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INTRODUCTION 

 In many endurance sports, a large part of an athlete’s external power is used to overcome 

drag. This force has two components: friction and pressure drag. When the athlete’s velocity is 

very low, friction drag dominates. In normal sports activities, pressure drag dominates. However, 

frictional drag is influential in the velocity range in which the airstream changes from laminar to 

turbulent, which on the other hand depends on the roughness of the athlete’s clothing. 

The term ‘drafting’ is mainly used in sports physiology and biomechanics to describe the tactic 

of performing a mode of activity in sheltered position. Therefore, the growing success and 

impact of merging endurance sports where athletes could take advantage in drafting raised 

renewed questions on the physiological characteristics and mechanisms regulating the human 

locomotion in sports like running (Pugh, 1971) , cycling (Kyle, 1979), speed-skating (Rundell, 

1996), swimming (Chatard & Wilson, 2003), triathlon (Hausswirth et al. 1999). The athlete who 

drafts continuously during the race may therefore reach a better position than would normally be 

in line with his individual physiological capacities. For this reason, many athletes attempt to 

position themselves behind athletes of the same or slightly better ability.  

 

1. Benefits of drafting in water activities 

 Consequences on physiological aspects of performance 

 Drafting while swimming front crawl, i.e. swimming directly behind or at the side of 

another swimmer, is mainly used in triathlon races or open-water swims. Drafting allows the 

swimmer to reduce the energy cost of swimming propulsion and hence gain time for swimming 

at maximal speed (Chatard et al. 1998). During swimming, hydrodynamic drag could be reduced 

when swimming in a drafting position. The effects of drafting during short swimming bouts have 

been widely studied in the recent literature (Basset et al., 1991; Chollet et al. 2000, Millet et al. 

2000). The main factor of decreased body drag with drafting seems to be the depression made in 

the water by the lead swimmer (Chatard & Wilson, 2003). This low pressure behind the lead 

swimmer decreases the pressure gradient from the front to the back of the following swimmer, 

hence facilitating his displacement. 

In submaximal conditions, precisely at an intensity of 95% of maximal speed over a 549-m 

swim, Basset et al. (1991) showed that drafting affected the metabolic responses to swimming. 

Oxygen uptake was reduced by 8 ± 12%, blood lactate concentration by 33 ± 17%, heart rate by 
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7.3% after 400-m (cf. Figure 1), and the rate of perceived exertion by 21 ± 10%. The lower 

resistive body drag (passive drag) forces encountered by the swimmers at maximum speed are 

responsible for the observed metabolic change (Chatard et al. 1998). As elite front crawl 

swimmers, Millet et al. (2000) suggested that triathletes can use two kick rhythms (two-or six-

beat) during the swim part of a triathlon. Thus, when drafting, they may follow a lead subject 

swimming with either a two- or a six-beat kick. A six-beat kick creates lots of bubbles and 

turbulences, making drafting less easy than when sheltering a two-beat kick. However, these 

authors showed the kick rhythm of the lead did not influence the metabolic responses of the 

draftee swimmer.  

 

 
Figure 1 – Heart rate responses (mean ± SE) to a 549-m swim (95% maximal swim velocity), with and without 

drafting. There are significant differences between conditions at 100-600 m (P < 0.05), (adapted from Basset et al. 

1991) 

 

Studies focusing on the effects of swimming on subsequent cycling performance are             

restricted (Delextrat et al. 2003; Kreider et al 1988; Laursen et al. 2000). However, despite the 

lack of experimental studies, recent reviews on triathlon determinants highlighted that the 

metabolic demand induced by swimming could have detrimental effects on subsequent cycling 

adaptations (e.g. Bentley et al. 2002). Experimental studies on the effect of prior swimming on 

subsequent cycling performance have led contradictory results. Kreider et al. (1988) have found 

that an 800-m swimming bout resulted in a significant decrease in power output (17%) during a 

subsequent 75-min cycling exercise. More recently, Delextrat et al. (2003) have observed a 

significant decrease in cycling efficiency (17.5%) after a 750-m swim conducted at a sprint 

triathlon competition pace when compared with an isolated cycling bout. Actually, in an elite 

Olympic distance triathlon the strategy of drafting during the cycling part can influence the 
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energy demands of this section as well as swimming and running strategies (Bentley et al. 2002).  

