to compare the 

contributors to COM medio-lateral acceleration during 90 pre-planned turns about the inside 

limb (spin) and straight walking in typically developing children. Simulations of straight 

walking and turning gait based on experimental motion data were implemented in OpenSim.  

The contributors to COM global medio-lateral acceleration during the approach (outside 

limb) and turn (inside limb) stance phase were quantified via an induced acceleration 

analysis. Changes in medio-lateral COM acceleration occurred during both turning phases, 

compared to straight walking (p < 0.001). During the approach, outside limb plantarflexors 

(soleus and medial gastrocnemius) contribution to lateral (away from the turn side) COM 

acceleration was reduced (p < 0.001), whereas during the turn, inside limb plantarflexors 

(soleus and gastrocnemii) contribution to lateral acceleration (towards the turn side) increased 

(p ≤ 0.013) and abductor (gluteus medius and minimus) contribution medially decreased (p < 

0.001), compared to straight walking, together helping accelerate the COM towards the new 

walking direction. Knowledge of the changes in muscle contributions required to modulate 

the COM position during turning improves our understanding of the control mechanisms of 

gait and may be used clinically to guide the management of gait disorders in populations with 

restricted gait ability. 
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1. Introduction 

The ability to turn while walking is an important feature of human locomotion accounting 

for 20–50% of all daily steps (Glaister et al., 2007; Sedgman et al., 1994). The majority of 

turns rotate the body between 76 and 120 (Sedgman et al., 1994), possibly leading many 

investigators to focus on 90 turns (Desloovere et al., 2010; Glaister et al., 2008; Grasso et 

al., 1998; Strike & Taylor, 2009; Taylor et al., 2005; Xu et al., 2004).  

Turning is achieved via controlled movement of the body centre of mass (COM) towards the 

new walking direction (Courtine & Schieppati, 2003a; Patla et al., 1991). Although different 

turning strategies are described in the literature, in our investigation of pre-planned 90 turns, 

the spin strategy, in which the body rotates about the ipsilateral (inside) limb, with respect to 

the turning direction, was preferred by typically-developing (TD) children (Dixon et al., 

2013). The spin turn develops over three phases (Glaister et al., 2008). During the approach 

phase, the contralateral (outside) limb, initiates the turn. In the turn phase, the majority of 

body rotation occurs about the inside limb. Finally, during the depart phase, the outside limb 

completes the rotation required to resume straight walking. In TD children, each phase 

reveals kinematic (Dixon et al., 2013) and kinetic (Dixon et al., 2014) adaptations with 

respect to straight walking. 

The redirection of the COM during turning tasks is achieved via changes in amplitude or 

timing of muscle activations (Courtine & Schieppati, 2003b; Hase & Stein, 1999; Houck et 

al., 2007). Hase and Stein (1999) has provided a comprehensive analysis of spin turn muscle 

activations, albeit during changes in orientation of 180. They presented a plausible 

interpretation of how muscles contribute to turning based on surface electromyographic 

(sEMG) muscle activation, but were unable to identify the relative contributions of each 

muscle to COM acceleration (Hase & Stein, 1999). Muscle induced segment acceleration is 

difficult to quantify based on muscle activations or net joint moments alone, especially for 

biarticular muscles, since a muscle can accelerate segments which it does not span (Zajac & 

Gordon, 1989; Zajac et al., 2003). Simulation using muscle actuated dynamic models can 

quantify the contributors to segment acceleration (Zajac et al., 2003) and reveal the 

mechanisms used to control COM movement. The goal of the 90 turn is to accelerate the 

COM in a direction perpendicular to the original walking direction. During straight walking, 

the COM acceleration perpendicular to the walking direction is controlled by the hip 
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abductors and ankle plantarflexors on the stance limb (medial and lateral COM acceleration, 

respectively) (Jansen et al., 2014; John et al., 2012; Pandy et al., 2010). These same muscles, 

as well as the hip adductors of the swing leg, are key drivers of COM acceleration 

perpendicular to the turning direction during circle walking (Ventura et al., 2015). It remains 

unclear if similar changes occur during the more common, transient spin turn manoeuvre.    

