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ARTICLE INFO ABSTRACT
Keywords: Intense competition between top-level track cycling athletes rEq.uires research to make optimi-
Efficiency sation possible. In this context, the energetic efficiency of roller chain drives is studied to improve

Track cycling

del understanding of loss sources and to propose improvements. Losses in chain drives are mainly
Quasi-static mode

caused by the meshing/un-meshing process of chain links on the sprockets. However, a pre-
liminary study shows that losses caused by the motion of rollers along their associated tooth
profile have a significant influence. The aim of this paper is therefore to explore this phenomenon.
An original 2D quasi static model of a two-sprocket drive is presented. The global drive kine-
matics (including transmission error) is determined using specific sub-models for the tight and
slack strands. A local sprocket sub-model is then introduced to calculate link tension, roller/
sprocket contact force and roller location. This model can be used for different tooth profile
geometries. Based on the results provided by the global and local model, the presented model
calculates drive efficiency, considering the losses caused by meshing and roller motion. A com-
parison with literature is done to ensure the model validity.

1. Introduction
1.1. Cycling drive context

The chain transmission conveys the power from a motor to a receptor. The first sketches of modern chains can be traced back to
Leonardo da Vinci [1]. Hans Renold invented the bush roller chain in the late 19th century [2]. The addition of bushes and rollers
(Fig. 1) reduces wear and leads to a significant improvement of chain life, allowing the mechanism to be widely used [3-6]. Chains are
composed of an alternance of inner and outer links (also bush and pin links, see Fig. 1). The distance between the axis of two
consecutive bushes is called the chain pitch.

In bicycle applications, the chain transmits the power from the cyclist to the rear wheel. Track bicycles use single speed drives with
no derailleur and fixed gear ratio as a result. The variety of races (sprint to endurance) gives a high range of operating conditions that
can go up to 130 rpm or 300 N.m. Final time differences between athletes are usually very close (1/100 seconds for the Tokyo 2021
Olympic games). These reduced gaps justify the interest of chain drive optimisation as little improvements can decide the race winner.
Track cycling drives are also characterised by light chains (around 3.6g) and high gear ratio (between 3 and 5). The tension is chosen to
avoid chain drop during races. As a result, the centrifugal force can be neglected in front of chain tension and a quasi-static approach is
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Nomenclature

a [m] Transition of friction correction parameter (tanh width)

G [N.m] Torque associated with sprocket j

d [m] Absolute roller displacement

Dypush [m] Chain bush diameter

Dpin [m] Chain pin diameter

Drolter [m] Chain roller diameter

Dyy [m] Horizontal and vertical distance between the slack strand tips

AX [m] Horizontal distance between the axes of the driving and driver sprockets
AY [m] Vertical distance between the axes of the driving and driver sprockets
F [N] Generic letter for forces

f [-] Parameter for tight strand length (from Fuglede & Thomsen [1])

L [m] Distance between the axes of the driving and driver sprockets

M; [-] Tangency points for the tight strand common tangent

Miink [kg] Chain link mass

s t1ot [-]1 Number of links

N; [-] Tangency points for the slack strand common tangent

0; [-] Sprocket center

Ploss‘mesh,roller [M DiSSipated powers

D [m] Chain pitch

Py [N] Roller sprocket contact force

r [m] Chainette parameter

Ri2etc. [m] Radius of tooth profile circle arc portion

Reurve [m] Local tooth profile curvature radius

Rj,Rpircr,  [m] Pitch radius of sprocket j

Ry [m] Tooth bottom radius

slack [-] Mid-span movement as a fraction of L

Tijjst [N] Link tension force

T/ T, [-] Tension ratio

u [-] Outgoing normal at roller contact with profile

v [-] Link direction vector

w [J] Generic letter for mechanical work

Xt [m] Length of the tight chain strand

V4 [-] Number of teeth

a [rad] Angles between two consecutive links

aj [rad] Angular pitch of sprocket j

s tj [rad] Angle between a chain strand and the closest link with both rollers contacting sprocket j
B [rad] Tilt angle of the pitch circles common tangent relatively to the centre direction
5 [rad] Friction correction angle

|6(c0)] [rad] Correction angle outside

€ [-]1 Generic displacement of each chain part between sub-positions

n [-]1 Chain drive efficiency

y [-1 Non-dimensional roller location coordinate

ygs [-] Non-dimensional roller location coordinate at transition points A and B
K [rad] Angle between the direction of the preceding link a the local x axis

