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Energy cost for balance control during walking decreases with external stabilizer stiffness independent 

of walking speed. IJmker T., Houdijk H., Lamoth C.J., Beek P.J., van der Woude L.H.  

Journal of Biomechanics 2013 Sep 3;46(13):2109-14. 
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ABSTRACT 

Human walking requires active neuromuscular control to ensure stability in the 

lateral direction, which inflicts a certain metabolic load. The magnitude of this 

metabolic load has previously been investigated by means of passive external lateral 

stabilization via spring-like cords. In the present study, we applied this method to test 

two hypotheses: 1) the effect of external stabilization on energy cost depends on the 

stiffness of the stabilizing springs, and 2) the energy cost for balance control, and 

consequently the effect of external stabilization on energy cost, depends on walking 

speed. Fourteen healthy young adults walked on a motor driven treadmill without 

stabilization and with stabilization with four different spring stiffnesses (between 

760-1820 N∙m-1) at three walking speeds (70%-100%-130% of preferred speed). 

Energy cost was calculated from breath-by-breath oxygen consumption. Gait 

parameters (mean and variability of step width and stride length, and variability of 

trunk accelerations) were calculated from kinematic data. On average external 

stabilization led to a decrease in energy cost of 6% (p<.005) as well as a decrease in 

step width (24%; p<.001), step width variability (41%; p<.001) and variability of 

medio-lateral trunk acceleration (12.5%; p<.005). Increasing stabilizer stiffness 

increased the effects on both energy cost and medio-lateral gait parameters up to a 

stiffness of 1260 N∙m-1. Contrary to expectations, the effect of stabilization was 

independent of walking speed (p=.111). These results show that active lateral 

stabilization during walking involves an energetic cost, which is independent of 

walking speed. 
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INTRODUCTION 

In human walking the center of mass constantly moves beyond the base of support, 

resulting in an essentially unstable motion. Gait stability is achieved through both 

passive dynamic properties of the system and active neuromuscular control 47, 63-64. 

Mathematical models and empirical studies have shown that stability in the fore-aft 

direction can largely be maintained through passive dynamics of the limbs, whereas 

active neuromuscular control is necessary to stabilize the system in the medio-lateral 

direction 43-44, 63. Although imperative for gait stability, the motor responses and 

muscle activity associated with this active control presumably inflict a metabolic load 

and are thus potentially responsible for part of the energy cost of normal and 

pathological gait. 

The primary control strategy to achieve medio-lateral stability is to adapt the step 

width from step to step in order to preserve sufficient medio-lateral margins of 

stability 46, 50, 61. This strategy likely carries an energy cost. Firstly, the muscle activity 

required to ensure adequate foot placement could inflict a metabolic load 54. 

Secondly, walking with a non-zero step width requires mechanical work performed to 

redirect the movement of the center of mass from side to side from one step to the 

next (so-called step-to-step transition costs). This mechanical work increases with 

the square of the step width, and exacts a proportional metabolic cost 18, 33. Hence, 

increasing the average step width to ensure lateral stability increases the energy cost 

of walking. Moreover, due to the non-linear relationship between step width and 

metabolic load, step width variability adds to the energetic cost of walking. Next to 

step width control, alternative balance control strategies, such as an ankle or hip 

strategy, trunk or arm countermotion to control and fine-tune the path of the center 

of mass after foot contact, and muscle co-activation, might also place a metabolic 

demand by virtue of additional muscle activation.  

Evidence for the presence and magnitude of the energetic cost associated with the 

regulation of medio-lateral stability comes from several studies which aimed to 

remove the need for active control of medio-lateral balance by means of passive 

external stabilization. Mathematical predictions using the simplest walking model 

have shown that applying spring-like forces to the pelvis in the lateral direction acts 

to reduce their inherent instability, which in turn reduces the need for active control 
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47, 64. Empirical evidence has shown that applying such spring-like forces to humans 

while walking on a treadmill indeed causes a small but significant reduction in energy 

cost 47-49. This coincided with a decrease in step width and step width variability, 

suggesting that the reduction in energy cost is related to a reduced need for medio-

lateral balance control.  