Therefore, the aim of this study was to compare the role of muscles, gravity, and velocity-

related forces in the modulation of COM acceleration perpendicular to the original straight 

walking direction during 90 pre-planned spin turns and straight walking in TD children. 

Based on the experimental setup, we analysed the approach (outside limb stance) and turn 

(inside limb stance) phase of the spin turn. The approach and turn phase of the spin turn were 

compared to corresponding phases of the gait cycle for straight walking (step 1 and 2, 

respectively of Fig. 1). We hypothesized that during the approach phase (1) outside limb hip 

abductors would increase their contribution to acceleration towards the turn side (medially) 

and (2) outside limb ankle plantarflexors would also show contribution towards the turn side 

(medially), instead of away from the turn side (laterally), compared to straight walking. For 

the turn phase, we hypothesized that (3), the contribution of the inside limb hip abductors to 

acceleration away from the turn side (medially) would decrease and (4) the inside limb ankle 

plantarflexors would further induce acceleration towards the turn side (laterally), compared to 

straight walking. Knowledge of complex, real-world tasks such as turning augments our 

understanding of gait and may lead to improvements in the management and treatment of gait 

deviations in populations with restricted gait ability.  

2. Methods 

 

2.1 Subjects, data collection and initial processing  

 Data from eleven TD children (11.2 ± 2.9 years, 151.2 ± 17.7 cm, 42.2 ± 10.8kg, 5 

girls and 6 boys) performing straight walking and 90 turning gait trials (left and right) 

barefoot at self-selected speed were extracted from our laboratory database. Informed 

consent/assent for inclusion of data in further studies was obtained for all children. Analysis 

was limited to their preferred turning strategy (spin turn)  (Fig.1).  

A 12–16 camera system (Vicon Motion Systems Ltd., Oxford, UK) was used to collect data 

from the Plug-in Gait (PiG) (Kadaba et al., 1990) and Oxford Foot Model (Stebbins et al., 
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2006) marker sets at 100 Hz. Additionally, the system synchronized data from force plates 

(Advanced Mechanical Technology Inc., Watertown, USA) embedded in the walkway and 

muscle activity patterns from sEMG electrodes (Wave, Cometa SrL., Milan, Italy) recorded 

at 1000 Hz. The sEMG electrodes were placed over the rectus femoris, semitendinosus, 

lateral gastrocnemius, and tibialis anterior. For four subjects, muscle activity from the 

posterior aspect of the gluteus medius was also collected. Identification of foot-off and foot-

strike events, filtering of marker data, optimization of knee flexion/extension axis (Baker et 

al., 1999), and computation of joint kinematics and kinetics was conducted within the Nexus 

software environment (v1.7, Vicon Motion Systems Ltd., Oxford, UK). The data were 

imported into Matlab (v2011b, The Mathworks Inc., Natick, USA) where the raw sEMG data 

were smoothed using a 4th order zero-lag band-pass (10–500 Hz) Butterworth filter, averaged 

via the root mean square (50 ms window), and amplitude normalized to 100% of the signal. 

Moreover, v2 of the Lichtwark (2011) toolbox was used to generate input and set-up files 

(.mot, .trc, and .xml) from .c3d data for use in OpenSim (v3.1, Stanford, USA). 

 

2.2 Musculo-skeletal modelling  

 Simulations were performed in OpenSim using the Gait2392 model and a dedicated 

workflow (Delp et al., 2007). Gait2392 comprises the upper body of the Anderson and Pandy 

(1999) model and the lower-limb model of Delp et al. (1990) with a knee model developed 

by Yamaguchi and Zajac (1989). This model has 23 degrees of freedom and 92 

musculotendon actuators representing 76 muscles. The model subtalar and 

metatarsophalangeal joints were locked throughout the simulations. First, the generic model 

was scaled to the mass and dimensions of each subject via pairs of markers in the 

experimental static trial file and virtual markers appended to the generic model. In OpenSim, 

joint kinematics were obtained by minimizing a weighted squared error function between 

experimental and virtual markers defining anatomical landmarks (eq. 1 from Delp et al. 

