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Abstract: Several studies have considered the factors influencing transmission efficiency in a
bicycle. These conclude that the effective radius of sprockets engaged with the chain and the
torque and cadence of the cyclist influence the frictional losses associated with transmission
between rider and rear wheel. These parameters may vary significantly during a bicycle race
since a rider modifies their gear, power, and cadence to maximise physiological efficiency for
optimum bicycle velocity. Furthermore, gearing selection and power input varies between
riders, riding group and course profile. However, power models used to estimate race
outcomes tend to simplify efficiency to a single, arbitrary factor, describing losses which scale
linearly with input power regardless of expected regime. This study extends existing
analytical descriptions of transmission losses to the context of a road bicycle with front and
rear derailleurs. The calculated efficiency is considered within a cycling model to judge
different regimes under which the chain will typically operate and maps overall performance
during an event. Efficiency may vary significantly under certain loading regimes shown. In the
context of highly trained cyclists these differences result in small changes which are
symmetrical about a mean value. This study shows there is limited error in assuming constant
efficiency for certain race types, though the efficiency value itself is dependent on several
factors affecting the average loading regime. Elevation profile of the racecourse and average
power input from the rider are key parameters affecting average efficiency. More massive

riders racing at high average power input will experience higher efficiency, while efficiency is
higher across all riders racing courses with increased elevation gain.
Keywords: transmission; efficiency; model; losses; bicycle; derailleur.
42 with aerodynamic drag, rolling resistance
1. Introduction 43 between tyre and road, and gravitational
In cycling, the use of analytical models 44  resistance; .V i's the Pichle velocity; and 7 is
to describe the balance of input power at the 45 the transml.ss.lon eff'1c1ency.
crank and output power at the tyre-road 46 ] ¥n deriving this m'od.el, and .cc.)mmonl.y
interface allows the engineer to identify 47 in literature, transmission eff1c1er1cy 18
areas for improvement in rider technique or 48 assumed to l.)e a cons.tant Value' such that
equipment design. One such example is 49 losses scale ll'nearly w1'th power input, a'nd
described in equation (1), based on an 50 often an arbitrary estimate. Later studle.s,
analytical model from Martin et al, 1998. 51 however, demonstrate that the same chain
52 in a derailleur transmission system has
P =V(Fa+F+F)/m,  Eq.(1) 53 measured efficiency in the range 80.9 -
where P, is the input power of the rider; F,, 54 98.6% (Spicer et al, 2001). The changing
E. and F; are the resistive forces associated 55 factors causing this range in efficiency are

CYCLING
RESEARCH
CENTER

Fe

© 2021 fist author, licensee JSC. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License ((http://creativecommons.org/licenses/by/4.0/) which permits unrestricted use, distribution, and

— e

reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/4.0/

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

78

79
80
81
82
83
84
85

86

87
88
89
90

91
92
93
94
95
96

input power, rotational speed, and gear
configuration, which may also vary greatly
during a bicycle race: gear shifts and non-
consistent physiological output from the
rider are common consequences of varying
road-race profiles.

There is a gap in published literature
for a holistic consideration of the efficiency
to study these dependencies in the context
of different racecourses and riders, which
may be useful in determining the error in
assuming constant efficiency and providing
recommendations for what efficiency
estimate to use for riders and engineers
based on course and rider profile.

This study seeks to investigate the
variability of transmission efficiency in
expected regimes and defines the key factors
influencing the transmission efficiency in
usable terms, such that riders and engineers
might be better informed in their use of an
estimated efficiency in future modelling.

2. Frictional loss model

The
comprehensive model of frictional losses in
a bicycle derailleur drive in literature, and
so have derived an analytical approach. This
is an extension of the work of Lodge &
Burgess, 2001, as is used in Barnaby et al.,
2020.
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Figure 1. Sources of friction in a bicycle

transmission, including rolling element
bearings and points of chain articulation

(numbered).

To determine the relative contribution
of different sources of friction, analysis from
Lodge & Burgess is used in conjunction with
the geometry and spring rate of the rear
to predict
tension. An industrial model of bearing

derailleur low-tension span
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losses is used to estimate friction in bearings
(SKF, n.d.).

The relative losses of each of the
sources of friction, shown in Figure 1, is
summarised in Table 1. There is significant
contribution to losses of the high-tension
span (71%), a
contribution low-tension

smaller

span
articulations (26%), and a near-negligible
contribution from rolling element bearings

articulations
from

(83%). Friction in rolling element bearings is
henceforth neglected in this analysis.