All these previous studies, however, used an experimental set-up in which a single 

spring with arbitrarily chosen stiffness and damping characteristics was applied. 

Therefore, it could not be established whether the presumed proportional relation 

between stabilizer stiffness and energy cost reduction indeed exists. Moreover, 

differences in the magnitude of the reduction in the energy cost of walking among 

these studies do not clearly correspond to differences in the applied stabilizer 

stiffness. Although this might be related to other methodological differences, such as 

allowing arm swing and differences in gait speed, it can be questioned whether the 

observed reduction in energy cost represents the total amount of energy required for 

medio-lateral stabilization. In the present study we therefore tested the hypothesis 

that increasing stabilizer stiffness proportionally reduces the need for active control, 

leading to a concurrent decrease in energy cost until a maximal stabilizing effect of 

the external stabilization is achieved.  

 In addition, we used the external stabilization set-up to examine the relation 

between gait stability and walking speed. Although reducing walking speed is 

generally seen as a strategy to enhance stability, this effect is frequently disputed in 

the literature. Some studies argue that slow speeds are more stable 57-58, while others 

argue that this is not the case or even suggest that fast walking is more stable 59, 61, 65. 

By studying the effect of external stabilization at different speeds, the effect of 

walking speed on the metabolic effort to maintain medio-lateral stability can be 

studied.  

In sum, in the present study we elaborate on a previously used experimental 

design of applying external lateral stabilization while walking on a treadmill. In 

particular, we tested two hypotheses: firstly, that increasing stabilizer stiffness 

reduces the need for active control until a maximal stabilizing effect is achieved, and 

secondly, that walking speed influences the energy cost of balance control. 
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METHODS 

Participants  

Fourteen young subjects participated in this study (10 men, 4 women; age 20 ± 1.2 

years; weight 73.2 ± 9.26 kg; length 1.83 ± 0.08 m; trochanter height 0.94 ± 0.04 m; 

mean ± sd). All subjects were physically fit without known impairments or 

medication use that could influence balance control and/or energy consumption. 

Subjects were asked to refrain from strenuous activity the day before the experiment 

and to refrain from food or coffee intake at least 1 hour prior to the experiment. All 

subjects signed a written informed consent prior to participation. The experiment 

was approved by the local ethics committee of the Faculty of Human Movement 

Sciences of the VU University Amsterdam.  

Experimental protocol  

During the experiment subjects walked on a motorized treadmill (ForceLink b.v., 

Culemborg, the Netherlands) with and without external stabilization. Prior to the 

walking trials, resting metabolism was measured in seated position for 5 minutes 

after a resting period of 10 minutes. Thereafter, preferred walking speed was 

determined following the method of Martin et al. 66. Subsequently, all subjects 

completed 15 trials with a duration of 5 minutes each. Trials were separated by a 

resting period of approximately 5 minutes. During the trials both stabilizer stiffness 

and walking speed were manipulated. In addition to the control condition (i.e. 

without external stabilization), 4 different spring stiffnesses were applied ranging 

from 760-1820 N∙m-1. With each stabilizer stiffness subjects walked at 3 different 

walking speeds of 70%, 100%, and 130% corresponding to their preferred walking 

speed.  

