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Abstract
Cycling races contain a multitude of motorcycles for various activities including television broadcasting. During parts of the 
race, these motorcycles can ride in close proximity of cyclists. Earlier studies focused on the impact of a nearby motorcycle 
on cyclist drag for in-line arrangements. It was shown that not only a motorcycle in front of a cyclist but also a motorcycle 
closely behind a cyclist can substantially reduce cyclist drag. However, there appears to be no information in the scientific 
literature about the impact of the motorcycle on cyclist drag for parallel and staggered arrangements. This paper presents 
wind tunnel measurements of cyclist drag for 32 different parallel and staggered cyclist-motorcycle arrangements. It is shown 
that the parallel arrangement leads to a drag increase for the cyclist, in the range of 5 to about 10% for a lateral distance of 
2 to 1 m. The staggered arrangement can lead to either a drag increase or a drag decrease, where the latter is about 2% for 
most positions analyzed. For one of the parallel arrangements, computational fluid dynamics simulations were performed 
to provide insight into the reasons for the drag increase. A cyclist power model was used to convert the drag changes into 
potential time gains or losses. Compared to a lone cyclist riding at a speed of 46.8 km/h (13 m/s) on level road in calm 
weather, the time loss by a drag increase of 10%, 4% and − 2% was 2.16, 0.76 s and − 0.80 s per km, respectively. These time 
differences are large enough to influence the outcome of cycling races.
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1 Introduction

The aerodynamic resistance or drag of a cyclist is about 90% 
of the total resistance at racing speeds of about 40 km/h 
(11.1 m/s) [1–3]. Much scientific research in professional 
cycling is therefore focused on the reduction of cyclist drag 
(e.g., [4, 5]). Cycling races contain a multitude of cars and 
motorcycles. The motorcycles can be neutral support, com-
missaire, traffic manager, information, doctor, police or 
press motorcycles, where the latter can be camera, sound 
or photographer motorcycles. The motorcycles are allowed 
to maneuver in the proximity of the cyclists when filming 

or recording. Filming is only forbidden in the last 500 m of 
the race. Previous research analyzed the impact of nearby 
cars and motorcycles on cyclist drag. Blocken and Toparlar 
[6] determined that a car behind a cyclist can yield a drag 
reduction for the cyclist of 3.7, 1.4 and 0.2% for separation 
distances of 3, 5 and 10 m, respectively. Blocken et al. [7] 
demonstrated that a motorcycle following a cyclist can pro-
vide a drag reduction for the cyclist of 3.8, 0.3 and 0.1% for 
separation distances of 1, 5 and 10 m, respectively. More 
recently, Blocken et al. [8] focused on quantifying the aero-
dynamic benefits for a cyclist by drafting behind a motor-
cycle. While it was well known in professional cycling that 
drafting behind a motorcycle can yield large drag reduc-
tions, the actual values had not yet been determined. It 
was shown that drafting at 2.64, 10, 30 and 50 m behind 
a motorcycle could yield drag reductions of 48, 23, 12 and 
7%, respectively.

At many occasions during a race, cyclists and motorcycles 
are not riding in line, but in parallel (Fig. 1a) or staggered 
arrangement (Fig. 1b-d). The pertaining guidelines of the 
International Cycling Union (UCI) for “vehicle circulation in 
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the race convoy” only stipulate when and which motorcycles 
can enter the gaps between breakaway riders and the follow-
ing riders in terms of time differences, which can be 15, 30, 
60 and 90 s [9]. The larger the time differences, the more 
motorcycles can enter the gap. However, the UCI guidelines 
do not specify what distance should be kept between the 
motorcycles and the cyclists [9].