(2007) with joint angle weighting factors set to zero) using the inverse kinematics tool. Joint 

kinetics were computed for the simulations from the inverse dynamics tool. Afterwards, a 

residual reduction algorithm reduced dynamic inconsistencies between model estimations and 

experimental ground reaction forces and a static optimization procedure estimated muscle 

activations (Delp et al., 2007). The performance criterion minimized the sum of the muscle 

activations squared (Crowninshield & Brand, 1981) and was constrained by the force-length-

velocity characteristics of muscles (eq. 12 of Anderson and Pandy (2001)). Finally, an 
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induced acceleration analysis employing the roll kinematic constraint of Hamner (2010) 

determined the contribution of muscle, gravity, and velocity-related forces (Coriolis and 

centrifugal) to the COM medio-lateral acceleration. All accelerations were reported in a 

global referenced coordinate system (Fig. 1). 

 

2.3 Comparison of experimental and simulated data   

 Figures for comparison of experimental and simulated spin turn data are presented 

within the manuscript (Figs. 2–7), while those for straight walking appear as supplemental 

material (Supplemental Figs 1–4). All comparisons between experimental and simulated data 

for spin turns were conducted for both limbs, normalized over all available time frames. For 

straight walking, data from the two sides were merged, assuming symmetry, to obtain a 

complete gait cycle, filtered to remove the discontinuity at the merger point, and normalized 

to 100%. OpenSim and Vicon inverse joint kinematics and kinetics generally showed good 

agreement via visual assessment (Figs. 2–5 and Supplemental Figs 1 and 2 for spin turns and 

straight walking, respectively). Originally, there was an offset between pelvic tilt values 

computed by the Gait2392 and PiG attributable to differences in the definition of the pelvic 

local coordinate system. The angle between the global horizontal and the vector formed by 

the sacral marker and the midpoint between the two anterior superior iliac spine markers was 

added to the Gait2392 hip sagittal plane angle values before comparison (NCSRR, 2014). For 

the PiG values, hip transverse plane data are more closely centered about zero, likely due to 

the adjustment of the thigh wand positions during the knee optimization procedure (Baker et 

al., 1999). For the residual reduction, remaining residuals were within acceptable limits 

(Hicks et al., 2015; NCSRR, 2014) with root mean square (RMS) maximum and average 

values of 16.7 and 3.5 N, respectively, for the forces and maximum and average RMS of 33.2 

and 0.94 Nm, respectively, for the moments. Translational (position) RMS errors were 1.3 

cm, while rotational (joint angle) RMS errors were negligible. Visual comparison of the 

calculated muscle activations via static optimization with experimental sEMG data revealed 

good overall agreement; however, it was noted that the gluteus medius remained active 

longer than expected during simulations (Winter & Yack, 1987) (Fig. 6 and Supplemental 

Fig. 3 for spin turns and straight walking, respectively).  No attempt was made to add 

additional constraints to improve agreement, as the effect would be similar across conditions 

and not alter the study conclusions. For the induced acceleration analysis, comparison of the 

sum of each contributor to the COM acceleration and the twice-differentiated positions of the 
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simulated (superposition) and experimental COM showed good agreement (Fig. 7 and 

Supplemental Fig. 4 for spin turn and straight walking, respectively).  

 

2.4 Further processing and statistical analysis 

 Trials were separated into approach and turn phases. The approach phase begins in 

single limb support of the outside limb and ends at outside limb foot-off. The turn phase only 

comprises single-limb support of the inside limb (Fig. 1). Together, on average, these phases 

accounted for 57 of the total turn (measured by the change in pelvis transverse plane angle). 