Ai [rad] Tilt angle for a slack strand link relatively to the horizontal direction
I [-1 Global friction coefficient

u [-] Friction coefficient

v [rad] Angle between the direction of the following link a the local x axis

¢ [rad] Roller contact angle

Wsej [rad] Angle between a strand tip on sprocket j and the point of tangential contact
W, Linit [rad] Initial value for angle y,

Se [m] Curvilinear abscissa of the roller/profile contact point along its trajectory
Sr [m] Curvilinear abscissa of the roller centre along its trajectory

T [rad] Tilt angle of the drive centre direction relatively to the horizontal

0 [rad] Generic letter for angles

¢ [rad] Driving sprocket rotation angle




G. Lanaspeze et al. Mechanism and Machine Theory 203 (2024) 105780

Q; [rad/s] Rotation speed

Indices

i Rollers and links spatial numbering for kinematics

j Sprocket numbering.

I for the driving sprocket/chainring, II for the driven sprocket/rear cog.

m Explored sub-positions within a drive period. Varies between 1 and nbp,;.
Subscripts

A, B Relative to kinematic cases A and B

br Relative to Bush/Roller chain interface

init Use for variables related to the starting position of the kinematic calculation (m = 1)
pb Relative to Pin/Bush chain interface

Ig) Relative to Roller/Profile chain interface

s Attribute of the slack chain strand

t Attribute of the tight chain strand

tp Attribute of the roller location transition points

Superscripts

k Drive sub-position for efficiency calculation

well adapted.

1.2. Previous research works

A typical chain drive is represented in Fig. 2. The driving sprocket is at the right-hand side with index I while the driven sprocket is
on the left with index II. The driving sprocket rotates clockwise. Therefore, the tight strand is the upper one and transmits loads. The
slack one is at the bottom. The strand tips mark the transition between the links in the chain strands and those meshed with a sprocket
(see Fig. 2).

In a first approximation, the radius difference between the roller and the tooth bottom can be neglected [7]. Thus, the centre of the
rollers in contact with a sprocket lies at the vertices of the pitch polygon (in red on Fig. 2). The strand tip movement along the pitch
circle causes the strand tip speed direction to vary as a consequence of the chain discrete nature. This phenomenon is denoted
polygonal effect, due to the chain shape approximately following the pitch polygon. The polygonal effect induces periodical variations
of the rotational speed ratio, causing transmission error.

Binder [8] was the first to propose a model of a chain drive for efficiency calculation. He considered the dependency between the
rotation of the driving and driven sprockets using a four-bar mechanism. Thus, the strand tip positions move along the pitch circles,
making it possible to model the polygonal effect and losses due to link meshing. He limited his study to drives with a horizontal tight
strand common tangent to both pitch circles. The results show that the influence of the polygonal effect decreases as the numbers of
teeth increase. He proposed expressions for power loss and introduced a distinction between pin and bush articulations each producing
different power losses. Mahalingam [9] and Morrison [10] proposed similar kinematics studies and also found that multiple number of
pitch case should be preferred to limit kinematic perturbations. In [11], Bouillon & Tordion tested experimentally the kinematic theory
based on a four-bar mechanism. In [12-13] Fuglede & Thomsen also modelled the kinematic consequences of the polygonal effect using
a four-bar mechanism. In the 1980s, Naji & Marshek [15-16] produced numerous studies aimed at improving the first approach
introduced by Binder. They introduced the Geometric Progressive Load Distribution (GPLD) tension model. Sprocket orientation was
considered, correcting Eq.uations for the process of meshing and un-meshing. To account for the slack strand tension, Naji & Marshek
proposed that each roller can contact either the tight (Binder’s approach) or the slack side of its associated tooth profile while

Chain 7z | 2
articulation : L i
, T |-

4 /‘,/' A' A
Bush  Roller Pin

Inner link - (bu/sh link) Outger link - (pin link)