To the best of our knowledge, there is no information in 
the scientific literature about the impact of a nearby motor-
cycle on cyclist drag for parallel and staggered arrange-
ments. Some earlier studies assessed the aerodynamic 
interaction between two cyclists in parallel and staggered 
arrangement. Zdravkovich et al. [10] performed wind tunnel 
tests with real riders in a variety of in-line and slightly stag-
gered arrangements. The slightly staggered arrangements 
were studied because they were considered safer as they 
reduce the chance of catching the rear wheel of the lead 
cyclist and provide a less obstructed view of the road ahead. 
It was found that the beneficial drafting effect was abruptly 
reduced for both a 0.2 and 0.3 m stagger. Barry et al. [11] 
conducted wind tunnel experiments on a real cyclist together 
with a manikin in both in-line and so-called overtaking 
positions, including a parallel arrangement. They described 
the variation of the drag during the overtaking process. As 
the overtaking rider moved forward, the leading rider drag 

increased. When both riders were side by side, they both 
had a drag above that of an isolated rider. As the overtaking 
continued, a drag decrease occurred for both riders. For the 
side-by-side arrangement with a minimum lateral separation 
distance of 0.5 m between the two rider centerlines, the drag 
increase was 6%. This increase became negligible beyond 
1.5 m lateral separation. More recently, Gromke and Ruck 
[12] performed a field measurement campaign assessing the 
lateral loads on cyclist dummies of an adult and a child being 
overtaken by a station wagon. Different bicycle types were 
considered and distinct lateral load phases were observed: a 
pressure phase with a lateral load acting to push the cyclist 
away followed by a suction phase with a lateral load acting 
to pull the cyclist towards the vehicle. They did not provide 
information on the aerodynamic drag in the riding direction, 
which is the focus of the present paper.

These studies on the aerodynamic effect of a nearby 
cyclist or a car on a cyclist provide some trends that could be 
expected to hold also for a cyclist and a nearby motorcycle. 
However, the streamwise and lateral distances between two 
drafting and overtaking cyclists are typically much smaller 
than those occurring between a cyclist and a motorcycle, 
necessitating a separate study for the latter. Therefore, this 
paper presents a series of wind tunnel measurements and 
some computational fluid dynamics (CFD) simulations to 

Fig. 1  Photos of cyclist and motorcycle in parallel or staggered arrangement: (a) parallel; (b–d) staggered. (Fig. sources: a: mark Dadswell/
Getty Images; b–d: Radu Razvan/Shutterstock.com; all photos reproduced with permission)
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analyze the impact of a nearby motorcycle on cyclist drag 
for parallel and staggered arrangements.

2  Wind tunnel experiments

2.1  Experimental set‑up

The wind tunnel experiments (WT) were performed on 
quarter-scale models of a cyclist and a motorcycle carry-
ing two people (Fig. 2a-d). Details of the models and the 
wind tunnel can be found in [8, 13]. The WT set-up was 
described in an earlier publication [8] and the description is 
summarized here for completeness. The models were placed 
on an elevated sharp-edged smooth horizontal plate to limit 

boundary layer development. (Fig. 2e–f). The blockage 
ratio of the set-up was about 2%, which is below the recom-
mended maximum of 5% for WT tests [14]. The measured 
longitudinal turbulence intensity at the model position was 
0.3%. The cyclist was positioned on a force sensor that was 
situated below the plate. The force sensor was designed and 
manufactured in house specifically for high-accuracy quar-
ter-scale cyclist WT tests [15] with an accuracy of 0.001 N. 
Data were sampled at 10 Hz for 60 s. Tests were performed 
at wind speeds of 15, 20, 25 and 30 m/s to detect Reynolds 
number independence, which was noted above 20 m/s. The 
Reynolds number independent results are reported in the 
results section. It was assumed that there was no crosswind, 
no head wind and no tail wind, therefore the WT speed rep-
resented the riding velocity.