Table 1. Power losses are approximated for
different sources of friction in the drive

(300W / 90rpm)
Power % of
loss [W] total
High-tension span ! 5.5 71
Low-tension span 2 2.0 26
Rolling element bearings 0.2 3
Total 7.7 100

1 Chain articulations 1-2; 2 chain articulations 3-8.

Transmission efficiency is defined as in
equation (2):

n= (Pin - Ns(‘)s Z?:l Wi )/Pinf Eq (2)

where W is the work done against friction in
each of 8 articulating links (entry and exit to
each sprocket), ws is the rotational frequency
of the chainring (s?) and Ny is number of
teeth in the chainring. Work done against
friction is a function of chain geometry,
articulation angle and chain tension, all of
which may be calculated based on specific
equipment and rider input. A further
dependency is on coefficient of sliding
friction within the chain links, which can be
accurately determined experimentally using
techniques such as those proposed by
Wragge-Morley et al., 2017. The calculation
for work done against friction is included in
Appendix L.

2.1 Transmission efficiency variation

The variation of transmission efficiency
is examined over a range of cycling torque
inputs and riding gears, shown in Figure 2.
The low, hill climbing gears offer higher
efficiency due to the reduced articulation
angle. Positive correlation between input
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torque at the crank and efficiency is due to
the relative reduction of significance of the
span losses, which are
independent of torque input. At low torque
the torque-independent losses in the low-
tension span, tensioned by the derailleur
arm, are relatively more significant and so

low-tension

transmission efficiency changes rapidly as a
function of torque.
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Figure 2. Power efficiency [%] contour map
for varying rider torque and gear for 11-28
tooth cassette sprockets engaged with (a)
39-tooth 53-tooth
chainring.

chainring; and (b)

3. Variable efficiency within power model

To model how transmission efficiency
varies in a race, simulation of typical power
input and race profile is necessary since
efficiency depends on power and gear
selection, themselves having multivariant
dependencies. The power required to
overcome resistance at steady speed cycling
is given in equations (3) — (6), based on work

by Martin et al., 1998.
P, =(P,+B +PB)/n  Eq.(3)

where power to overcome aerodynamic
drag, P,, is described in equation (4), power
to overcome rolling resistance of the tyres,
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P, is described in equation (5) and power to
overcome gradient, F, is described in

equation (6).

P, = 0.50C4A;V3, Eq. (4)

where p is air density, C; is coefficient of
aerodynamic drag, Ay is the frontal area of
bicycle and rider, and V is bicycle velocity.
Note that wind velocity is assumed to be
zero in this analysis.

B. =mgC,,V, Eq. (5)

where m is total mass of rider and bicycle, g
is the gravitational acceleration constant and
Cy, is the coefficient of rolling friction
between tyre and road surface. Upright,
straight-line cycling is considered for this
analysis.

P, =mgsin(6)V, Eq. (6)

where 6 is the angle of gradient. Typical
values for variables shown in equations (4) —
(6) are from Wilson, Papadopoulos, and
Whitt, 2004.

Steady-state velocity is calculated at
many discrete points along a simulated
racecourse for a typical bicycle drivetrain.
Gearing is selected to maintain cadence
within a typical range, with chosen gearing
influencing the calculation for efficiency
according to the described frictional loss
model. Further, a variable power input is
applied such that power increases with
positive with
negative gradient, shown to be an effective
pacing strategy (Wells & Marwood, 2016).

gradient and decreases

3.1 Efficiency variation by rider type

Transmission efficiency is simulated for
an example elite race: part of the UCI 2021
World Road Championships road-race from
Antwerp to Leuven (UCI, 2021). Efficiency is
illustrated for four different riders in Figure
3, where input
summarised in Table 2. The spread of
efficiency estimates during simulated race
for each case may be seen in Figure 4.

rider parameters are
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Figure 3. Transmission efficiency

overlayed on Leuven 2021 road-race
course profile for a (a) elite male
cyclist, (b) elite female cyclist, (c)
cyclist, and (d)
untrained female cyclist.
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Figure 4. Histogram of simulated
transmission efficiency during example race

for elite and untrained riders.

Efficiency can be seen to fluctuate with
the gradient of the course due to the
changing gear and power. Hill climbing
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gears and a marginal increase in power both
result in increased efficiency as has been
shown previously. The opposite is true for
negative gradients, where smaller sprocket
is engaged and power is slightly reduced,
decreasing efficiency.

Table 2. Input parameters for four modelled
cases, with estimates for elite and untrained
male and female riders.

Elite Untrained

Male Female Male Female

Mass [kg] 70 60 80 65

CuA [m?] 0.3 0.25 0.4 0.3
Average

power 350 250 150 100
W]

Cadence 94110 90+10 70415 70+15
[rpm]

Q:E:iey 980 979 978  97.6

(5.D.) [%] (0.20) (0.24) (0.33) (0.46)

Comparing  the  proficient and

untrained cases, a larger variance can be
seen in the untrained cyclist as well as a
slightly lower average efficiency. This is
illustrated more clearly in Figure 4. The
lower average efficiency is largely due to the
reduced power input, and hence lower
average torque. The variance is reduced in
the trained cyclist due to the responsive gear
changes working to maintain a high
cadence.