Delextrat et al. (2003) demonstrated the decrease in metabolic load associated with swimming in 

a drafting position involved two main modifications in physiological parameters during 

subsequent cycling. Firstly, oxygen uptake kinetics, at the onset of cycling, were significantly 

slowed when the prior swimming bout was performed in a drafting position (slower time 

constant) compared with swimming alone. Secondly, a significantly higher cycling efficiency 

(+4.8%), measured at steady-sate level, was observed in the drafting condition compared with 

the isolated swim. This improvement in cycling efficiency could be mainly accounted for by the 

lower swimming relative intensity involving a lower state of fatigue in the muscles of the lower 

limbs at the beginning of the subsequent cycling session. Consequently, the authors suggested 

that the increase in cycling efficiency could lead to an improvement in the overall performance 

during a triathlon. It should be noted that the possibility for athletes and coaches to put the results 

of this study into practice could be limited by the lack of cycling training of subjects tested and 

by the difference between intensity and duration of the cycling trials and the metabolic load 

encountered during a sprint distance triathlon (Hausswirth et al. 1999). Because cycling 

experience could lead to a lower variability in energy cost of locomotion, more training in 

cycling would be associated with a lower benefit of drafting. In addition to this study, a more 

recent experiment conducted by Bentley et al. (2007) compared the affects of drafting or a 

reduction of exercise intensity during swimming on the power output sustained during a 

subsequent cycle time trial. They found that the power output during a 20-min time trial in 

cycling was significantly lower after a 400-m all-out freestyle swimming at either 90% of this 

velocity or in a drafting situation. The authors showed no significant difference in the power 

output during cycling performance after swimming at 90% or in a drafting position. Thus, they 

demonstrated that whilst swimming may affect cycling performance, drafting results in a similar 

performance response during cycling. This could have straight recommendations for training 

approach in triathlon and/or the strategy to adopt during world cup triathlon event. 

Over aquatic sports are commonly studied in order to optimize physiologic performance 

and to apply scientific basis into the daily practice. For example, a common technique employed 

in flatwater kayak and canoe races is “wash riding”, in which a paddler positions his boat on the 

wake of a leading boat and, at a strategic moment, drops off the wake to sprint ahead. It was 

hypothesized by Gray et al. (1995) that this manoeuver was energy efficient, analogous to 
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drafting in cycling. This study shows that, in highly trained male kayak paddlers examined 

during steady-state exercise at 10,000 meter race pace (3.7 m.s-1), a significant decrease (-11%) 

in energy consumption during wash riding was found compared to non-wash riding, then 

delaying the onset of fatigue. This finding has implications for the design of training programs 

and competitive strategy plans for water kayak racing, suggested that practice of wash riding can 

reduce energy expenditure under speeds similar to those encountered in competitive events. 

 

 Consequences on biomechanical aspects of performance 

The distance adopted by the drafting in swimming appears to be a consistent parameter 

which could be linked to overall swimming performance. Chatard et al. (2003) investigated the 

effect of the distance (from 0 to 150 cm) separating the lead and the draft swimmer on the 

metabolic responses of the drafting swimmer performing a 4-min swim in a flume at 95% of 

their best 1500-m velocity. They showed that the optimum drafting position was in the 0- to 50-

cm range behind another swimmer, although a significant reduced metabolic response persisted 

at the 100- and 150-cm distances. Results demonstrated a reduction in oxygen uptake by 11% 

and  in stroke rate by 6%, whereas stroke length was increased by 6% at the optimal drafting 

distance of 50-cm. This result confirmed the average 60-cm distance spontaneously adopted by 

drafters in high level triathlon (Millet et al. 2000). An over important result of this study was the 

drafting distance of 150-cm which elicited about 10% benefits in metabolic cost whereas drafters 

had a 20% reduction in drag. This observation could have practical application especially in 

pool-based training and/or open-water competition like in long-distance swimming or triathlon. 

However, the context of competition put swimmers sometimes in side-drafting situation and not 

only in behind-drafting position. The optimum position when 100-cm to the side was 100-cm 

behind the lead swimmer with the draftee’s head located at a level of the hip of the leader 

(Chatard et al. 2003). This study was the first to demonstrate that swimming beside another 

swimmer is beneficial in terms of reduction of drag. However, the reduction in resistive drag was 

only one third of the reduction in drag when drafting immediately behind the lead swimmer. 

