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The differences between legs in walking and running 1 

% of variance in ML foot placement that can be explained by ML trunk CoM state (R2) 2 

Very small, nonsignificant differences were found between right and left legs for R2 during swing phases 3 

of walking and running (Fig. S1). 4 

  5 

 6 
Fig. S1. (A) % of variance in ML foot placement that can be explained by ML trunk CoM state (R2) in 7 
walking and running. (B) The differences of R2 between left and right legs in walking and running. 8 

 9 
We calculated the average of R2 over legs in walking and running because our results indicated very small, 10 

nonsignificant differences between legs during swing phase (Fig. S1). Then, the effect of running speed on 11 

this parameter was considered: 12 

The effect of running speeds (2.08, 2.50, and 2.92 m/s) on R2, step width, 13 

and step with variability: 14 

The effect of speed on the stability of walking has been investigated in several studies [1-4], however 15 

there is a lack of information on running. Most relevant for our present focus, Wang and Sirinivasan [5, 6] 16 
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reported that the correlation between ML CoM state and ML foot placement was not influenced by 17 

walking speeds between 1.0, 1.2, and 1.4 m/s. In agreement with these results, Stimpson et al. [5] 18 

reported that this correlation was not influenced by walking speeds between 1.0 and 1.2 m/s, but it was 19 

affected by speeds between 0.2 – 1.0 m/s, with less strong correlation at lower speeds. In this study, we 20 

intended to test the idea that speed influences coordination between ML trunk CoM state and subsequent 21 

ML foot placement, step width, and step width variability in running.  22 

Statistical analysis 23 

we used one-way repeated measures ANOVA (SPM-based for the R2 time-series, normal for step width 24 

and step width variability) to test the main effect of speed with three levels (2.08, 2.50, and 2.92 m/s) on 25 

these parameters.  26 

Results 27 

R2 28 

Very small, nonsignificant differences of R2 were found between different running speeds (Fig. S2).  29 

 30 

 31 
Fig. S2. (A) % of variance in ML foot placement that can be explained by ML trunk CoM state (R2) in 32 

running with three different speeds [2.08, 2.50, and 2.92 m/s]. (B) The effect of running speeds (2.08, 33 

2.50, and 2.92 m/s) on R2. The shaded regions indicate standard error of R2.  34 

Step width 35 

Step width was significantly decreased by increasing in running speed (F (1, 2) = 9.25, p = 0.002) (Fig. S3). 36 
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 37 
Fig. S3. Effect of speed on step width in running. 38 

 39 

Step width variability 40 

There was no significant main effect of speed on step width variability in running (F (1, 2) = 1.48, p = 41 

0.254) (Fig. S4). 42 

 43 
Fig. S4. Effect of speed on step width variability in running. 44 
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Discussion 45 

It has been reported that the foot placement strategy in walking, which is reflected by a correlation 46 
between the ML CoM state during the swing phase and the subsequent ML foot placement, is not affected 47 
by walking speed between 1.0-1.4 m/s [5, 6]. We extended this to running and our results showed that 48 
the foot placement strategy in running is not affected by speeds ranging between 2.08-2.92 m/s.  49 

 50 

Energy cost 51 

Energy costs of ML stability control in walking and running was also investigated. Reduced energy costs in 52 

stabilized conditions would support that the control of ML stabilization requires energy consumption[7-53 

10], and differential effects between walking and running might indicate differences in these costs 54 

between these modes of locomotion. Since energy cost is not directly related to foot placement strategy, 55 

which is the main focus of this study, all the information about this parameter can be read below:  56 

Instruments 57 

Breath-by-breath oxygen consumption was also obtained from a pulmonary gas exchange system 58 

(Cosmed K4b2, Cosmed, Italy). 59 

Data processing 60 

Oxygen uptake (𝑉̇𝑂2; ml min-1) and respiratory exchange ratio (RER) were determined with the pulmonary 61 

gas exchange system during the last minute of each trial. The metabolic rate reached a plateau within the 62 

5- minutes trial, as was confirmed through visual inspection. We calculated gross metabolic rate (Egross; J 63 

kg-1 min-1) as [11]:  64 

𝐄𝐠𝐫𝐨𝐬𝐬 = ((𝟒. 𝟗𝟒𝟎 ∙ 𝐑𝐄𝐑 + 𝟏𝟔. 𝟒𝟎) ∙ 𝐕̇𝐎𝟐)/body mass (kg) 65 

Resting metabolic rate, determined with the same method as we did for gross metabolic rate during 66 

seated position for 5 min prior to the trials, was subtracted from gross metabolic rate to calculate net 67 

metabolic rate during walking and running. To calculate net energy cost (EC; J kg-1 m-1), net metabolic rate 68 

was divided by speed (m min-1). 69 

Statistical analysis 70 

Running at 2.50 m/s was selected as a representative of running speeds. We were only interested in the 71 

