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of internal forces and torques across joints may transfer this energy to other sites, such as 
the feet or hands, where the energy can do work against the water to produce propulsive 
force. There is evidence that this occurs in butterfly swimming (Sanders, Cappaert & Devlin, 
1995). The action of raising the upper body to breathe generates potential and rotational 
kinetic energy of the upper body that is transferred to the lower body and culminates in a 
propulsive kick. The timing of the segments gaining and losing energy indicated that some of 
the energy contributing to the kicking action does not need to be generated by the muscles of 
the lower limbs normally involved in kicking. The re-use of energy in this way contributes to 
efficiency in butterfly swimming and explains why skilled swimmers such as Michael Phelps 
can swim 200m butterfly in a time that is only 8 seconds slower than 200m front crawl 
despite the work done to raise the upper body and despite having only one arm pull per 
cycle. By contrast, a swimmer who has not yet developed the correct coordination and 
‘rhythm’ in butterfly swimming is quickly exhausted.  
Wavelike sequences of coordination are also evident in front crawl with six beat kick 
(Sanders & Psycharakis, 2009). Skilled front crawl swimmers generate torsional waves that 
travel at moderate speeds from hips to feet due to sequencing of hip, knee, and foot roll 
about the longitudinal axis of the body. While it is established that the torsional wave is 
characteristic of elite front crawl swimmers using the six beat kick, the benefit of the travelling 
body wave with regard to energy saving is less clear at this time than in butterfly swimming.   
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Determining the efficiency (and the economy) of a movement is a primary goal for those 
interested in understanding, and possibly improving, human locomotion and/or sport’s 
performance. This goal is particularly difficult to achieve in swimming where different 
“efficiencies” could be computed based on the partitioning of mechanical power output 
into its useful and non useful components as well as because of the difficulties in 
measuring the forces a swimmer can exert in water. In this paper the “possible range” of 
overall (gross) and propelling efficiency values for swimming humans is estimated and 
discussed. 
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INTRODUCTION: The only efficiency that can be calculated in swimming with a certain 
degree of accuracy is drag efficiency (ηD) for it just requires measures of drag (hydrodynamic 
resistance) and energy expenditure: ηD = W’D / E’, where W’D is the mechanical power output 
needed to overcome drag forces and E’ is metabolic power input. Even if the different 
methods developed so far to determine (active and/or passive) drag are quite debated in the 
literature (e. g. Wilson & Thorp, 2003; Toussaint, Roos & Kolmogorov, 2004; Havriluk, 2007; 
Zamparo, Gatta, Capelli & Pendergast, 2009; Zamparo, Capelli & Pendergast, 2011), they 
consistently indicate that less than 10% of metabolic power input can be transformed into 
useful mechanical power output (ηD = 0.03-0.09) (e. g. Holmér, 1972; Pendergast, di 
Prampero, Craig Jr, Wilson & Rennie, 1977; Kolmogorov & Duplisheva, 1992; Toussaint, 
Roos & Kolmogorov, 2004; Zamparo, Pendergast, Mollendorf, Termin & Minetti, 2005).  
Even more debated are the methods utilized in the literature to calculate overall (gross) and 
propelling efficiency and the range of their values is even larger than in the case of ηD. The 
values of ηO (= W’T / E’, where W’T is total mechanical power output) reported in the literature 
range from 0.1 to 0.2 (Toussaint, Knops, De Groot & Hollander, 1990; Zamparo et al., 2005) 
and the values of ηP (W’D / W’T) range from 0.2 to 0.8 (Martin, Yeater & White, 1981; 
Toussaint, Beleen, Rodenburg, Sargeant, De Groot, Hollander & van Ingen Schenau, 1988; 
Zamparo et al., 2005; Zamparo, 2006; Figueiredo, Zamparo, Sousa, Vilas-Boas & 
Fernandes, 2011). Particularly for ηP the need to decrease the uncertainty due to the wide 
range of values reported in the literature is strong since this parameter is a major 
determinant of performance and hence of great interest for sport scientist and coaches. 