Then, many studies have showed that swimming behind another swimmer in a race is 

advantageous (Basset et al. 1991; Chatard et al. 2003; Chollet et al. 2000; Millet et al. 2000). 

The gain in performance was higher for the faster swimmers (Chatard et al. 1998): this point 

appears to be inconsistent with the gain reduction in drag observed with velocity. This 
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explanation put forward is that the faster triathletes are also the better swimmers and thus could 

take more benefits from the drafting situation because of their better swimming skills. Thus, 

drafting technique should be increased in training in order to learn more skills and optimize the 

physiological benefits afforded by a drafting situation. Another parameter which is taken into 

consideration by triathletes is the wearing of wet suit. Delextrat et al. (2003) demonstrated that 

the significant effect of drafting previously reported in the scientific literature was observed even 

though subjects wear a wet suit but the stroke characteristics (stroke rate and stroke length) were 

not significantly different in drafting position during a 750-m where the draftees wear a wet suit. 

Consequentltly, the authors demonstrated the influence in swimming alone or in a sheltered 

position behind a leader on pedal rate during the subsequent cycling for the triathletes; a 

significant pedal rate of 5.6% was observed in cycling when swimming was done before with 

drafting. The authors reported that this previous situation could have involved an increased blood 

flow to the muscles of the lower limbs. In that context of swimming,  it has been also reported 

that the use of wet suit induced significant decreases in active drag (from 12% to 16%) among 

different swimming speeds (Chatard & Millet, 1996). These authors showed specifically that 

swimming behind a leader resulted in an increase in swimming velocity (by 3.2%, i.e. 20-m 

benefits over a 400-m) and stroke length, and a reduction in stroke frequency. They found that 

the gain of performance was related to the ability of the swimmer and his skinfold thickness, 

with faster and leaner swimmers achieving a greater gain. The higher gain in performance 

observed for leaner subjects is consistent with the drag varaiations measured by Chatard et al. 

(1998). Indeed, swimmers with a greater skinfold thickness tend naturally to adopt a more 

horizontal position because of a better floating posture, and thus have a lower drag than leaner 

subjects (Pendergast et al., 1977). More recently, Chollet et al. (2000) demonstrated that the 

performance increased from 1.34 m.s-1 to 1.39 m.s-1 when swimmers drafted the leader during a 

400-m (Figure 2). Moreover, the authors concluded that drafting also contributes to stabilize the 

stroke parameters such as stroke frequency and stroke length during swimming (see Figure 2). 

On the contrary observed in the no-draft situation in swimming, the stroke frequency and the 

stroke length decreased throughout the 400-m, phenomenon probably due to the acute fatigue 

developed when swimmers are not sheltered behind another. Chollet et al. (1997) studying 442 

swimmers demonstrated that the best swimmers were characterized by their capacity to maintain 

higher consistency of technique and velocity throughout the race than their counterparts. In the 
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same way, improvements in stroke parameters such as stroke length have been also observed in 

drafting kayaking (Gray et al. 1995); it was interesting to note in this study that, while the kayak 

velocity increased significantly during the wash riding (i.e. drafting situation) trial, the stroke 

rate of the paddlers was significantly reduced. This indicates that there was likely a change in the 

stroke mechanics employed by the paddlers.  

 

 
Figure 2 – Differences and variations in swimming velocity, stroke index (SI), stroke length (SL) and stroke 

frequency (SF) during the drafting (filled squares) and non-drafting (open squares) 400-m swim. $ P<0.05: 

differences in drafting versus non-drafting conditions; * P<0.05: differences between each 50-m value and mean 

400-m in drafting (---) and non-drafting conditions (___) (from Chollet et al. 2000). 



Drafting and human locomotion 8 

All experimental studies focusing on aquatic sports and its physiological and biomechanical 

specificities emphasized the high benefits in the drafting process in which ‘athlete’ could take 

advantage in increasing his performance. However, drafting technique and drafting ability need 

to be integrate into daily practical training programs in order to adopt the most efficient position 

during competitions, and then therefore reach a better position than would normally be in line 

with his individual physiological and biomechanical capacities. 