Fig. 2  a, b Dimensions (full-scale equivalent) of the quarter-scale 
models. c, d Photos of wind tunnel set-up: cyclist and motorcycle in 
(c) parallel or (d) staggered position. e, f Cyclist and motorcycle in 

staggered position on eleated sharp-edged plate with reduced-scale 
dimensions in mm: (e) Side view; (f) Front view
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Two sets of cyclist-motorcycle arrangements were tested. 
All distances below are reported in full-scale values. The 
first set of 27 arrangements had the motorcycle at a lateral 
distance Δy = 1.3 m and a streamwise distance Δx ranging 
from + 7.2 m (cyclist downstream of motorcycle) to − 4.8 m 
(cyclist upstream of motorcycle) in steps of 0.48 m (Fig. 3). 
The second set of five arrangements had the cyclist and 
motorcycle parallel (both front wheel ends at same stream-
wise coordinate) and Δy ranging from 1 to 2 m in steps of 
0.25 m (Fig. 4). To assess the repeatability of the experimen-
tally obtained drag values, the isolated cyclist was tested five 
times throughout the measurement campaign, by detaching 
and remounting the model on the force sensor. Based on 
these measurements, the repeatability of the obtained drag 
values was found to be 0.7–0.9%, which corresponded to 
drag differences of about 0.3 N for the isolated cyclist. All 

drag measurements were corrected to match the following 
reference values: 101,325 Pa (standard atmosphere), 15 °C, 
15 m/s (a top time trial speed) and full geometrical scale.

2.2  Results

Figure 3 presents the results for the first WT set. The par-
allel position yielded an increase of cyclist drag of about 
7.5%. This drag increase lowered as the cyclist and motor-
cycle move farther apart in the streamwise direction. For 
the cyclist upstream of the motorcycle, at Δx =  − 1.44 m, 
the drag change was nearly zero and switched sign. For 
larger distances, the cyclist experienced a drag decrease 
until about Δx =  − 4.8 m. This drag decrease was attrib-
uted to the so-called subsonic upstream disturbance similar 
to earlier studies [6, 7, 16]. This refers to the fact that the 

Fig. 3  Drag change in percentage for cyclist due to proximity of motorcycle, for fixed lateral distance Δy = 1.3 m (full scale) and varying stream-
wise distance Δx (full scale)

Fig. 4  Drag increase in percent-
age for cyclist due to proxim-
ity of motorcycle in parallel 
arrangement for varying lateral 
distance Δy (full scale)
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motorcycle — just like the cyclist — does not only disturb 
the flow downstream but also upstream of it. For the cyclist 
downstream of the motorcycle, a drag decrease occurred 
from about Δx =  + 1.92 m to at least + 7.2 m. This could be 
attributed to the partial presence of the cyclist in the wake 
behind the motorcycle. Figure 4 shows the results for the 
second WT set. The drag increase of the parallel arrange-
ment gradually became less pronounced as Δy increased, 
but still amounted to 5% at Δy = 2 m. To provide further 
insight in the reasons of these drag differences, some CFD 
simulations were performed.

3  CFD simulations

3.1  Computational settings and parameters

The CFD simulations were performed at full scale. The 
cyclist and motorcycle geometry were identical to those of 
the WT models apart from the WT model bottom plate, the 
vertical reinforcement bars in the cycling wheels (Fig. 2c-d) 
and the geometrical scale (1:1 versus 1:4). Δy was 1.3 m. 
The rectangular computational domain had dimensions 
length x width x height = 60 × 32 × 24  m3. The blockage ratio 
was about 0.1%, which is below the recommended maximum 
of 3% for CFD simulations [17–20].

The computational grids were hybrid hexahedral–tetrahe-
dral grids based on grid convergence analysis (not reported 
here) and on grid generation guidelines [16–24]. They had a 

wall-adjacent cell size of 20 µm (= 0.02 mm) and 40 layers 
of prismatic cells near the cyclist and motorcycle surfaces to 
accurately resolve the thin boundary layer including the lam-
inar sublayer (Fig. 5). The dimensionless wall unit y* had 
values that were generally below one and always below five. 
The cell size in the area between motorcycle and cyclist was 
0.03 m. Figure 5 shows the grid resolution on the surface of 
the cyclist, motorcycle and in the vertical plane through the 
cyclist. The total cell count was 53.2 ×  106.

