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When swimming at the surface, swimmers will experience wave drag. It is observed that 
above a certain speed, wave height grows rapidly with further speed increase, suggesting 
that wave drag cannot be neglected at high speed. Therefore, the magnitude of this 
component of total drag was estimated. Total drag was decomposed in 2 parts; wave
and pressure drag. Assuming wave drag to be negligible below 1.6 m's-1, the velocity 
dependence of pressure drag was assessed by drag determinations at speeds below 1.6 
m·s-1. By subtracting the estimated pressure drag from total drag values measured at 
higher speeds, wave drag was estimated. At a mean speed of 1.89 m's-1, mean wave 
drag was 11.5 N, amounting to 12.1 % of total drag. These results underline the 
importance of reducing wave drag by diving under the surface after start and turns. 
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INTRODUCTION; When swimming through the water the body will undergo a drag force. For 
swimming near the water surface three drag components can be distinguished; friction drag 
(Ff), pressure drag (Fp) and the so- called 'wave-making resistance' (Fw). Hence total 
resistance Fd equals (Toussaint & Beek, 1992): 

Fd = Ff + Fp + Fw (1 ) 

Figure 1. Wave length (L) of wave system created by the swimmer. 

Wave drag only occurs when swimming near the surface, where the pressure surrounding 
the moving swimmer sets up a wave system. Both the wave-length (L, the crest to crest 
distance, see Figure 1) and the wave amplitude increase with increasing swimming speed. At 
a certain speed the wave-length will equal the "water-line length" of the swimmer, which is 
presumably proportional to the height of the swimmer. This swimming speed is called the 
"hull speed", a term from shipbuilding. Further increase in speed traps the swimmer in a 
trough, ultimately limiting further increase in speed (Vogel, 1994; Aigeldinger & Fish, 1995; 
Fish & Baudinette, 1999). To move faster, the swimmer would literally have to swim uphill, 
which is energetically very costly. For ships the hull speed (Vh) is a function of the square 
root of the waterline length of the hull or body (Prange & Schmidt-Nielsen, 1970): 

(2) 
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where 9 is the gravitational acceleration, 9.8 m's-2, and Iw is the waterline length along the 
longitudinal axis of the body (in m). With an arbitrary height of 2 m, a hull speed of 1.77 m's-1 

is found (Eq. 2). Since real maximum swim speed is about 2 m's-1 this suggests that 1) 
humans seem to be able to swim faster than the hull speed and 2) wave making resistance 
matters at competitive swimming speed. Can we make an estimate of wave making 
resistance and assess its relative importance? 

Force 
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Figure 2. Schematic drawing of the MAD-system mounted in a 25 meter pool. (note: the cord leading 
to the calibration device is detached during drag-measurement) 

METHODS: To measure total drag of a swimmer during active swimming we used the MAD 
System (System to Measure Active Drag, see Figure 2) (Toussaint, Groat, Savelberg, 
Vervoorn, Hollander & Ingen Schenau, 1988). The MAD-system allows the swimmer to push 
off from fixed pads with each stroke. These push-off pads are altached to a 22 meter long 
rod. The distance between the push-off pads can be adjusted (normally 1.35 m). The rod is 
mounted ± 0.8 m below the water surface. The rod is connected to a force transducer 
enabling direct measurement of push-off forces for each stroke. Subjects use their arms only 
for propulsion; their legs are floated with a small buoy. If a constant swimming velocity is 
maintained, the mean propelling force equals the mean total drag force. Hence, swimming 
one lap on the system yields one data-point for the velocity-drag-curve. To estimate the 
effect of wave drag it was assumed that below a certain swimming speed, drag is 
predominantly determined by pressure drag. Hence, friction drag is assumed to be negligible 
which given the Reynolds number (>1,000,000) swimming at speeds >0.8 m's-1 seems 
justified. This implies that at swimming speeds (0.8 - 1.7 m's-1), total drag would be 
proportional to velocity squared (Amar, 1920) : 

Fd = Fp = K1V2 (3) 

while at swimming speeds near and above the hull speed, wave drag would become more 
important such that total drag would increase stronger than 0. Thus at high speed swimming 
total drag can be considered as being the sum of pressure drag and wave drag: 

Fd =Fp + Fw =K 1./ + K2·Vb (4) 

For 8 swimmers, drag was determined in a range of speeds (0.8 - 2 m·s-1). such that at least 
12 data points of drag dependent on velocity were determined. These velocity/drag data 
were least square filted using a Levenberg-Marquardt algorithm to the function: 

Fd = A· vn (5) 



Table 1. Individual data for the swimmers for Wave drag, wave drag expressed as percentage of total 
drag (%drag), and the speed reached on the MAD-system for which the magnitude of wave drag was 
determined. 