 

2. Benefits of drafting in land activities 

 Consequences on physiological aspects of performance 

During individual road cycling events, it is possible to very accurately predict 

performance given knowledge of the mass of the system (bicycle and rider), its aerodynamic 

characteristics, and the athlete’s physiological qualities (Di Prampero, 2000; Olds, 2001). During 

multiple cyclist events riders have the opportunity to draft one another. Drafting is known to 

afford less physiologically capable individuals the ability to maintain the pace of their more 

capable counterparts and, in doing so, adds complexity  to the prediction of racing performance. 

In this context the magnitude of the drafting effect in cycling can be impressive. McCole et al. 

(1990) demonstrated that in drafting situation, a cyclist spare about 18% of oxygen uptake at 32 

km.h-1. The benefit of drafting a single cyclist at 37 and 40 km.h-1 was greater (27%) than at 32 

km.h-1. Drafting one, two, or four cyclists in a line at 40 km.h-1 resulted in the same reduction in 

oxygen uptake (27%). In addition, these authors showed that riding at 40 km.h-1 at the back of a 

group of eight cyclists reduced the oxygen uptake by significantly more (39%) than drafting one, 

two, or four cyclists in a line.  

The emergence of new Olympics sports such open-water swimming (in Beijing 2008) and 

triathlon (in Sydney 2000) had led sports scientists and national coaches to raise various 

questions about physiological process regulating these new disciplines. It is obvious that drafting 

has been studied in each of the three disciplines composing triathlon (Chollet et al. 2000; Kyle, 

1979; Pugh, 1971) and has proven far more beneficial to tested subjects compared with 

swimming and running, as clearly demonstrated by, for instance, the reduction in heart rate when 

riding in a group (Kyle, 1979). Little is known about drafting in cycling and its influences on the 

following run during a triathlon. The first interesting finding was given by Hausswirth et al. 

(1999), indicating that drafting during the bike course of a triathlon (i.e. immediately after the 
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swim leg) lowered both energy expenditure, heart rate and pulmonary ventilation values for a 

drafting distance of 0.2-0.5 m behind a lead cyclist. The authors demonstrated a global reduction 

oxygen uptake (-14%), heart rate (-7.5%) and pulmonary ventilation (-30.8%) for the drafted 

bike leg and for an average cycling speed of 39.5 km.h-1. When we compared these data to the 

one found by McCole et al. (1990) at a cycling speed of 40 km.h-1, the reduction in oxygen 

uptake was about –26%; the differences in oxygen uptake saved was explained by Hausswirth et 

al. (1999) with the probably less efficiency at drafting during the initial phase (i.e. first 4-km) of 

the cycling section of the simulated outdoor triathlon, due to the residual negative effects of the 

swim stage. The results also showed that running after biking in a drafting situation (for similar 

bike speeds) significantly improved the running speed compared with that of the no-draft 

modality (17.8 vs. 17.1 km.h-1). The benefit of drafting in cycling allowed triathletes to push 

themselves forward in the subsequent run as demonstrated in figure 3. The authors emphasized 

that drafting during the bike leg of a triathlon creates the conditions for an improved running 

performance, especially with higher benefits for the strong runners. They concluded that the                     

 

 

A

B

Figure 3 – A, Changes in oxygen uptake values obtained during the run section of drafted (TD) vs. no-drafted (TA) 

triathlons. B, Changes in heart rate values obtained during the run section of drafted (TD) vs. no-drafted (TA) 
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triathlons. * P<0.01, ** P<0.05, significantly different from Run during TD group, $ P<0.01, $$ P<0.05, significantly 

different from Run during TA group, (from Hausswirth et al. 1999, reproduced with persmission). 
 

 

higher expiratory flow observed during the run after drafting in cycling compared with the run 

after cycling alone may be partly explained the 5.3% increase in oxygen uptake (Figure 3) 

stemming from an enhanced oxygen flow to the active muscles. Furthermore, Roberston et al. 