The computational settings are identical to those in [8] 
and are summarized here for completeness. At the inlet, a 
uniform velocity of 15 m/s was imposed that represented 
the riding velocity. As in the WT tests, it was assumed that 
there was no crosswind, no head wind and no tail wind. 
The inlet turbulence intensity was set to 0.5% to obtain the 
same approach-flow value of 0.3% in the region directly 
upstream of the motorcycle as in the wind tunnel. This was 
required because the turbulence intensity decayed from 0.5 
to 0.3% from the inlet of the computational domain to the 
position of the motorcycle model. At the outlet, zero static 
gauge pressure was set. The bottom, side and top surfaces 
of the domain were slip walls. The surfaces of the motor-
cycle and cyclist were no-slip walls, where the cyclist body 
and the motorcycle had a surface roughness with equivalent 
sand-grain roughness height kS = 0.1 mm and the bicycle 
kS = 0 mm.

Scale Adaptive Simulations (SAS) [26] were performed 
involving the Shear Stress Transport (SST) k-ω model [25] 
with curvature correction. Pressure–velocity coupling was 

Fig. 5  Computational grid on motorcycle and cyclist surfaces and in vertical centerplane for streamwise distance Δx = 0 and lateral distance 
Δy = 1.3 m. Minimum cell size: 0.02 mm (full scale). Total cell count is 53.2 million
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performed by the PISO algorithm. Pressure interpolation 
was second order, gradient interpolation was conducted 
with the Green–Gauss node-based scheme. Bounded cen-
tral differencing was used for the momentum equations 
and second-order discretization for the turbulence model 
equations. Time discretization was bounded second-order 
implicit. The simulations were performed with the com-
mercial CFD code Ansys Fluent 16.1 [27]. The time step of 
0.002 s was selected such that the Courant–Friedrichs–Lewy 
(CFL) number was equal to unity or below unity in the area 
between the motorcycle and the cyclist. A time step con-
vergence analysis confirmed the suitability of this time step 
[8]. The number of time steps required to obtain a constant 
moving average of the sampled drag values was 8000.

3.2  Results

The computed isolated cyclist drag area  (CdA) was 0.231 
 m2 while that of the cyclist in parallel arrangement with the 
motorcycle was 0.248  m2, yielding about 7.5% drag increase, 
in line with the WT result at Δx = 0 (Fig. 3).

Figure 6 presents contours of air speed in a horizontal 
plane at 0.8 m above ground, for the parallel arrangement 
compared with the isolated cyclist. Figure 6a,b shows the 
time-averaged results, while Fig. 6c-j shows instantane-
ous results at time intervals of 0.12 s. The presence of the 
motorcycle increased the size of the high-speed areas (red 
color) wrapping around the cyclist’s waist. These areas 
partly interacted with similar areas around the front part 
of the motorcycle, yielding a high-speed jet in between the 
cyclist and motorcycle (see Fig. 6a). Due to the presence of 
the motorcycle, the velocity in the wake behind the cyclist 
increased, the wake behind the cyclist widened and slightly 
curved towards the wake behind the motorcycle.

Figure 7 depicts contours of pressure coefficient  Cp in 
a horizontal plane at 0.8 m above ground. For the isolated 
cyclist, a clear over-pressure area (red/orange) in front and 
under-pressure areas (blue) on the side and behind the cyclist 
body were present, where the latter was distorted over time 
by periodic vortex shedding. For the parallel arrangement, 
the large over-pressure area in front of the motorcycle partly 
merged with that in front of the cyclist. Also the large under-
pressure area behind the motorcycle partly merged with that 
behind the cyclist. As a result, the size of the most intense 
under-pressure areas wrapping around the waist of the cyclist 
increased substantially, as did the size of the under-pressure 
area behind the cyclist and the overall absolute value of 
the pressure coefficient in the wake behind the cyclist. The 
larger under-pressure areas on the side were in line with the 
faster air speed around the sides of the cyclist in Fig. 6.