METHODS AND RESULTS: Propelling efficiency can be calculated based on values of drag 
efficiency provided that overall (gross) efficiency is known (ηO = ηD/ηP). As indicated in Table 
1, by assuming different values of ηO (from 0.10 to 0.30) the possible range of estimated ηP

values turns out to be “rather wide” (0.10-0.90) indicating that from 10 to 90% of W’T can be 
utilized for propulsion during swimming. One way to reduce this uncertainty is to define a 
“reasonable range” of ηO values, at least from a theoretical point of view.

DISCUSSION: In cycling, where W’T is easily measurable with proper ergometers: ηO = 0.25-
0.30 (e. g. similar to the values expected from the thermodynamics of muscle contraction at 
optimal contraction speed, Wooledge, Curtin & Homsher, 1985). Similar values should be 
expected for all forms of “locomotion” in which no recoil of elastic energy takes place and for 
which total power output can be accurately assessed; in these conditions, values of ηO lower 
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than 0.25-0.30 are measured only when muscles are working far from the optimal range of 
their force-length and/or force-speed relationship.

Table 1 
Changes in propelling efficiency (ηηηηP) estimates for different values of overall 

efficiency (ηηηηO) and of drag efficiency (ηηηηD). ηηηηO = ηηηηD/ηηηηP. 

ηO ηD (min) ηD (max) ηP (min) ηP (max)

0.10 0.03 0.09 0.30 0.90 
0.15 0.03 0.09 0.20 0.60 
0.20 0.03 0.09 0.15 0.45 
0.25 0.03 0.09 0.12 0.36 
0.30 0.03 0.09 0.10 0.30 

The effect of an “unfavourable muscle length” on ηO is quite small: when cycling in the prone 
or supine position the efficiency is 92 - 97% that of cycling upright (Abbott & Wilson, 1995). 
Muscle efficiency is also a function of the v/vmax ratio (velocity of shortening / maximal 
velocity of shortening) and peaks at about the same shortening speed that gives maximal 
power production (e. g. Reggiani, Potme, Bottinelli, Canepari, Pellegrino & Stiener, 1997). 
Since muscle fibre types are characterized by different values of vmax, muscle efficiency 
depends also on the composition of fibres (the slow type fibres being more efficient that the 
fast type ones) and on their recruitment (e. g. Reggiani et al. 1997). 60 cycles /min (1 Hz) 
has been suggested as the frequency maximizing efficiency for Type I fibres in cycling 
(Sargeant & Jones 1995) and arm stroke frequency is not far from this value (34-67 
cycles/min: in the four strokes over the 50-800 m distances, in male and female swimmers, 
as reported by Maglischo, 2003). Therefore, the effect of an “unfavourable contraction 
speed”, as well as that of an “unfavourable muscle length” on ηO in swimming seems rather 
small. 
A final consideration, debated in the literature, regards the possible difference in the 
efficiency of arm vs. leg exercise: due to the smaller mass involved (arm cranking vs. cycling) 
the “overall” efficiency of arm exercise was reported to be lower to that of leg exercise (e. g. 
Pendergast, 1989). However, this is not the case of swimming since large muscle masses 
(not only the upper limbs) are involved in this mode of locomotion. Moreover, as indicated by 
Hagerman (2000), the values of ηO reported in the literature for rowing (mainly, but not only, 
upper body exercise) can be as high as 0.24 (in elite oarsman during a simulated 2000 m 
race on a rowing ergometer). 
On the basis of these considerations it could be concluded that: i) ηO values of about 0.20-
0.25 could be determined also for “simulated swimming” if a proper ergometer could be 
devised; and ii) the “rather low” values of overall (gross) swimming efficiency reported in the 
literature so far can not be attributed to non-optimal muscle efficiency during swimming but, 
rather, to an incomplete computation of all work components/energy losses.  
On this line of reasoning, according to data reported in Table 1, it necessarily follows that, for 
ηO values of about 0.20-0.25, ηP could be at most 0.36-0.45 (and the minimum values of 
about 0.12-0.15): e. g. less than half of total power output can be transformed into power 
useful for propulsion in swimming humans. These seem quite reasonable estimates since 
humans are not suited for locomotion in water; in comparison swimming cetaceans are 
characterized by values of ηP ranging from 0.75 to 0.90 (Fish 1998). Recent studies of 
computational fluid dynamics (von Loebbecke, Mittal, Fish & Mark, 2009) are even more 
“restrictive” indicating a range of propulsive efficiency of the underwater dolphin kick in 
humans (a way more efficient method to move in water than the arm stroke) of 0.11 - 0.29 
(compared to 0.56 for cetaceans).  