(1977) suggested that as resistance increases, more energy is needed to generate sufficient 

tension in the muscles to obtain the pressures required for airflow to occur while some energy is 

also used to prevent deformation of the chest wall during increase work.Because of the 

generalization of drafting in cycling during elite triathlon events (i.e. Olympic games) and the 

various race strategies now induced, it seems important that triathletes know the effects of pacing 

up with another cyclist in order to save energy for the consecutive run. Within this framework, 

Hausswirth et al. (2001) investigated more recently the physiological responses of riding 

alternatively or continuously behind another cyclist during a simulated indoor sprint distance 

triathlon. The triathlete had to perform two triathlons; one with the alternate drafting process 

during cycling where the triathlete alternatively rode in front or at the back of another cyclist, 

rotating every 500-m and keeping the reach speed always constant. In the other modality, each 

triathlete drafted a professional cyclist whose task was to respect all split times recorded during 

the alternate bike leg. The authors showed a reduction by 16.5% in oxygen uptake and 11.4% in 

heart rate during the bike leg done continuously compared with the alternate cycling stage. In 

association, they recorded a better 5-km running performance after the continuous bike leg 

(+4.2%) compared with the run done after the alternate bike leg. The interesting result was the 

steady-state of the energy cost of running obtained during the runs, due to the increase of running 

speed after the continuous bike leg in association with a greater oxygen uptake provides by the 

benefits taken from the previous cycling part. Finally, for elite triathletes who are familiarized 

with drafting technique in training and world cup triathlon, the run performance depends on the 

previous cycling event (drafting modalities, pedaling cadence, stochastic power output..) but 

appealed the same energy cost of running in a sprint distance triathlon. 

 A form oh human locomotion as yet only poorly studied is speed skating, in which the 

maximal aerobic speeds are closer to cycling than running (≈40 km.h-1 for the 10,000-m race), 



Drafting and human locomotion 11 

suggesting that a relevant fraction of the total energy expenditure is spent overcoming air 

resistance. Di Prampero et al. (1976) quantified the energy spent against wind as being equal for 

running, skating, and cycling. From this experiment, he concluded that energy spent against 

forces resulted in the different speeds attained in these exercises for equal power outputs. More 

recently Rundell (1996a) demonstrated that a short-track race at a speed of 32 km.h-1 may in fact 

compromise the benefits of drafting because of internal power losses to overcome high forces 

required to skate the tight corners. In this light, they indicated most short-track skaters reduced 

their energy requirements for skating at a constant pace if they drafted another skater. Drafting 

resulted in a mean of 6 beats.min-1 reduction in heart rate for the 18 skaters of this study. This 

difference corresponded to an approximate 5-5.5% decrease in oxygen uptake (Rundell, 1996b) 

and is less than expected by the authors, the coefficient of friction for skating is demonstrated to 

be similar to that of cycling (D Prampero et al. 1976), where drafting at a similar speed resulted 

in an approximate 31% reduction in heart rate  from leading (Kyle 1979). However, in speed-

skating the maintenance of an optimal drafting position in corners appears more difficult because 

synchronous crossing-over of the legs at higher velocities is technically difficult and can lead to 

slightly higher distance between athletes (Krieg et al. 2006). In addition to speed-skating studies, 

some investigations have dealt with drafting, although only few investigated cross-country 

skiing. A study of Bilodeau et al. (1994) clearly indicate that drafting behind another skier could 

be a major advantage in a race when the situation is encountered. A mean reduction of 9 

beats.min-1 was observed when drafting a skier (Figure 4) as compared with leading the same 

skier, a significant reduction of 5.6%. The estimated energy cost deducted from “Heart rate – 

Oxygen uptake” relationship during the treadmill running test was significantly lower when 

pacing up with a skier, with a reduction of 13% when compared in being drafted. Then, the 

situation where drafting might play a major role advantage in a race are in a pursuit race, during 

a relay race, and during a mass start race. Moreover, a drafting situation could also happen in an 

individual start race, when a slower skier is passed, but is capable of pacing up with the slightly 

faster skier starting the race 30 or 60 s back. It seems to become a more and more daily practice 

during training, especially if skiers have to work together by sharing the lead in order to save 

energy, and thus increase speed.  