Figure 8 displays contours of mean  CP on the surface of 
the cyclist and motorcycle. While Fig. 8a,b only shows minor 
differences in terms of the positive  CP values, Fig. 8c-f clearly 

shows larger under-pressure on the sides and torso of the 
cyclist as well as on the bicycle rear wheel due to the presence 
of the motorcycle.

Animations of the SAS-SST k–ω simulations are pro-
vided in (Supplementary Material 1, 2, 3, 4).

4  Potential time gains

The road cycling power model by Martin et al. [28] was 
employed to convert the drag change percentages in Figs. 3 
and 4 to potential speed changes and potential time gains 
or losses:

With  Ptot the required power,  Pad the power loss due to aero-
dynamic drag,  Prr the power loss due to rolling resistance, 
 Pwb the power loss due to friction in the wheel bearings, 
 Ppe the power changes due to a change in potential energy 
and  Pke the power changes due to changes in kinetic energy. 
The efficiency � is that of the cyclist power transmission, 
associated to the friction in the drivetrain. For simplicity, 
we assumed level terrain and constant cycling speed so 
 Ppe =  Pke = 0, and no crosswind, headwind or tailwind. Equa-
tion (1) then becomes [28]:

We assumed the following parameter values: density 
ρ = 1.225 kg/m3, reference isolated cyclist riding velocity 
U = 13 m/s, drag area CDA = 0.231  m2, wheel rotational drag 
area Fw = 0.001  m2, rolling resistance coefficient Crr = 0.002, 
cyclist-bicycle system mass m = 75 kg, gravitational con-
stant g = 9.81 m/s2 and chain efficiency η = 0.97698. Note 
that 13 m/s was chosen instead of 15 m/s as a more com-
mon speed for an isolated professional cyclist. This slight 
change in speed is expected not to influence the findings as 
the associated Reynolds effects on the percentages in Figs. 3, 
4 are very limited. These values lead to Ptot = 342 W for the 
isolated cyclist riding at 13 m/s. To relate drag changes to 
speed changes and time gains or losses, it was assumed that 
the cyclist provided the same power Ptot (= 342 W) when 
accompanied by the motorcycle. Table 1 presents the asso-
ciated speed changes and the potential time gain or loss per 
km and per minute.

5  Discussion

The results of the CFD simulations can explain the 
drag changes in Figs.  3 and 4. Figure  3 shows an 
increased cyclist drag for parallel and slightly staggered 

(1)Ptot =
(

Pad + Prr + Pwb + Ppe + Pke
)

(

1

�

)

(2)

Ptot =
[

0.5�U3
(

CDA + Fw

)

+ UCrrmg + U(91 + 8.7U) ⋅ 10−3
]1

�
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Fig. 6  Results of SAS simula-
tions for cyclist and motorcycle 
in parallel (left) versus isolated 
cyclist (right): contours of air 
speed in horizontal plane at 
0.8 m height: (a, b) mean; (c–j) 
instantaneous at 0.12 s intervals
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arrangements. Figures 6 and 8 show that the motorcycle 
increased the speed increment around the cyclist and the 
suction on the back of the cyclist. For the cyclist upstream 

of the motorcycle for Δx =  − 1.92  m and further, the 
cyclist experienced a drag decrease due to the subsonic 
upstream disturbance: the over-pressure area in front of 