effects of external lateral stabilization on energetic cost in walking at 1.25 m/s and running at 2.50 m/s, 72 

hypothesis 3, and the differences of external lateral stabilization effect on energetic cost between walking 73 

at 1.25 m/s and running at 2.50 m/s, hypothesis 4. To test these hypotheses, a two-way repeated analysis 74 

of variance with conditions (normal vs stabilized) and mode of locomotion (walking at 1.25 m/s vs running 75 

at 2.50 m/s) as within-subject factors was conducted to evaluate the effect of external lateral stabilization 76 

and interaction (mode of locomotion X condition) on energy cost1.  77 

                                                           
1 Our initial research proposal for this project can be found at https://osf.io/mvkex/. 

https://osf.io/mvkex/
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Results 78 

In contrast with expectations, energy costs were significantly higher in the stabilized conditions (Condition 79 
effect; F (1, 9) = 5.26, p = 0.047), but the interaction effect was not significant (Interaction effect; F (1, 9) 80 
= 4.53, p = 0.062).(Fig. S5).  81 
 82 

 83 

Fig. S5. Condition effect: The effect of external lateral stabilization on energy cost in walking and 84 
running. # represents the significant differences of energy cost between normal and stabilized 85 

conditions (based on the results of Bonferroni post-hoc). Error bars represent standard deviation. 86 
 87 
 88 

Discussion 89 

We measured energy to assess costs of stability control. Reduced energy costs in stabilized walking, as 90 
has been reported before [7-10] would support that ML stabilization is an active process and differential 91 
effects between walking and running might indicate differences in these costs between these modes of 92 
locomotion. Previous studies reported mixed results on the effects of external lateral stabilization on 93 
energy costs. Several studies reported significant reductions in energetic cost due to stabilization. Donelan 94 
et al. [8] reported a significant 5.7% and 9.2% reduction in EC during preferred and zero step width 95 
conditions respectively, while walking with arm swing restriction. Ortega et al. [10] also reported 96 
significant effects of lateral stabilization on EC in walking in which participants were allowed 97 
familiarization, walked with preferred step width, and participants were allowed normal arm swing. With 98 
arm swing the effect of lateral stabilization was slightly lower (a significant 3-4% reduction), compared to 99 
walking without arm swing (a significant 6-7% reduction). Arellano et al. reported significant 5.5% and 2% 100 
reductions in EC while walking and running, respectively, without arm swing at a zero target step width 101 
[12]. In contrast, Dean et al. [7] did not find a significant reduction in EC during walking with stabilization 102 
at preferred step width, although they did find an effect in a prescribed zero step width condition. IJmker 103 



6 
 

et al. [9] reported a significant reduction in EC during walking with stabilization, but only after removal of 104 
an outlier. In a second study by IJmker et al. [13] with able-bodied participants and people with a lower 105 
limb prosthesis, the effect of stabilization failed to reach significance. While it was speculated that the 106 
lateral stabilization might impede functional medio-lateral motion in amputees, no satisfying explanation 107 
was provided for the lack of effect in the control group. The reported significant reduction of EC during 108 
the stabilized condition can be attributed to the EC of controlling frontal plane gait stability if the bilateral 109 
spring forces act only mediolaterally on body CoM (i.e. provide stability just in mediolateral direction). For 110 
this, bilateral springs need to be connected to a height-adjustable horizontal trolley which can move freely 111 
and in-phase with the body CoM in the anterior-posterior direction. Fixed springs in anterior-posterior 112 
direction, used in previous studies, may add anterior-posterior forces induced by the springs and as such 113 
may provide assistance or resistance. This potential effect expected to be larger when shorter ropes are 114 
used to connect the springs to the subject and may by providing assistance have increased some of the 115 
EC savings of external lateral stabilization. We did not find a decrease in energetic cost during stabilized 116 
walking. Instead, energy costs slightly increased, especially during running. This appears to contradict the 117 
notion that ML stabilization is an active process which entails energy cost. However, there may be several 118 
explanations. Firstly, unintended effects of the external stabilization, e.g. on propulsion may have 119 
outweighed the benefits. Secondly, we may not have had long enough habituation time to allow for full 120 
familiarization. Lastly, differences between our set up and the set up used in other studies may have 121 
caused an unwanted increase in energetic cost; for instance, we allowed vertical and transverse motions 122 
(by adding sliders in those directions). To investigate whether external lateral stabilization reduces the 123 
energy cost during walking and in which conditions, further analyses such as meta-regression could to be 124 
performed on data from the studies mentioned. Our results showed that foot placement is used to control 125 
ML stability in walking and running. The energy cost of this strategy appears to be low, as the decrease in 126 
the use of the foot placement strategy during stabilized walking and running did not lead to decreases in 127 
energy costs. Low energy costs may explain why foot placement is likely to be preferred over other 128 
stability control strategies, such as control through ankle moments [14-16].  129 
 130 
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