In running, previous study of Pugh (1970) demonstrated that at a speed of 6 m.s-1, 80% of the 

oxygen cost of meeting air resistance was eliminated by running close behind another runner. 
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Unless some other adverse effect is present to cancel this advantage, an athlete should be able to 

exceed the speed corresponding to his maximal oxygen uptake by up to 7.5 x 0.80 = 6%, by 

running behind a pace-maker or a faster competitor. According to the relation of oxygen uptake 

and speed in track running found by Pugh (1970), the oxygen uptake corresponding to a speed of 

6 m.s-1 is 76 mL.min-1.kg-1 and the speed corresponding to a 6% greater oxygen uptake (i.e. 80.5 

mL.min-1.kg-1) is 6.4 m.s-1. This is equivalent of a reduction in time for a 400-m lap from 66.6 to 

62.5 sec. Track experience, however, suggests that athletes cannot run close enough to gain as 

much as advantage as this. The reduction in oxygen uptake achieved by running behind another 

runner at 6 m.s-1 was 250 mL.min-1.kg-1; therefore, by running close behind another runner, 

oxygen uptake is 6.5% less than without shielding. Thus 80% of the energy cost of overcoming 

air resistance can be abolished by sheltering in running.  

 

 

 
Figure 4 – Relationship between the within-pair difference in average frontal surface area (m2) and heart rate 

decrement while drafting the leading skier. Pairs of similar symbol represent the two skiers of the same pair 

(regression ± 95% confidence intervals, reproduced with permission from Bilodeau et al. 1995). 
 

 

 Consequences on biomechanical aspects of performance 

Other previous attempts have been done to explain the determinants of the magnitude of 

drafting process on focusing on the drafter’s skill. Broker et al. (1999) for example showed that 

the drafting effect, expressed in terms of mass-normalized power output, varied by as much 1.21 

W.kg-1 (20.5% of total power). Previously Kyle (1979) used the four-person team pursuit models 
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to find that drafting effect is subject to several skill-related factors – paceline position, 

interwheels distance between two riders, the drafter’s left-right alignment with respect to the 

leader. Although these researches provide consistent data about drafting effect with respect to its 

several modalities, most of these informations sets also exhibit extended interindividual 

variability that can’t fully explained skill-related parameters. Very recently, Edwards & Byrnes 

(2007) hypothesized that leader drag area is an important determinant of the drafting effect in 

cycling (see Fig. 5). Therefore they indicated a strong mean effect of leader drag area, whether 

that effect is expressed in terms of the drag coefficient or power output. In addition, they found 

that the ratio between drag area of a leader and the drag area of a drafter is strongly correlated 

with the drafting effect. The pooled correlations indicate that some 61% of the drafting effect of 

variance can be accounted for by variation in the leader-drafter drag-area ratio. It seems from 

these data that the drafter’s aerodynamic and anthropometric characteristics have little influence 

on the measured drafting effects. These results showed a greater mean drafting effects than found 

by either Kyle et al. (1979, 1988) or broker et al. (1999). Kyle’s 38% reduction in aerodynamic 

drag force is approximately 4% less than the Edwards and Byrnes ‘s 42.4% reduction in the drag 

coefficient. The difference between the power-based of this study estimate of the drafting effect 

(33.2%) and that of Broker et al. (26.9%) is greater again at 6.3%. There are several possible 

explanations for those differences, but the most likely is that the recent study of Edwards and 

Byrnes (2007) involved a greater mean leader drag than did either of the previous two.  

 

 
Figure 5 - Depictions of the drafting effect: percent change in drag coefficient (A) or power output (B) from solo 

condition, observed for the three different leaders (minimum, intermediate, and maximum). * Significantly different 

from maximum drag-area leader; § significantly different from both remaining leaders. (from Edwards and Byrnes, 

2007).  
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As we know, in most endurance sports a large part of the external power delivered by the athlete 

is used to overcome drag. In level cycling and speed skating the speed is entirely determined by 

equivalence between external power and frictional losses (di Prampero, 1979). Van Igen Schenau 

(1982) showed that when a speed-skater is shielded by a subject who is standing in the skating 

posture 2-m in front of him, the drag is decrease by about 16%. At 1-m distance this shielding 

effect cause a decrease in drag of 23%. This effect explains the fast lap times in marathon speed 

skating in which all competitors skate closely behind each other. In contrast in in-line skating, 

Millet et al. (2003) demonstrated that the technical difficulties for drafting efficiently, especially 

while cornering, resulted in a reduced benefit of drafting at high velocity than in other sports. 

Moreover, the need for the skater to adjust their own cycle frequency to that of the lead skater 

while drafting “close” would explain partly that there were no significant differences between 

drafting at about 0.75-m and 1.20-m distances. Moreover, the energy requirement to overcome 

the high cornering forces could explain why drafting benefits observed were not as great as those 

observed in cycling. In this context, Rundell (1996) showed for short-track skaters that external 

power can be estimated from air friction force and ice friction force using the calculated 

cornering force during short-track and reported values for long-track skating (≈4 N on the 

straights and ≈6 N in corners). They found that at 9.2 m.s-1 the air friction is reduced by 21% 

from drafting, allowing a decrease of 13% in total power. 