Trials were assigned following a two-step randomization procedure. In the first 

step, the sequence of the stabilization conditions was randomly assigned, and in the 

second step the sequence of walking speeds within each stabilization condition was 

randomly assigned. Thus, subjects walked at all three speeds with the same stabilizer 

stiffness before moving to another stiffness.  
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Experimental set-up 

External stabilization was applied in the lateral direction via sets of parallel elastic 

rubber cords (Figure 4). The cords were attached on one end to a frame fastened to a 

belt worn around the waist, and on the other end to a ball-bearing trolley mounted on 

a height-adjustable horizontal rail. The frame was positioned so that the point of 

application of the spring forces was approximately aligned with the body’s center of 

mass in the frontal plane. Unwanted vertical forces of the springs were minimized by 

placing the horizontal rail level with the frame at the waist belt, and unwanted fore-

aft forces were minimized by the trolley to which the springs were attached, which 

moved with minimal friction along with the subject’s movements in anterior-

posterior direction.  

Table 1: Spring characteristics 

 Spring constant  
(N∙m-1) 

Damping coefficient  
(Ns∙m-1) 

Spring 1 760 15.9 

Spring 2 1260 18.5 

Spring 3 1610 26.8 

Spring 4 1820 32.0 

 

The frame allowed normal arm swing of the subject. The springs had an effective 

spring constant between 760 and 1820 N∙m-1 and negligible damping (between 18.5 

and 32.0 Ns∙m-1; Table 1), as determined by oscillating a known mass attached to the 

springs and estimating the damping coefficients from a second order damped 

oscillator model 47. Energy dissipation due to damping was estimated based on the 

displacement of the springs during the experimental trials and was on average less 

than 0.5% of the energy cost of walking for each stabilized trial. In the control 

condition subjects also wore the frame, which was now attached to a freely running 

rope. 
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Figure 4: Schematic representation of experimental set-up. Inset B shows the stabilization in more 
detail. Legend: 1) frame allowing normal arm swing; 2) spring-like cords; 3) height-adjustable 
horizontal rail; 4) ball-bearing trolley free 

Instrumentation 

During all trials, breath-by-breath oxygen consumption was obtained from an 

ambulatory pulmonary gas exchange system (Cosmed K4b2, Cosmed, Italy). Kinematic 

data from two markers attached to the heel of each foot were recorded with an 

Optotrak motion analysis system (Northern Digital Inc, Ontario, Canada), and used to 

calculate step parameters. In addition, two markers placed on the ends of the springs 

were used to record spring displacement in the stabilized conditions to estimate 

energy dissipation due to spring damping. Trunk accelerations were measured with a 

tri-axial ambulant accelerometer fixed with an elastic belt near the level of the third 

lumbar spine segment (DynaPort Hybrid, McRoberts b.v., the Hague, the 

Netherlands). Sampling frequency of kinematic data was set at 100 Hz.  
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 Data-analysis 

Steady state energy expenditure was calculated from oxygen uptake (�̇�𝑂2 in 

ml∙min-1) and respiratory exchange ratio (RER) obtained from the pulmonary gas 

exchange system during the final two minutes of each walking trial. Gross metabolic 

energy expenditure (Egross; J∙ min-1) was calculated using the following equation 9:  

 Egross = (4.960 · RER+16.040) · �̇�𝑂2 

Net energy expenditure was calculated by subtracting resting metabolism from 

Egross. Net metabolic cost (EC; J∙kg-1∙m-1) was obtained by dividing Egross by body mass 

(kg) and walking speed (m⋅min-1). 

 

The following six gait parameters were calculated to evaluate the effect of the 

experimental manipulations on the gait pattern: mean and variability of step width 

and stride length, and variability of anterior-posterior and medio-lateral trunk 

accelerations.  

Kinematic data from the Optotrak markers were filtered with a bi-directional low-

pass 2nd order Butterworth filter with a cut-off frequency of 10 Hz. Moments of foot 

contact were determined from local maxima in the anterior-posterior heel marker 

data. Stride length (SL) was calculated by adding left and right consecutive step 

lengths, defined as the anterior-posterior distance between the two heel markers at 

foot contact. Step width (SW) was defined as the absolute medio-lateral distance 

between the heel markers at two consecutive foot contacts. The standard deviation of 

stride lengths (sdSL) and step widths (sdSW) within each trial was used to quantify 

the variability of these parameters.  