FINAL CONSIDERATIONS: Data of p reported in Table 1 represent the “average propelling 
efficiency” as it can be calculated during a complete swimming cycle. Since unsteady forces 
are exerted in swimming, when this parameter is calculated in a particular phase of the 
swimming cycle (e. g. during the propulsive phase) its values could be as much as twice than 
the average ones. This seems indeed one of the reasons why so different values of 
propelling efficiency of the arm stroke have been reported in the literature so far.  
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than 0.25-0.30 are measured only when muscles are working far from the optimal range of 
their force-length and/or force-speed relationship.

Table 1 
Changes in propelling efficiency (ηηηηP) estimates for different values of overall 

efficiency (ηηηηO) and of drag efficiency (ηηηηD). ηηηηO = ηηηηD/ηηηηP. 

ηO ηD (min) ηD (max) ηP (min) ηP (max)

0.10 0.03 0.09 0.30 0.90 
0.15 0.03 0.09 0.20 0.60 
0.20 0.03 0.09 0.15 0.45 
0.25 0.03 0.09 0.12 0.36 
0.30 0.03 0.09 0.10 0.30 

The effect of an “unfavourable muscle length” on ηO is quite small: when cycling in the prone 
or supine position the efficiency is 92 - 97% that of cycling upright (Abbott & Wilson, 1995). 
Muscle efficiency is also a function of the v/vmax ratio (velocity of shortening / maximal 
velocity of shortening) and peaks at about the same shortening speed that gives maximal 
power production (e. g. Reggiani, Potme, Bottinelli, Canepari, Pellegrino & Stiener, 1997). 
Since muscle fibre types are characterized by different values of vmax, muscle efficiency 
depends also on the composition of fibres (the slow type fibres being more efficient that the 
fast type ones) and on their recruitment (e. g. Reggiani et al. 1997). 60 cycles /min (1 Hz) 
has been suggested as the frequency maximizing efficiency for Type I fibres in cycling 
(Sargeant & Jones 1995) and arm stroke frequency is not far from this value (34-67 
cycles/min: in the four strokes over the 50-800 m distances, in male and female swimmers, 
as reported by Maglischo, 2003). Therefore, the effect of an “unfavourable contraction 
speed”, as well as that of an “unfavourable muscle length” on ηO in swimming seems rather 
small. 
A final consideration, debated in the literature, regards the possible difference in the 
efficiency of arm vs. leg exercise: due to the smaller mass involved (arm cranking vs. cycling) 
the “overall” efficiency of arm exercise was reported to be lower to that of leg exercise (e. g. 
Pendergast, 1989). However, this is not the case of swimming since large muscle masses 
(not only the upper limbs) are involved in this mode of locomotion. Moreover, as indicated by 
Hagerman (2000), the values of ηO reported in the literature for rowing (mainly, but not only, 
upper body exercise) can be as high as 0.24 (in elite oarsman during a simulated 2000 m 
race on a rowing ergometer). 
On the basis of these considerations it could be concluded that: i) ηO values of about 0.20-
0.25 could be determined also for “simulated swimming” if a proper ergometer could be 
devised; and ii) the “rather low” values of overall (gross) swimming efficiency reported in the 
literature so far can not be attributed to non-optimal muscle efficiency during swimming but, 
rather, to an incomplete computation of all work components/energy losses.  
On this line of reasoning, according to data reported in Table 1, it necessarily follows that, for 
ηO values of about 0.20-0.25, ηP could be at most 0.36-0.45 (and the minimum values of 
about 0.12-0.15): e. g. less than half of total power output can be transformed into power 
useful for propulsion in swimming humans. These seem quite reasonable estimates since 
humans are not suited for locomotion in water; in comparison swimming cetaceans are 
characterized by values of ηP ranging from 0.75 to 0.90 (Fish 1998). Recent studies of 
computational fluid dynamics (von Loebbecke, Mittal, Fish & Mark, 2009) are even more 
“restrictive” indicating a range of propulsive efficiency of the underwater dolphin kick in 
humans (a way more efficient method to move in water than the arm stroke) of 0.11 - 0.29 
(compared to 0.56 for cetaceans).  