3.2 Efficiency variation in elite riders

In elite level racing, efficiency variance
during a race is low and there is little error
in determining average velocity, or time to
completion, single value
efficiency across an entire race. This is
determined in simulated races by finding
the ratio of total energy input and total
energy output, found by integrating the
power output and input with respect to time

by using a

as in equation (7).

— fPin_Plost at

n [Pipadt '

Eq. (7)

However, there is still dependency of
this average efficiency on power input and
gearing, which itself is dictated by the
elevation profile of a racecourse.
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An effective average efficiency is
determined by interpolating between results
from simulations with varying parameters.
Transmission efficiency during 20 different
grand tour events is modelled with riders of
varying input power (50-550W) and mass
(50-80kg). Dependency of average efficiency
on the climbing during the race (measured
by average metres elevation gain per
kilometre travel), and the average power
achieved by the rider during the race is
illustrated in Figure 5. Mass is less impactful
and can be accounted for by applying an
additional 0.1% efficiency per 20kg above
65kg. These results are valid for riders with
a power-to-weight ratio of between 2 and 6
W/kg.

Average power [W]
N N w w B B 0 [$)]
o (4] o ()] o n o 0
o o o o o o o o

N
a
o

N
o
o

«a
o

5 10 15 20 25
Elevation gain per kilometre travel [m]

Figure 5. Contour map of example

transmission power efficiency [%] as
function of average power during a race

and its elevation profile.

4. Discussion

The range in efficiency found in
previous research is not realised in loading
regimes typical in elite racing. This is largely
because of the narrow cadence range and
high torque in elite racing which results in a
low variance, symmetrically distributed
spread of transmission efficiencies about a
mean value. Provided conditions and input
parameters are maintained during a race,
there is little error in using a single factor for
efficiency.
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However, average power and elevation
profile are two factors which can vary
greatly in elite cycling between different
event styles and rider physiologies, leading
to consistent changes to efficiency across a
race. A mountainous tour stage will see
higher efficiency than one which is flat by
up to 0.5%-pts, which may be even more
extreme if considering specific hill climbing
Rider power
influence average efficiency, meaning that
more powerful male riders racing TT
courses at maximal effort may experience an
average transmission efficiency up to 0.8%-
pts higher than a less powerful rider during
an endurance event. Female elite riders will
inherently experience a reduced
transmission efficiency than male elite riders
due to applying less power at the crank.

events. input also will

5. Practical Applications

Transmission efficiency may usually be
experimentally examined in limited and
specific loading regimes. This gives limited
insight given the dependencies of efficiency
which vary during a bicycle race. This study
demonstrates that further applying the
results of such tests to contextualise
efficiency within the expected loading
regimes based on rider and course type may
offer additional accuracy in determining an
effective average efficiency. This may be
applied to future analytical modelling for
evaluating upgrades  or
determining pacing strategies.

Future research to further examine
influences on transmission efficiency is
needed to confirm the theory presented
here, including extensive practical testing
which may offer experimental validation.

equipment
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Appendix I
Work done against friction in
articulating chain links as derived by Lodge

& Burgess, 2001, is summarised here. Eight
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articulations are considered, at entry to and
exit from each engaged sprocket. The work
articulating  these  links
simultaneously represents the energy lost
for the drive advancing by one link, which

done in

may be multiplied by the chain speed in link
pitch per second to determine the power lost
here.

Work done in articulating chain links

The articulation of inner and outer links
results in relative sliding of different
surfaces between the pin and bushing. Since
they must alternate, an average is taken of
the two to define work done for one
articulation:

W= (Wpin + VVbush)/2
where work done during pin articulation is
described as below:

Fi
J1+pu?
and work done during bush articulation is:
Wyen = WF1yi[cos Org — cOS(Opa + am)]

V14 u?sin(@g, + ap)

KE:Tho (1 — COS am)

sin(fga + ap,)
Lodge & Burgess, 2001 should be consulted
for definitions of these terms. These are
determined by the geometry of the chain
components sprocket, except for
coefficient of friction, u, which is determined

Wyin = UTpi &

and

using accurate measurements as described
in Wragge-Morley et al., 2017.

Chain tension force

The contact force between each of 8
articulating links is calculated. The high-
tension span contact force is from crank
torque acting at chainring radius and acts at
articulations onto the chainring and off the
engaged sprocket.
span contact force is assumed to be equal for
all 6 remaining articulations and resolved

cassette Low-tension

from the estimated spring rate of the rear
derailleur tension arm and its geometry.
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