Fig. 1. Nomenclature of a modern roller chain.
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Strand tip

Slack strand

Fig. 2. Diagram of chain drive principle.

remaining seated. In following studies [17-18], they extended the possibilities of roller location along its associated tooth profile,
applying the new approach only to un-seated rollers. This model was used to assess the influence of pin link elongation due to wear.
Hollingworth & Hills [19-20] proposed a study of chain drive efficiency dedicated to cranked link chains. They assumed that only link
meshing contributes to chain drive power losses. Coulomb friction was assumed at all chain interfaces. The results showed that pin
articulation should be favoured for drives such that Z; > Z;. However, the proposed power loss expressions could not be derived by the
author. Later, Kim & Johnson [21] completed the process and proposed a link tension model with full dependency between roller
location and loads. This allowed locating the roller at any curve portion even when contacting the tooth bottom. Verne [22] applied the
full roller location methodology of Kim & Johnson to the GPLD model. This model was then applied to entire drives (i.e., not only for
one sprocket) but strand tensions were still assumed. Contrary to Naji & Marshek, both link elongation and tooth deflection were
considered. Troedsson & Vedmar proposed static and dynamic drive models [23-24]. The full roller location approach of Kim &
Johnson was also used [21]. Link elongation was considered but tooth deflection was neglected. Moreover, Troedsson and Vedmar
introduced a specific sub-model for the slack strand. Thanks to this new component, the dependency between sprockets was intro-
duced. Therefore, a single resolution was carried out for the entire drive but numerical challenges associated with this resolution [25]
were reported. Multibody dynamic models were also proposed [26-31] and in [32,33] Omar proposed a multibody formulation to
study bicycle chain drive dynamics including the derailleur system. Example of link tension and acceleration were given. The question
of the dynamical behaviour is mainly addressed in industrial applications where high rotational speeds (thousands of rpm can be
reached) makes it more likely to encounter natural frequencies and therefore trigger significant vibrations.

In the cycling field, Kidd [34] proposed a quasi-static efficiency model where meshing losses were considered with distinction
between pin and bush articulations. Potential drive misalignments were also modelled. The analysis of each sprocket contribution to
losses highlighted the dominant contribution of the rear cog. This higher contribution was attributed to the smaller number of rear cog
teeth encountered in usual cycling drives. Lodge & Burgess proposed a different approach in [35-37] to investigate cycling and in-
dustrial drives. Indeed, in their study, roller location was not relevant and they opted for a less computationally intensive study.
Instead of using full roller location, they proposed three sub-models meant to represent three possible sprocket behaviours. An effi-
ciency model was derived which assumed meshing losses to be the only source of losses. The distinction between pin and bush
articulation was considered. The dissipated work was calculated by integrating the loads given by each sub-model. The model pro-
posed was able to capture the increasing efficiency for rising torque as well as the interest of larger sprockets. However, discrepancies
between the model and the experimental measurements were reported for low torque and heavy chains. These differences were
attributed to neglected loss phenomena such as vibrations and impacts between rollers and sprockets. Spicer [38] proposed an
analytical model of bicycle chain drive efficiency, including the effect of the derailleur system and induced chain shift. A formula for
losses due to roller movement has also been proposed, which takes into account the movement of the rollers during the meshing and
unmeshing of the links. However, previous tension models including the use of roller location, such as those by Troedsson, Kim and
Verne mentioned above, show the importance of roller movement out of meshing and unmeshing area. Later, based on these works, a
rough attempt was made [39] to consider the contribution of losses caused by roller motion along the corresponding tooth profile
during the full cycle (not only meshing and un-meshing). This type of loss was denoted roller losses. The results suggested that roller
losses could be as influential as meshing losses and a conclusion was drawn on the necessity to include them with a more representative
model.

The objective of this paper is to present the Chain Drive Efficiency Model (CDEM) dedicated to chain drive efficiency study which
takes into account the influence of losses caused by roller motion along the associated tooth profile. The model will be able to consider
different tooth profiles which will be used to test the influence of various parameters on drive efficiency.