Fig. 7  Results of SAS simula-
tions for cyclist and motorcy-
cle in parallel versus isolated 
cyclist: contours of pressure 
coefficient  CP in horizontal 
plane at 0.8 m height: (a–b) 
mean; (c–j) instantaneous at 
0.12 s intervals
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the motorcycle partly merged with the under-pressure 
area behind the cyclist, which reduced the suction on the 
back of the cyclist [6, 7, 16]. For the cyclist downstream 
of the motorcycle, for Δx = 1.92 m and more, the cyclist 
experienced a drag decrease. This drag decrease occurred 
because the cyclist was partly positioned in the wake 
behind the motorcycle, which widened with increasing 
distance downstream, while simultaneously the velocity 
in the wake increased. These two effects seemed to balance 

each other yielding a fairly constant cyclist drag reduction 
from Δx = + 2.88 up to at least + 7.2 m. Figure 4 shows a 
gradual reduction of the increased cyclist drag for larger 
Δy. This is attributed to the reduced effect of the motorcy-
cle on the air speed around the cyclist and suction on the 
cyclist’s back with increasing Δy.

Table 1 indicates that the potential time gains or losses are 
large, even for the moderate drag changes of about 2%. As time 

Fig. 8  Results of SAS simula-
tions: contours of mean pressure 
coefficient  CP on the surfaces of 
cyclist and motorcycle, for the 
parallel arrangement versus the 
isolated cyclist
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trials are sometimes won by fractions of a second, it is clear 
that a nearby motorcycle can influence the outcome of races.

Note that the precise values of drag reduction and time 
gains or losses in this paper pertain to the specific cyclist and 
motorcycle geometry tested and the parameter values chosen 
in Sect. 4. Crosswind, head wind or tail wind will evidently 
influence the drag and speed changes and the potential time 
gains and losses. When crosswind is present, the aerodynamic 
interaction between the cyclist and the motorcycle will be 
much more complicated and further research is required to 
study the associated wide range of possible scenarios.

Combined with our previous work on the aerodynamic 
impact of a nearby motorcycle on cyclist drag [7, 8], we now 
have a strong overall picture of the effect of a motorcycle, 
which can be in front, behind or to the side, on the aerody-
namic drag of a cyclist. Each of these motorcycle positions 
has a clear effect that can change the outcome of a race. The 
present rules and guidelines of the UCI do not prevent these 
aerodynamic effects of nearby motorcycles. The most recent 
guidelines for “vehicle circulation in the race convoy” [9] 
only stipulate when and which motorcycles can enter the gaps 
between breakaway riders and the following riders in terms of 
time differences. Therefore, the UCI should consider modify-
ing their rules and guidelines to prevent these undesired and 
unfair aerodynamic impacts. Nevertheless, solutions might not 
be straightforward given the wide range of duties of in-race 
motorcycles. A partial and potential solution could be the use 
of drones for television recording, to reduce the number of 
motorcycles in the race convoy to a minimum.

6  Conclusion

Building on our previous work that quantified the effect of 
a leading or trailing motorcycle on the drag of a cyclist, 
this paper analyzed the effect of a motorcycle in parallel 

and staggered arrangements with the cyclist. Wind tunnel 
tests for 32 different parallel and staggered cyclist-motor-
cycle arrangements were presented. It was shown that the 
parallel position leads to a substantial drag increase for the 
cyclist, in the range of 5 to about 10% for a lateral distance 
of 2 to 1 m. The staggered position can lead to either a 
large drag increase or a moderate drag decrease of about 
2% for most positions analyzed. For one of the parallel 
arrangements, CFD simulations were performed to provide 
insight in the reasons for the large drag increase. A cyclist 
power model was used to convert the drag changes into 
potential time gains or losses. Compared to a lone cyclist 
at 46.8 km/h (13 m/s) on a level road in calm weather, 
the time loss by a drag increase of 10%, 4% and − 2% was 
2.16, 0.76 s and − 0.80 s per km, respectively. These time 
differences are large enough to influence the outcome of 
cycling races.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12283- 021- 00344-3.
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