Accelerometer data were filtered with a bi-directional low-pass 3rd order 

Butterworth filter with a cut-off frequency of 20 Hz. Variability of trunk accelerations 

was quantified as the average standard deviation of the anterior-posterior and 

medio-lateral trunk acceleration over a stride. First, moments of foot contact were 

derived from anterior-posterior trunk acceleration data 67. Subsequently, all strides 

were time normalized to 100 data points per stride. Standard deviations across 

strides were calculated for each time normalized data point, and averaged over these 

normalized time points to produce a single value for the variability of trunk 

acceleration in anterior-posterior (sdTAP) and medio-lateral (sdTML) direction 57. 
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Statistical Analysis 

Data were tested for normality using the Kolmogorov-Smirnov and Shapiro-Wilk 

tests which showed that all parameters were normally distributed. A two-way 

repeated analysis of variance with Stabilizer stiffness ([Control, Spring 1, Spring 2, 

Spring 3, Spring4]) and Speed ([70%, 100%, 130%]) as within-subject factors was 

conducted to evaluate the effect of spring stiffness and the influence of walking speed 

on the effect of stabilization (Speed × Stabilization interaction). In case of violation of 

the assumption of sphericity the Greenhouse-Geisser correction was applied. Where 

applicable, two planned contrasts were used to further investigate significant main 

effects of stabilization: to investigate the effect of each spring compared to the control 

condition a simple contrast was used, and to investigate the effect of each successive 

spring compared to the preceding spring a repeated contrast was used. Level of 

significance for all statistical analyses was set at p<0.05. 

RESULTS 

The average preferred walking speed of the subjects was 1.31 ± 0.86 m∙s-1 

(mean±sd). Accelerometer data for two subjects (subject 1 and 4) were incomplete 

due to incorrect data storage on the accelerometer, and were removed from the trunk 

accelerations analyses.  

Effect of stabilization 

The energy cost when walking with lateral stabilization was on average 4.6% 

lower than in the control condition. However, the main effect of stabilization failed to 

reach significance (p=.111). Visual inspection of the data revealed one extreme outlier 

in the EC data; this subject showed a tendency completely opposite to that of the 

group average, namely an increasing EC with increasing spring stiffness. Presumably 

this subject did not move along with the springs, but instead opposed their action. In 

view of this deviant response, this subject was removed from all further analyses. 

After removal of this outlier the average decrease in EC when walking with 

stabilization was 5.95% and highly significant (p<.005) (Figure 5, Table 2). The effect 

of spring stiffness increased from the control condition up to spring 2. Increases in 
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stabilizer stiffness beyond spring 2 did not lead to further reductions in EC. Walking 

with springs 2-4 led to a significant reduction in cost compared to the control 

condition, while the difference between spring 1 and the control condition was not 

significant. The average decrease in EC when walking with spring 2-4 was 7.5%. 

 

 Figure 5: Effect of sta-
bilization and speed on 
energy cost. Separate lines 
represent different walking 
speeds (as % of preferred 
speed). The 0-mark on the x-
axis represents the control 
condition without external 
stabilization 

 

With regard to the gait parameters, a significant main effect of stabilization was 

found for the medio-lateral gait parameters only; SW (p<.001), sdSW (p<.001) and 

sdTML (p<.005) (Figure 6, Table 2). When walking with stabilization SW decreased 

by 24.0%, sdSW decreased by 41.0%, and sdTML decreased by 12.5% compared to 

the control condition. Post-hoc contrasts showed that the decreases in SW, sdSW and 

sdTML were significant for each spring compared to the control condition. Moreover, 

walking with spring 2 caused a significant decrease in SW and sdSW compared to 

walking with spring 1 (p<.005). Increases in stabilizer stiffness beyond spring 2 did 

not result in any significant changes in gait parameters.  
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Stabilization by speed interaction 

The effect of stabilization on EC was not significantly influenced by gait speed 

(p=.111). A significant Stabilization × Speed interaction was found only for SW, which 

occurred because the effect of stabilization decreased with increasing speed (p<.001, 

Figure 6, Table 2. 