Efficiency modelling will be carried out in two steps. First an original quasi-static chain drive model will be presented. Compared to
previous works, its formulation is general such that any tooth profile geometry can be considered. This first model will compute loads
(ie., link tension and roller/sprocket contact force) and displacements (i.e., roller motion and link orientation). Elements of previous
studies by Lodge & Burgess [35], Troedsson & Vedmar [25] and Kim & Johnson [21] will be reused. An original architecture based on
dedicated sub-models for chain strands and sprocket is proposed to facilitate the numerical resolution and therefore limit the possible
issues reported by Troedsson & Vedmar [25]. A validation will be presented from experimental data of the literature [35], which are
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based on industrial drives.
2. CDEM kinematics and load calculation
2.1. Chain drive efficiency model (CDEM) modelling strategy

The CDEM model assumes that all bodies are rigid. This hypothesis is not very restrictive in the context of single speed cycling as the
drives are usually set with non-negligible tension in the slack strand which significantly constrains its trajectory. Moreover, as bicycle
chains are usually relatively light (~3,6g / link), and with low rotational speed (150rpm on the chainring at most), dynamic effects are
considered negligible. Thus, the presented model is quasi-static, and is therefore not subject to any speed or inertia effects. Due to the
lightness of the chain in relation to the loads applied, the effect of gravity is not taken into account, except in the soft strand model
which will be described in the overall kinematics (part 2.2). Both sprockets are assumed to be perfectly aligned and their pitch are
identical to the chain pitch (denoted p). The kinematics is considered independent from the loads and only the global motions of the
bodies are modelled. Therefore, backlashes, as well as relative motions between each roller and its corresponding tooth profile are
neglected. Consequently, the centre of every roller in contact with a sprocket is assumed to lie on the pitch circle. Finally, the effect of
gravitation is also neglected with regard to the loads involved.

The modelling strategy is divided into three main steps (Fig. 3). First, the drive kinematics is established (i.e. the location of each
components) for a given set of drive positions. Then, loads are calculated depending on the determined locations. Finally, the efficiency
is computed from the local sub-model results and loading conditions.

The driving and driven sprockets are denoted j = I and J = II, respectively (see Fig. 1). The number of links with both rollers in
contact with the driving and the driven sprockets are denoted n; and ny, respectively. The number of links in the tight and slack strand
are n, and n;, respectively. Therefore, the total number of links and rollers in the chain ny,, is given by Eq.(1).

Nyt = Ty +Nyp + 15 + 1y (€]

The spatial index of articulation (roller + preceding link in rotation direction) is denoted i on the geometry with i = 1 the first roller
in contact with the driving sprocket and increasing in rotation direction. k position step and represent the evolution of one component
going through all the possible i during drive rotation.

For the global kinematics, the clearance between the roller and the tooth profile is neglected. Therefore, it is assumed that the
centres of the rollers in contact with a sprocket lie on the corresponding pitch circle. Based on [7], Fig. 4 shows the parameters used to
characterise a given drive.

The parameters in Fig. 4 are:

e aj = 21/Z;, the angular pitch of sprocket j. Z; being the number of teeth of sprocket j

e p, the chain and sprocket pitch (assumed to be equal),

e L = || OgOy||, the centre distance between the driving and driven sprocket axes,

e 7 = (x,010y), the tilting angle between the centre axis OyO; and the horizontal direction x,
e AY = 010y, the vertical signed distance between the sprocket axes,

e AX = OpOr.x, the horizontal signed distance between the sprocket axes,

e R; =p/][sin(a; /2)], the radius of the pitch circle for sprocket j,

e f = (OpOr,MMj), the angle between the centre axis OgO; and the top common tangent.

2.2. Global kinematics

As the tight strand is assumed to be straight, the tension is the same for all the included links. This particularly stands for the
boundary link tensions T; and Ti;n,+n,+n,+1 denoted T;; and T; j respectively (see Eq.(2), link numbering is given in (1)). The angles are
defined in [39].