Only accelerations in the direction perpendicular to the original walking direction were 

analysed. Acceleration is referenced as towards (negative) or away from (positive) the turn 

side. Thus, acceleration lateral to the outside limb (or first step) and medial to the inside limb 

(or second step), is positive. 

The acceleration of the COM (sum of all contributors) and each individual contributor across 

conditions (spin vs straight) averaged over each step (outside or first and inside or second) 

was extracted for each subject. Any average contribution less than 0.01 m/s2 was arbitrarily 

considered as negligible and not analysed; however, if anatomically meaningful, these small 

contributors were grouped (Jansen et al., 2014; Pandy et al., 2010) and reassessed for 

inclusion in the analysis based on the above criterion (Table 1).    

Normality and homogeneity of variance was assessed by visualisation of QQ–plots and 

Levene’s test, respectively. Deviations from either parametric assumption led to the use of 

the Wilcoxon Signed Rank test; otherwise, paired t-tests were implemented. No corrections 

to p-values for multiple tests were made (Feise, 2002). Significance level was set at α = 0.05. 

Effect size, Cohen’s d (d) or Glass’s delta (∆), was also computed for parametric and non-

parametric tests, respectively. Error variances were non-homogeneous for total COM, inside 

MGAS, inside LGAS, and inside SOL during the turn phase.  

 

3. Results  

3.1 Global medio-lateral centre of mass acceleration 

 During the approach phase, the COM acceleration towards the turn side increased 

during spin turns (-0.93 m/s2) compared to straight walking (-0.34 m/s2) (p < 0.001 and d = 
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2.29) (Fig. 8 a). During the turn phase, the COM continued to be accelerated towards the turn 

side for spin turns (-0.88 m/s2), but was oriented medially with respect to the inside limb 

(second step) for straight walking (0.36 m/s2) (p < 0.001 and ∆ = 8.60) (Fig. 8 b). 

3.2. Contributors to global medio-lateral centre of mass acceleration 

 For the approach phase of straight walking and spin turns, the outside GMED, GMIN, 

SOL, MGAS, and ILIPSO, as well as gravity were the largest contributors to COM 

acceleration perpendicular to the straight walking direction (Fig. 8 a). Contribution to COM 

acceleration was reduced during spin turns compared to straight walking for outside SOL 

(0.01 vs 0.29, m/s2, p < 0.001, and d = 2.16) and outside MGAS (0.01 vs 0.19 m/s2, p < 

0.001, and d = 2.41); however, contribution to COM acceleration was increased for gravity 

during spin turns (-0.12 m/s2) compared to straight walking (-0.07 m/s2) (p < 0.001, and d = 

1.64). 

For the turn phase, inside GMED, GMIN, SOL, MGAS, LGAS, and VAS were the greatest 

contributors to COM acceleration perpendicular to the straight walking direction (Fig. 8 b). 

Contribution to COM acceleration was reduced during spin turns compared to straight 

walking for inside GMED (0.43 vs 0.73 m/s2, p < 0.001, and d = 2.36), inside GMIN (0.10 vs 

0.15 m/s2, p < 0.001, and d = 1.72) and inside VAS (0.01 vs -0.12 m/s2, p = 0.001, and d = 

1.61). Contributions to COM acceleration were increased during spin turns compared to 

straight walking for inside SOL (-0.66 vs -0.30 m/s2, p = 0.014, and ∆ = 6.00), inside MGAS 

(-0.56 vs -0.19 m/s2, p = 0.002, and ∆ = 4.50), and inside LGAS (-0.12 vs -0.04, p = 0.001, 

and ∆ = 4.56).  

 

4. Discussion  

 The purpose of this study was to determine the role of muscles, gravity and velocity-

related forces in the control and redirection of the COM during 90 spin turns. An induced 

acceleration analysis revealed that TD children mainly modulate hip abductor and ankle 

plantarflexor contributions to COM acceleration towards the new walking direction.  