Figure 3. Typical example of drag dependent on velocity. Up to 1.7 m's-1 drag is dependent on the 
velocity squared. The drag dependent on velocitr (below 1.7 m's-1) is Fd =19.26/. Above 1.7 m's-1 

wave drag becomes more Important. At 1.9 m·s wave drag IS 21 % of total drag. 
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where Fd represents total active drag, v equals swimming velocity and A and n are 
parameters of the power function. After discarding the fastest run of the (remaining) data-set, 
this fitting procedure was repeated until the coefficient n was reduced to about 2. The 
resulting fit was assumed to reflect the pressure drag of the swimmer, hence Fd = Fp = K1'';' 
The wave drag was estimated from the difference between the measured drag and the fit for 
pressure drag (see Figure 3). 

RESULTS AND DISCUSSION: Using their arms only, some swimmers could reach speeds 
up to 2 m's-1 when swimming on the MAD-system (Table 1). Total drag at maximal speed 
was on average 98.3 N. The average coefficient (K1) relating pressure drag to velocity 
squared was 24.125 kg·m-1. Using the individual coefficients wave drag was estimated to be 
11.49 N on average. This is 12.13% of total drag. The results show that wave drag cannot be 
neglected when contemplating improvement of competitive swimming speed. It remains to be 
determined whether wave drag and thus total drag may be diminished by improving the 
swimming technique as was suggested previously (Counsilman, 1968; Bober & Czabanski, 
1975; Maglischo, 1982; Toussaint & Beek, 1992). It could be theorized that the forward 
stretched arm increases the length of the 'hull', with consequent reduction of the wave

Subject Total drag (N) K1 (kg'm-1) Wave drag (N) %drag Speed (m's-1) 

Ewout 116 25.9 13.2 11.4 1.98 
Thiis 97 29.3 5.9 6.0 1.76 

Benno 109 25.6 9.6 8.8 1.96 
Robin 99 19.5 23.0 23.2 1.92 

Chantal 66 18.9 10.1 15.3 1.70 
Sander 82 21.6 8.4 10.2 1.90 
Mark 107 25.7 14.5 15.6 1.89 

Johan 110 26.5 7.2 6.5 2.02 
Mean: 98.3 24.125 11.49 12.13 1.89 



282 ISBS 2002. Cliceres - Extremadura - Spain 

making resistance. Also, the gliding arm could reduce the pressure above it and in front of 
the head, thereby reducing the amplitude of the bow-wave, i.e. similar to function of the cone 
shaped nose below the water-line in large ships (Larsen, Yancher & Bear, 1981). In line with 
these suggestions it has been obseNed that proficient swimmers create waves of lower 
amplitude than less skilled swimmers (Takamoto, Ohmichi & Miyashita, 1985). 
Another approach to reduce total drag is to evade wave drag by swimming substantially 
below the water surface after start-dive and turns. This approach is in line with the 
obseNation that some excellent swimmers showed outstanding results in competition by 
covering up to 50% of the competitive distance under water using the butterfly kick only. This 
suggest that there may be a performance advantage when the swimmer 'dives under' the 
wave-making-resistance at the short competitive distances where a high swimming speed 
can be developed (Toussaint, Hollander, Berg & Vorontsov, 2000). 

CONCLUSION: The magnitude of wave drag is less than might be expected given that 
competitive swimming speeds exceed the hull speed by more than 10%. This suggests that 
wave drag might be reduced by swimming technique. Nevertheless, wave drag amounted to 
12 % of total drag. This makes it worthwhile to 'dive under' the wave drag after start and 
turns. 
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