Skiing constitute another form of locomotion which is well-studied according the process of 

drafting. For example, Spring et al. (1988) studied the effects of drafting in roller skiing and 

found that when a skier is in a semisquatting position and pacing up with another skier 2-3 m 

ahead, in the same posture, the drag is decreased by about 25%. Although Street (1990) did not 

study the effect of drafting, he used Kyle’s results (1979) and estimated that skiing at 5.5 m.s-1 

with no head wind would result approximately a 6% reduction in total mechanical power. 

Another of his estimations proposed that skiing with a head wind of 4.5 m.s-1, the total power 

output savings for the trailing skier would be about 14%. Street (1990) also mentioned that the 

advantages of drafting would occur when flow velocity is large and air drag is the major 

component of the net resistive force.  

Because of the important energy requirement to overcome wind resistance in triathlon - 

especially in cycling and running – the benefits of drafting behind a leader on biomechanical 
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changes have been recently investigated. Hausswirth et al. (1999) found the lower energy 

requirement in the cycling parted of a triathlon where triathlete rode behind a leader compared 

with alone is linked to higher freely chosen pedaling rate when biking in drafting position (95 

rpm) than when biking alone (89 rpm). The authors suggested that this reduction in applied 

forces may be explained by a reduction in the activation of the vastus lateralis muscle due to the 

decrease of wind resistance and connected to a reduction of the energy expenditure. In a more 

recent study (Hausswirth et al. 20001) simulating an indoor sprint triathlon, the triathletes had to 

realize two triathlons where during the bike course they 1) alternatively rode in front or at the 

back of another cyclist (ADT situation), rotating every 500-m and keeping speed always 

constant, 2) drafted continuously a professional road cyclist (CDT situation) who task was to 

respect all split times recorded during ADT situation by the triathlete they were sheltering. The 

results showed that triathletes adopted higher freely chosen cadences during ADT (102 rpm) 

compared with CDT situation (85 rpm). The authors suggested in the context of triathlon races            
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Figure 6 – Changes in stride length and stride rate values obtained during the run section of the alternate draft 

triathlon (ADT) vs. the continuous draft triathlon (CDT). Significantly different from the initial value, * P<0.05. 
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Significantly different from the corresponding ADT value, $ P<0.05, (from Hausswirth et al. 2001, reproduced with 

permission). 

 

 

the necessity to implement drafting techniques in training to save energy for the final run 

associated with the stride length triathletes adopted immediately after the bike leg (see Figure 6). 

At the beginning of the run done after biking in ADT situation, the stride was shorter compared 

with the CDT run value (1.63 m vs. 1.68 m, respectively). The authors showed that the pedaling 

cadence in cycling influence the stride rate in running only during the part of the run, as 

evidenced by the lack of change in stride length and stride rate recorded from the 2nd to the 5th 

km run (figure 6). Tehn, similar stride length values were obtained from the middle to the end of 

the final run section of both triathlons (CDT and ADT), suggesting with exercise duration the 

triathlete adopted spontaneously the same pattern of locomotion, i.e. the one eliciting the lowest 

energy cost of running.  

 

To conclude, during multiple endurance sports events athletes have the opportunity to draft one 

another. Drafting is well-known to limit the aerodynamic resistive force they experience, and 

affords less physiologically capable individuals the ability to maintain the pace of their more 

capable counterparts and, in doing so, adds complexity to the prediction of racing performance. 

Indeed, the respite offered by drafting is the single factor that predisposes mass-start races (i.e. 

triathlon, road cycling, skiing, short-track skating, kayaking…) to a degree of tactical complexity 

not apparent in individual time-trial competitions. Finally, the practice of drafting would be 

incorporated in training programs in order to optimize all physiological and biomechanical 

adaptations occurring when athletes trained. 

 

 

 

 

 

 

 

 



Drafting and human locomotion 17 

REFERENCES 

 

1. Bassett DR, Flohr J, Duey WJ, Howley ET, & Pein RL (1991). Metabolic responses to 

drafting during front crawl swimming. Med Science Sports Exer 23: 744-747. 