4.1 Control of centre of mass acceleration 

 During straight walking, the medio-lateral COM position oscillates sinusoidally at the 

stride frequency rate and is directed towards the stance limb (Inman et al., 2006). This motion 
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is controlled by acceleration that tends to pull the COM back towards the body midline with 

each step (Jansen et al., 2014; Pandy et al., 2010). Muscle contributions to global medio-

lateral COM acceleration presented here agree with previous investigators: hip abductors and 

ankle plantarflexors tend to contribute to and oppose COM medio-lateral acceleration, 

respectively (Jansen et al., 2014; Pandy et al., 2010).  

For spin turns, we proposed two hypotheses for each phase under analysis. For the approach, 

we posited that outside hip abductors would increase contribution towards the turn side, 

while outside ankle plantarflexors would switch from an opposing (away from the turn side) 

to a supporting (towards the turn side) acceleration contribution, compared to straight 

walking. These hypotheses were not confirmed. Instead, outside GMED and outside GMIN 

contributions during spin turns remained similar to straight walking, resulting in an increased 

acceleration towards the turn side only via a reduction of outside SOL and outside MGAS 

contributions. In other words, turning appears to be initiated only by a reduction in muscle 

contribution, possibly representing a more efficient use of muscles than the paradigm we 

proposed. For the turn phase, our hypotheses were confirmed: inside GMED and inside 

GMIN contribution away from the turn side was reduced, while inside SOL, MGAS, and 

LGAS acceleration contributions towards the turn side were increased, compared to straight 

walking. The hip abductor contribution to acceleration away from the turn side may occur to 

avoid an increase in hip adduction and maintain pelvis stability during turning (Hase & Stein, 

1999), regardless of its opposition to the task of accelerating the COM towards the turn side. 

The increased contribution of the ankle plantarflexors may also have helped to reaccelerate 

the COM in the forward direction; however, similar ankle power generation across tasks 

would suggest that this may not be the case (Dixon et al., 2014).  

Previous turning gait studies focused on COM kinematics have mainly been descriptive. In 

the work of Patla et al. (1999), redirection of the COM position was attributed to changes in 

foot placement and trunk motion, but how subjects modulated muscle activity to achieve 

these new postures remained unclear. Later, Xu et al. (2004) found that the COM to centre of 

pressure distance was modulated in an anticipatory fashion (during the step before the turn, 

i.e., the approach step) as a way to “initiate the disequilibrium necessary to produce the turn”. 

Here, using an induced acceleration analysis, not only were anticipatory effects noted 

(change in COM approach phase acceleration), but the muscles responsible could also be 

identified and their contributions quantified.    
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To date, a single simulation-based induced acceleration analysis of a turning task (circle 

walking) has been reported (Ventura et al., 2015). The current findings for the hip abductors 

and ankle plantarflexors are in agreement with this work; however, additional contribution 

away from the turn by the inside leg hip adductors during swing were reported as important 

(Ventura et al., 2015). Action of the hip adductors was not investigated here since these 

muscles contributed minimally to the overall COM acceleration (< 0.01 m/s2). It is possible 

that the more dynamic nature of the spin turn, in comparison to circle walking, results in a 

decreased reliance on these smaller muscles. Notably, Ventura et al. (2015) suggested that 

differences in muscle contributions to COM acceleration across conditions may depend less 

on differences in muscle force and more on differences in the orientation of the segments 

during each task. This might help explain the apparent disagreement with past 

electromyography-based experiments (Courtine et al., 2006; Duval et al., 2011).  

4.2 Limitations  

 Five limitations warrant further discussion. Firstly, the results suggest that the 

majority of the medio-lateral acceleration in spin turns occurs during the approach phase 

(COM acceleration of -0.93 and -0.88 m/s2 for the approach and turn phase, respectively) 

(Fig. 8); however, it is likely that additional acceleration is gained during inside limb pre-

swing via the ankle plantarflexor push-off power generation burst.  Unfortunately, it was not 

possible to record this information given our experimental set-up. Force plates positioned 

along the turning path or methods in which force plate data are simulated (Fluit et al., 2014) 

could have allowed for investigation of a complete turn (approach, turn, and depart phases). 