 

 

Figure 6: Effect of stabilization and speed on gait parameters. Separate lines represent different 
walking speeds (as % of preferred speed). The 0-mark on the x-axis represents the control 
condition without external stabilization 
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Table 2: Effect of stabilization and stabilization × speed interaction on energy cost and gait 
parameters (n=13) 

 Stabilization Speed × stabilization 
 F-value p-value F-value p-value 

Energy cost 4.786 .002* 1.689 .111 

Step width 21.508 .000* 5.954 .000* 

Step width variability 45.294 .000* 1.060 .383 

Stride length .529 .715 1.135 .343 

Stride length variability .798 .486 .596 .655 

APa trunk acceleration variability (n=12) 1.170 .337 1.748 .098 

MLb trunk acceleration variability (n=12) 9.194 .001* .990 .409 
a= anterior-posterior; b=medio-lateral; significant effects are flagged with an asterisk.  

DISCUSSION 

In this study, we used an external lateral stabilization device to investigate the 

energy cost related to active lateral stabilization during walking. Two main questions 

were addressed. Firstly, we were interested in the effect of increasing stabilizer 

stiffness on energy cost and the gait pattern during walking. We expected the effects 

of external stabilization to increase with increasing stiffness until a passively stable 

state in medio-lateral direction was reached. Secondly, we sought to determine the 

influence of walking speed on the effect of external stabilization. We hypothesized 

that the effect of external stabilization would be dependent on walking speed, as 

walking speed is deemed to affect gait stability. 

Walking with external stabilization decreased the energy cost of walking up to 

7.5%, which was achieved with a spring stiffness of 1260 N∙m-1 or higher. The effect 

on energy cost was in line with the changes in medio-lateral gait parameters, which 

also changed up to a spring stiffness of 1260 N∙m-1. These results confirm our 

expectations and previous model predictions suggesting that increasing spring 

stiffness acts to stabilize human walking in the medio-lateral direction until a 

passively stable state is reached 47.  The minimal stiffness required to stabilize human 

walking in the medio-lateral direction apparently lies between 760 N∙m-1 and 1260 

N∙m-1. This value is higher than the predicted stiffness to stabilize human upright 

standing (for our average subject ~675 N∙m-1; based on Winter et al. 68 and Morasso 

et al. 69-70). The difference can be explained by factors not accounted for in the 
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prediction based on semi-static conditions, such as the presence of shear forces and a 

variable vertical ground reaction force component. Clearly, the dynamics of walking 

requires a higher stabilizer stiffness compared to quiet upright standing.  

The spring stiffness of 1260 N∙m-1, at which the reduction in energy cost was 

maximal, is comparable to the spring stiffness used by Dean et al. 48, but lower than 

that used in the studies by Donelan et al. 47 and Ortega et al. 49 who used spring 

stiffnesses of 1700 N∙m-1, and 1900 N∙m-1 respectively. This indicates that these 

studies selected a stabilizer stiffness that effectively replaced the required active 

control of medio-lateral balance with passive external stabilization. The previously 

found reductions in energy cost of 3-6% of the total energy cost of walking can 

therefore be regarded as an accurate estimate of the metabolic effort for medio-

lateral balance control in normal gait. Small differences in the reduction in energy 

cost between studies could have been due to methodological differences like the 

method used to reduce unwanted fore-aft forces (long length cords versus a movable 

cart), and whether subjects walked with or without arm swing.  