2. Bentley DJ, Libicz S, Jougla A, Coste O, Manetta J, Chamari K, & Millet GP (2007). The 

effects of exercise intensity or drafting during swimming on subsequent cycling 

performance in triathletes. J Sci Med Sport 10:234-243. 

3. Bentley DJ, Millet GP, Vleck VE, & MacNaughton LR (2002). Specific aspects of 

contempory triathlon. Sports Med. 32:1-15. 

4. Broker JP, Kyle CR, & Burke ER (1999). Racing cyclist power requirements in the 4000-

m individual and team pursuits. Med Sci Sports Exerc 31:1677-1685. 

5. Chatard JC & Millet GP (1996). Effects of wetsuit use in swimming events. Sports Med 

22 : 70-75. 

6. Chatard JC, & Wilson B (2003). Drafting distance in swimming. Med Science Sports 

Exer 35: 1176-1181. 

7. Chatard, JC, Chollet D, & Millet GP (1998). Performance and drag during drafting 

swimming in highly trained triathletes. Med Science Sports Exer 30: 1276-1280. 

8. Chollet D, Hue O, Auclair F, Millet GP, & Chatard JC. (2000). The effects of drafting on 

stroking variations during swimming in elite male triathletes. Eur J Appl Physiol 82:413-

417. 

9. Delextrat A, Tricot V, Bernard T, Vercruyssen F, Hausswirth C;, & Brisswalter J (2003). 

Drafting during swimming improves efficiency during subsequent cycling. Med Sci 

Sports Exer 35, 1612-1619 

10. Di Prampero PE (2000). Cycling on earth, in space, on the moon. Eur J Appl Physiol 82, 

345-360. 

11. Edwards AG, & Byrnes WC (2007). Aerodynamics characteristics as determinants of the 

drafting effect in cycling. Med Sci Sports Exerc 39:170-176. 

12. Hausswirth C, Lehénaff D, Dreano P, & Savonen K (1999). Effects of cycling alone or in 

a sheltered position on subsequent running performance during a triathlon. Med. Sci. 

Sports Exerc. 31:599-604. 



Drafting and human locomotion 18 

13. Hausswirth C, Vallier JM, Lehénaff D, Brisswalter J, Smith D, Millet G, & Dreano P 

(2001). Effect of two drafting modalities in cycling on running performance. Med Sci 

Sports Exerc 33:385-390. 

14. Jeukendrup AE, Craig NP, & Hawley JA (2000). The bioenergetics of world class 

cycling. J Sci Med Sport 3:414-433. 

15. Kreider RB, Cundiff DJ, Hammet JB, Cortes CW, & Williams KW (1988). Effects of 

cycling on running performance in triathletes. Annals of Sports Med 3, 220-225. 

16. Kyle, CR (1979). Reduction of wind resistance and power output of racing cyclists and 

runners travelling in groups. Ergonomics 22: 387-397. 

17. Laursen PB, Rhodes EC, & Langill RH (2000). The effects of 3000-m swimming on 

subsequent 3-h cycling performance: implications for ultraendurance triathletes. Eur J 

Appl Physiol 83: 28-33. 

18. McCole SD, Claney K, Conte JC, Anderson R, & Hagberg JM (1990). Energy 

expenditure during bicycling. J Appl Physiol 68:748-753. 

19. Millet GP, Chollet D, & Chatard JC (2000). Effects of drafting behind a two- or a six-

beat kick swimmer in elite female triathletes. Eur J Appl Physiol 82: 465-471. 

20. Olds T (2001). Modelling human locomotion: applications to cycling. Sports Med 

31:497-509. 

21. Pugh LG (1970). Oxygen intake in track and treadmill running with observations on the 

effect of air resistance. J Physiol 207, 823-835. 

22. Pugh LG (1971). The influence of wind resistance in running and walking and the 

mechanical efficiency of work against horizontal or vertical forces. J Physiol 213, 255-

276. 

23. Sargent RM (1926). The relation between oxygen requirement and speed in running. Proc 

R Soc 100:10-22. 

24. Vleck V, Bürgi A, & Bentley DJ (2006). The consequences of swim, cycle, and run 

performance on overall result in elite Olympic distance triathlon. Int J Sports Med 27:43-

48. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