Secondly, the rolling constraint of the foot-ground contact model used in the induced 

acceleration analysis does not allow for twisting of the foot about the global vertical axis 

(Hamner et al., 2013). Nonetheless, the constraint was favoured since in our previous work 

peak torques during spin turns, although increased, were of a similar order of magnitude to 

those of straight walking  (78.9 vs 56.0 N mm/kg) (Dixon et al., 2014) and other models 

(point and weld constraint) have been shown to less adequately reproduce experimental 

ground reaction forces, leading to erroneous acceleration contributions (Hamner et al., 2013). 

Thirdly, in TD children, spins turns result in a reduction in gait speed, compared to straight 

walking (Dixon et al., 2013). Therefore, some of the observed differences across tasks may 

be related to speed; however, similar changes were reported in the study of Ventura et al. 

(2015) in which speed was controlled across tasks. Fourthly, given the limited validation for 

muscle control at the subtalar joint, it was locked during simulations as in Liu et al. (2008), 
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possibly impacting the contributions of the ankle plantarflexors reported herein. An 

investigation of the effect of unlocking the subtalar joint on the contributors to medio-lateral 

COM acceleration during spin turns was attempted; however, muscle activation patterns 

themselves, particularly for the inside limb tibialis anterior (Supplemental Fig. 5 c), were 

found to less accurately reproduce the experimental patterns (sEMG), compared to the locked 

version. Finally, the scope of this paper did not encompass antero-posterior and vertical COM 

acceleration analysis. Visualization of the overall COM accelerations in these planes showed 

relatively minor differences across conditions (Supplemental Fig. 6) and thus they were not 

investigated further.  

4.3 Conclusions  

  Our analysis reveals that TD children modulate proximal and distal leg muscle 

contributions during spin turns to redirect the COM. This strategy may challenge stability and 

it is unknown if children with gait disabilities, such as children with cerebral palsy, would 

adapt similarly as they often present with decreased balance, weak hip abductors and weak 

ankle plantarflexors.  Future investigations of adaptive turning strategies using an induced 

acceleration analysis could lead to improvements in the management of gait disorders.   
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Fig. 1: Diagrammatic representation of a 90 spin turn to the right and a straight walking trial. 

Shaded rectangles represent force plates embedded in the walking surface. The approach 

phase begins in single limb support of the outside limb (step 1, left black footprint) and ends 

at the start of single-limb support of the inside limb (step 2, right black footprint). The turn 

phase only comprises single-limb support of the inside limb. The approach and turn phase of 

the spin turn were compared to step 1 and 2, respectively, for straight walking. Steps not 

analysed shown in grey. Only accelerations in the direction perpendicular to the original 

walking direction (global Y direction) were analysed. Acceleration lateral to the outside limb 

and medial to the inside limb (away from the turn direction) are positive.   
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Fig. 2: Inside limb hip (a, d, and e), knee (b), and ankle (c) joint kinematics during spin turns 

(x–axis: 12–100% of the gait cycle) with solid and dashed vertical lines at inside foot-strike 

and outside foot-off, respectively. Standard deviation band of simulated (OpenSim) and 

experimental plug-in gait (Vicon PiG) kinematics shown. Only sagittal plane ankle and knee 

data presented as musculo-skeletal model subtalar joint was locked for simulation and knee 

has a single flexion/extension axis, respectively. 
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Fig. 3: Outside limb hip (a, d, and e), knee (b), and ankle (c) joint kinematics during spin 

turns (x–axis: 12–100% of the gait cycle) with solid and dashed vertical lines at inside foot-

strike and outside foot-off, respectively. Standard deviation band of simulated (OpenSim) and 

experimental plug-in gait (Vicon PiG) kinematics shown. Only sagittal plane ankle and knee 

data presented as musculo-skeletal model subtalar joint was locked for simulation and knee 

has a single flexion/extension axis, respectively.  
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Fig. 4: Inside limb hip (a, d, and e), knee (b), and ankle (c) joint moments during spin turns 

