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SUMMARY 

The aim of this study was to determine the influence of 

running speed on Strouhal number in humans.  Ten physically 

active participants (6 male) completed a submaximal 

incremental treadmill test in order to determine their maximal 

steady state running speed.  At each stage, ground contact and 

flight times were measured in order to calculate, stride 

frequency, step length and Strouhal number.  Stride frequency 

and step length both increased as a function of increasing 

running speed.  Strouhal number decreased as running speed 

increased.  The range of Strouhal numbers observed at each 

participant’s maximal steady state running speed ranged 

between 0.31 and 0.42.  This finding is in agreement with 

flying and swimming literature and supports the use of 

Strouhal number for the assessment of the dynamics of human 

running. 

 

INTRODUCTION 

The Strouhal number is a dimensionless number that has been 

used widely to study the dynamics of swimming and flying.  

An optimal range of Strouhal numbers has been found across a 

large range of flying and swimming animal species of 0.2-0.4 

[7-10].  Within this range, cruising animals are believed to 

move with maximal efficiency.  As speed increases towards 

that for maximal efficiency, Strouhal number has been shown 

to decrease in human swimmers [1,5,12], although no such 

relationships have been observed in fish [8,11]. 

 

Studies investigating the Strouhal number in human running 

have used it to explore the dynamic similarity of gait [3,4].  To 

date, however, no studies have determined the influence of 

running speed on Strouhal number, or presented an optimal 

range of Strouhal number for maximal efficiency of motion. 

 

The aim of this study were, therefore, to show how Strouhal 

number changes with increasing running speed, and to 

determine the range of Strouhal numbers seen in humans when 

running at maximal steady state running speed. 

 

METHODS 

10 physically active participants were recruited for the study 

(6 male; 4 female).  Participants had a mean (±SD) age, height 

and mass of 21.5±2.4 years, 1.73±0.09 m, and 67.7±11.2 kg, 

respectively.  The study received ethical approval from the 

institutional review board and all participants gave fully 

informed written consent to take part. 

 

Participants were required to complete a submaximal 

incremental test on a treadmill (Pulsar 3p, HP-Cosmos, 

Nussdorf, Germany) whilst expired gas was collected and 

analyzed using a breath by breath gas analyser (Cortex 

Metalyzer 3B, Cortex BioPhysik GmbH, Leipzig, Germany).  

Optoelectronic sensors (Optojump Next, Microgate, Bolzano, 

Italy) were placed either side and at the level of the treadmill 

belt in order to record spatiotemporal variables of the 

participants’ running gait such as ground contact time and 

flight time, at a sampling rate of 1000 Hz.   

 

Participants completed a 4 minute warm up at a speed of 9 

km·h
-1

.  Following this, each participant completed a 

continuous series of 1 minute stages with the treadmill speed 

being increased between each stage by 1 km·h
-1

.  Treadmill 

speed ranged between 9 km·h
-1

 and 16 km·h
-1

.  Participants 

continued to run until they reached their anaerobic threshold.  

This point was determined from the analysis of their expired 

air, defined as the point of inflection on a plot of CO2 and 

O2 against minute ventilation ( E) [2].  All spatiotemporal 

variables were measured during the middle 30 seconds of each 

stage of the incremental treadmill test. 

 

Strouhal number is given by 

 
V

fA
St  

where f is the stride frequency, A is the amplitude of motion 

and V is the mean running speed.  In line with the animal 

literature that uses the excursion amplitude of either the wing 

tip (flying) or propelling fin/body (swimming) in swimming, 

the amplitude used here for running was the horizontal 

amplitude of the foot during the ground contact phase, or step 

length.  Step length was calculated as the product of ground 

contact time and running speed, and is the distance that the 

foot travels under the body whilst in contact with the treadmill 

belt. 

 

Mean stride frequency, step length and Strouhal number were 

calculated at each incremental treadmill test speed at which 

three or more participants ran. 

 

RESULTS AND DISCUSSION 

Figure 1 shows the influence of running speed on both stride 

frequency and step length.  Stride frequency increased as a 

function of increasing speed.  This is in agreement with 



previous literature which shows similar increases in stride 

frequency as running speed increases [6]. 

 

Step length also increased as a function of increasing running 

speed, ranging between 0.87 m and 1.09 m for the slowest and 

fastest speeds, respectively.  
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Figure 1:  Mean stride frequency (♦) and step length ( ) are 

presented as a function of treadmill running speed.  Mean 

values were calculated for all participants who completed each 

stage. 

 

Figure 2 shows the influence of running speed on Strouhal 

number.  Strouhal number was seen to decrease from 0.44 at 

the slowest speed to 0.35 at a speed of 15 km·h
-1

.  A slight 

increase in Strouhal number was seen between the fastest two 

speeds, although the reduced number of participants who 

completed the fastest speed could contribute to this. 

 

Previous literature examining the Strouhal number in flying 

and swimming animals consistently observed cruising animals 

to fly or swim within an optimal range of Strouhal number of 

between 0.2-0.4 [7-10].  At running speeds above 12 km·h
-1

, 

participants were found to run with Strouhal numbers within 

this range.  Here, we proposed that the maximal steady state, 

or aerobic running speed provides maximal efficiency of 

locomotion.  This speed for each participant is the fastest 

speed that they would be able to maintain without significant 

fatigue.  Although this maximal steady state speed varied 

between participants, all participants ran with a Strouhal 

number of between 0.31 and 0.42.  Of the 10 participants, 

eight ran at maximal steady state running speed below 0.4. 
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Figure 2:  Mean Strouhal number is presented as a function of 

treadmill running speed.  Mean values were calculated for all 

participants who completed each stage. 

 
CONCLUSIONS 

This study has shown that Strouhal number decreases as 

running speed increases in humans.  The range of Strouhal 

numbers seen in human running is similar to that observed 

across a large range of flying and swimming animal species. 

range of Strouhal number for maximal steady state human 

running has also been presented.  Future studies will 

investigate the influence of training status and fatigue on 

Strouhal number in humans.  
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