Walking speed did not appear to be a factor accounting for differences in the 

energy cost for medio-lateral balance control between studies, since no significant 

interaction with stabilization on energy cost was present. This suggests that in 

healthy young subjects walking speed is not a major factor influencing medio-lateral 

stability. This is in line with a recent experimental study by Hak et al. 61, who showed 

that young subjects do not adapt walking speed when faced with medio-lateral 

perturbations, but is at odds with several other studies that have found conflicting 

effects of walking speed on gait stability. Much of the ambiguity in the results of these 

studies has been attributed to the broad range of outcome measures to quantify 

stability 71. In the current study, we used the effort to maintain balance (as reflected 

in the associated metabolic cost) as an (indirect) indicator of gait stability. This 

outcome measure represents a different, more global index of gait stability than 

previously used outcome measures, such as local dynamic stability or variability 

measures. The relation between these different indexes of gait stability should be a 

focus of future research.  

Nevertheless, an interaction of stabilization and walking speed on step width was 

found in the present study, indicating that the reduction in step width with external 
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stabilization was lower at high compared to low speeds. Since step width in the 

control condition did not vary with speed, this result does not appear to suggest that 

the system is less stable at higher speeds. An explanation for the reduced effect on 

step width at higher speeds could be that when step width decreases due to 

stabilization, the swinging leg needs to move laterally to avoid collision with the 

stance leg. At higher speeds swing time is reduced, thereby also reducing the time for 

the return movement of the swinging leg towards the midline position after lateral leg 

swing. Walking with wider steps will resolve this problem, while the energetic 

penalty of taking wider steps is reduced, since the mechanical work for redirecting 

the body center of mass during the step-to-step transition is provided by energy 

stored in and released from the stabilizing springs.  

The present conclusions are subject to several limitations. Firstly, as stated in the 

results section, one extreme outlier in the energy cost data was removed from all 

analyses. This was the only subject who consistently showed an increase in energy 

cost with increasing stabilizer stiffness. We believe that this occurred because this 

subject was actively resisting the spring forces leading to an increase in energy cost. 

Though some of the other subjects also had problems to comply with the task during 

the first stabilized trial, these subjects were all able to adapt to the experimental set-

up in subsequent trials. An even more extensive habituation period and instructions 

not to resist the spring forces should be employed in future studies to avoid such 

outliers. A second limitation of the current set-up is that the springs not only oppose 

lateral motion but also vertical motion, and rotational motion of the pelvis along the 

vertical axis. These unwanted side effects might offset some of the reduction in 

energy cost caused by the external lateral stabilization. Moreover, these effects might 

obscure a possible relation between external stabilization and walking speed, since 

vertical and rotational motion of the pelvis are known to increase with speed, 

whereas lateral motion of the pelvis reduces with increasing speed 72-73. Although we 

believe that the effects of vertical and rotational forces in our set up were small, their 

potential influence cannot be ignored, and should be further investigated in future 

studies.  

The present study has provided additional evidence that active control of medio-

lateral stability inflicts a small but significant metabolic demand even in healthy 
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subjects. In pathological gait, such as in stroke patients or amputees, the energy cost 

of maintaining medio-lateral stability likely is larger due to imperfect neuromuscular 

sensing and control, as well as increased margins of safety 23, 46, 74. Therefore, the next 

logical step is to evaluate the effects of external lateral stabilization in patient 

populations. Using the current method to determine the consequences of pathological 

changes in the neuromuscular system on the metabolic effort for balance control can 

help understand the cost of pathological locomotion, and may provide new 

therapeutic tools to facilitate balance control in gait training during rehabilitation. 

CONCLUSION 

We have provided further evidence that active control of medio-lateral stability 

during walking imposes a metabolic demand even in young healthy people. We 

demonstrated that this demand reduces with increasing stabilizer stiffness until a 

passively stable state is reached, as predicted by previous mathematical models. In 

addition, we observed that the effect of lateral stabilization on energy cost is 

independent of walking speed, suggesting that medio-lateral stability is not 

influenced by walking speed in young healthy persons. 