(x–axis: 12–100% of the gait cycle) with solid and dashed vertical lines at inside foot-strike 

and outside foot-off, respectively.  Standard deviation band of simulated (OpenSim) and 

experimental plug-in gait (Vicon PiG) kinetics shown. Only sagittal plane ankle and knee 

data presented as musculo-skeletal model subtalar joint was locked for simulation and knee 

has a single flexion/extension axis, respectively.  
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Fig. 5: Outside limb hip (a, d, and e), knee (b), and ankle (c) joint moments during spin turns 

(x–axis: 12–100% of the gait cycle) with solid and dashed vertical lines at inside foot-strike 

and outside foot-off, respectively. Standard deviation band of simulated (OpenSim) and 

experimental plug-in gait (Vicon PiG) kinetics shown. Only sagittal plane ankle and knee 

data presented as musculo-skeletal model subtalar joint was locked for simulation and knee 

has a single flexion/extension axis, respectively.  
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Fig. 6: Inside (top) and outside (bottom) limb muscle activity during spin turns (x–axis: 12–

100% of the gait cycle) with solid and dashed vertical lines at inside foot-strike and outside 

foot-off, respectively. Standard deviation band of simulated (OpenSim) and processed 

surface electromyographic (sEMG) data presented for (a and f) Gluteus Medius, (b and g) 

Rectus Femoris, (c and h) Semitendinosus, (d and i) Tibialis Anterior, and (e and j) Lateral 

Gastrocnemius. For (a and f) and (b and g) simulated muscle activity from Gluteus Maximus 

(Glut Max) and Vastus Medialis (Vast Med), respectively, also shown. Gluteus Medius 

activity recorded for n = 4 subjects.    
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Fig. 7 Centre of mass (COM) acceleration in the (a) antero-posterior, (b) vertical, and (c) 

medio-lateral direction during spin turns (x–axis: 12–100% of the gait cycle) with solid and 

dashed vertical lines at inside foot-strike and outside foot-off, respectively. Standard 

deviation band of all muscle accelerations (OpenSim Sum), second derivative of COM 

position from simulations (OpenSim COM), and second derivative of plug-in gait model 

COM position (Vicon PiG) shown.    
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Fig. 8: Medio-lateral acceleration of the centre of mass (COM) and main contributors across 

conditions (straight and spin turns) for the (a) approach and (b) turn phase. During the 

approach phase, the outside and inside limbs are in stance and swing, respectively. During the 

turn phase, inside and outside limbs are in stance and swing, respectively. Significant 

difference at  = 0.05 level shown (★). See Table 1 for muscle abbreviations. Bar graphs 

show means and confidence intervals. Acceleration lateral to the outside limb (first step) and 

medial to the inside limb (second step) (away from the turn side), positive (see Fig. 1). 
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Table 1: Muscle groups and abbreviations  
 

Abbreviation Description 

ADD Adductor longus, brevis, and magnus (3 actuators) 

DF Tibialis anterior, extensor digitorum, and extensor hallucis 

GMAX Gluteus maximus (anterior, medial, and posterior actuators) 

GMED Gluteus medius (anterior, medial, and posterior actuators) 

GMIN Gluteus minimus (anterior, medial, and posterior actuators) 

HAMS Semimembranosus, semitendinosus, bicep femoris long head 

ILIPSO Iliacus and psoas 

LGAS Lateral head of gastrocnemius 

MGAS Medial head of the gastrocnemius  

PFEV Peroneus brevis, peroneus longus, peroneus tertius 

PFIN Tibialis posterior, flexor digitorum, flexor hallucis 

SOL Soleus 

VAS Vastus intermedius, medialis, and lateralis  

ADD, DF, GMAX, HAMS, PFEV, and PFIN groups not statistically analysed as contributions to overall 
medio-lateral COM acceleration were less than 0.1 m/s2. 
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Supplemental Fig.1: Hip, knee, and ankle joint kinematics during straight walking (x–axis: 0–