FINAL CONSIDERATIONS: Data of p reported in Table 1 represent the “average propelling 
efficiency” as it can be calculated during a complete swimming cycle. Since unsteady forces 
are exerted in swimming, when this parameter is calculated in a particular phase of the 
swimming cycle (e. g. during the propulsive phase) its values could be as much as twice than 
the average ones. This seems indeed one of the reasons why so different values of 
propelling efficiency of the arm stroke have been reported in the literature so far.  
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The purpose of this presentation is to show some ideas where swimming kinematics and 
hydrodynamics were combined to deal with the understanding of swimming 
propulsion/efficiency phenomena. The study is a complex combination of different 
methods to tackle the problem of understanding swimming propulsion: 3D 
kinematics, flow visualization, PIV and CFD. The hand’s CM propulsive path 
differed between supportive and displacement sculling, finding the same situation 
in the wake generated. The forward zigzag path and the impulsive wake 
observed during displacement sculling opened a novel understanding of 
swimming propulsion. 

KEY WORDS: 3D analysis, vortices, unsteady propulsion, swimming drills. 
 

INTRODUCTION: The performance development in swimming sport is based on a complex 
dose adjustment (training plan) of physical loads, technical-biomechanical improvement, 
tactical awareness and psychological control. Most the swimming training programs devote 
unique attention to the physical loads in water and on land and with luck to the psychological 
element. Technical and tactical practice is considered an important part of the training 
program but rarely planned, dosed or evaluated applying a rational methodology. A cause of 
this situation is based on the technical preparation included in the coaches’ courses where a 
mere description of body positions, limbs movements or body-parts coordination is taught 
without a clear understanding of complex hydrodynamics phenomena involved in swimming 
motions. This is caused by the lack of an understandable conceptual framework easily 
applied to the daily work of swimming coaching. How can hydrodynamics be useful for the 
coach, being so complex? To resolve this situation is a difficult task, not dealt with by the 
scientists. A few works try to give a plausible answer to the problem, as for example: 
a) To spread the knowledge about these subjects using basic terms combined with the 

complex description of three-dimensional movements related to quasi-steady propulsive 
movements (J. E. Counsilman, 1979; Schleihauf, 1979). 

b) To introduce the knowledge of flow movements around the human body and limbs, 
including the application of vortex induced propulsion theories based on unsteady 
propulsive mechanisms (Raul Arellano, 1999; Colman, Persyn, & Ungerechts, 1999; 
Colwin, 1985)  

c) A general and intuitive description of this knowledge applied to animals Lauder, Dickinson 
and Fish (Dickinson, 1996; Drucker & Lauder, 1999). 

d) New tools recently applied to understanding this problem in human swimming as 
Computer Fluid Dynamics (Bixler & Riewald, 2002; Rouboa, Silva, Leal, Rocha, & Alves, 
2006), Flow visualization using different techniques (Raúl Arellano & Pardillo, 2001; 
Persyn & Colman, 1997) Particle image velocimetry (PIV) (Raúl Arellano, 2003; 
Matsuuchi, et al., 2009) 

This sample is a demonstration of how the authors (in many cases not really hydrodynamic 
specialists or engineers) tried to translate complex concepts and equations that compose this 
area of knowledge to scientists, coaches and practitioners of this sport. Similar cases can be 
reported in each country where some swimming expert spread his knowledge to the 
interested colleagues in his country, but usually reported in a language different than English 
and unknown by the rest of us.  