100% of the gait cycle) with solid and dashed vertical lines at ipsilateral foot-strike and 

contralateral foot-off, respectively. Standard deviation band of simulated (OpenSim) and 

experimental plug-in gait (Vicon PiG) kinematics shown. Only sagittal plane ankle and knee 

data presented as musculo-skeletal model subtalar joint was locked for simulation and knee 

has a single flexion/extension axis, respectively. Full gait cycle created by merging data from 

both limbs.  
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Supplemental Fig. 2: Hip, knee, and ankle joint moments during straight walking (x–axis: 0–

100% of the gait cycle) with solid and dashed vertical lines at ipsilateral foot-strike and 

contralateral foot-off, respectively. Standard deviation band of simulated (OpenSim) and 

experimental plug-in gait (Vicon PiG) kinetics shown. Only sagittal plane ankle and knee 

data presented as musculo-skeletal model subtalar joint was locked for simulation and knee 

has a single flexion/extension axis, respectively. Full gait cycle created by merging data from 

both limbs.  
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Supplemental Fig. 3: Muscle activity during straight walking (x–axis: 0–100% of the gait 

cycle) with solid and dashed vertical lines at ipsilateral foot-strike and contralateral foot-off, 

respectively. Standard deviation band of simulated (OpenSim) and processed surface 

electromyographic (sEMG) data presented for (a) Gluteus Medius, (b) Rectus Femoris,  (c) 

Semitendinosus, (d) Tibialis Anterior, and (e) Lateral Gastrocnemius. For (a) and (b) Gluteus 

Medius (Glut Med) and Vastus Medialis (Vas Med) activity from OpenSim, respectively, 

also shown. Full gait cycle created by merging data from both limbs. Glut Med activity 

recorded for n = 4 subjects.    
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Supplemental Fig. 4: Centre of mass (COM) acceleration in the (a) antero-posterior, (b) 

vertical, and (c) medio-lateral direction during straight walking (x–axis: 12–100% of the gait 

cycle) with solid and dashed vertical lines at ipsilateral foot-strike and contralateral foot-off, 

respectively. Standard deviation band of sum of all muscle accelerations (OpenSim Sum), 

second derivative of COM position from simulations (OpenSim COM), and second 

derivative of plug-in gait model COM position (Vicon PiG) shown.    



5-Nov-15 

28 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Fig. 5: Muscle activity during spin turns (x–axis: 12–100% of the gait cycle) 

with solid and dashed vertical lines at inside foot-strike and outside foot-off, respectively. 

Standard deviation band of simulated (OpenSim) and processed surface electromyographic 

(sEMG) data presented for outside Tibialis Anterior (a and e), outside Lateral Gastrocnemius 

(b and f), inside Tibialis Anterior (c and g), and inside Lateral Gastrocnemius (d and h). Top 

and bottom row show effect of unlocking and locking the subtalar joint, respectively, on 

simulated muscle activity.  
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Supplemental Fig. 6: Centre of mass acceleration in the (a) antero-posterior, (b) vertical, and 

(c) medio-lateral direction during straight and spin turn conditions (x–axis: 12–100% of the 

gait cycle) with solid and dashed vertical lines at inside foot-strike and outside foot-off, 

respectively.  Variability constructed from Bootstrap confidence bands (CB). Colorbars show 

areas where mean difference CBs revealed significant differences at α = 0.05 with intensity 

representing effect size of the differences varying from small (blue) to large (red). Zones of 

significant difference with changes of less than 5% of maximum CB width not shown.  See 

(Dixon et al., 2013) for details of Bootstrap statistical analysis methodology. 