Tt = Tie1 = Topsngsng+2 = Tenr (2)

As with the tight strand, the slack strand tips are the centres of the first and last contacting rollers of the driven and the driving

Loading conditions
i
1
Global kinematics = Local sprocket i .
(Part2.2) sub-model (Part2.3) Drlv(ePefﬁ;l)ency
art
(Ts,i' Ot ni) (T, Py, Seri Kis V)
k=k+1

Fig. 3. Algorithm of the chain drive efficiency model (CDEM), with associated publication parts
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Fig. 4. Drive geometry with a) drive parameters and b) pitch circles and common tangents.
sprockets, respectively. Their roller centres are designated as E; and the centres of the adjacent rollers are D; and F; (see Fig. 5).
Angles ag; (Fig. 5) and y, j (Fig. 6) are also defined in a similar way to the tight strand in Eq.(3).

asj = (EjFj, DiE;)

3
l//s\]' = (oij7ojEj) ( )

With j = I,II depending on driving or driven sprocket.

Fig. 5. Slack strand definition.
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Strand tip

Fig. 6. Definition of a) y,; and b) ;.

As the slack strand does not transmit load, its tension is significantly lower than the tight one. As such, the effect of gravity on the
strand trajectory is preponderant. To consider this effect, the model presented by Troedsson & Vedmar [23] and improved by Lodge &
Burgess [35] is used. The load in the strand is assumed to be due solely to gravitation and the link masses are considered to be lumped
at the roller centres. The slack strand is therefore modelled as a set of punctual masses (each with mass my;;) linked with massless bars
(see Fig. 7). The centre of roller i is designated as R;.

A given roller is subjected to three external forces (Fig. 7). The tension in the preceding and following links (respectively T; and
Ti;+1) and the weight (corresponding to the weight of one chain link of mass my;;). The spatial direction of link i is given relatively to the
horizontal direction (x in Fig. 7) by angle 4;. The equilibrium of a roller leads to the following equation.

cos(4)
cos(4i+1)

T =T, 4

With: tan(4;,1) = %ﬁ&“;m and 4; = (x,RiR;_1)
Eq. (4) connects the characteristics of one roller/link pair (e.g., 4; and T;) with the following one (4;;1, Ti;1). Therefore, if a set of

values (T;, 4;) is known, it is possible to calculate all the tensions and link orientations considering all the rollers step by step.
Moreover, as presented by Lodge & Burgess in [35], a valid slack strand must fulfil the following Equations (Eq.. (5), see Fig. 7),

ensuring that a set of angles 4; is consistent with the positions of the strand boundaries.

ny+ns+1
Z pcos(4) — Dy =0
i=n;+2

(5)

np+ns+1
Z psin(4;) — D, =0
i=n;+2
Therefore, once the slack strand tips’ locations are known (i.e., angles v ;), distances D, and D, are deduced and the corresponding
slack strand can be calculated. Numerical search is used to find a set of values (e.g., Ty, +2, An,+2) resulting in the smallest residual value
on Eq. (5). Similarly with the tight strand, once the slack strand trajectory is known (angles /; for all rollers), the values of angles a;;
and o, can be computed using Eq. (3).
The tension in the boundary links (Ti—n,12 and Ti—n,+n,11) are denoted Ts; and Ty, respectively. Unlike the tight strand, they do not
necessarily have the same value [39].

Ts,l = Ti:n,+2 = Ti:n;+ns+n[ = Ts,II (6)

The slack strand sub-model can only be used in conditions where the number of links in the strand is sufficient. As no link

/’L“ Dx -
\\\ ‘\.v,/.) S S i=n+2
e A1 Dy yi ® Lumped mass
t=ntn, ... rolleri ( > - - - Massless bar
) . o x
T A - (' Roller
. R _-e7
: Y -r-- '\ ///
IMying \ / T

Fig. 7. Slack strand model.
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elongation is modelled, the condition translates in Eq. (7), ensuring that the distance between strand tips is smaller than the strand
length.

\/D? +D§ < png )

In order to study the influence of the tension setting on drive behaviour and efficiency, it is necessary to quantify strand looseness. A
representation of the chain tension is usually obtained with a measure of the mid-span movement (i.e., the peak to peak slack strand
deflection) expressed as a proportion of L [40] (Fig. 8). The mid-span recommendation is 4-6% of L for regular industrial drives [40].
For sensitive transmissions (high speed, impulse, reversing) the setting can be reduced to 2-3% [40].

The procedure to geometrically calculate the mid-span movement for a given drive sub-position is given in the appendix A. As its
value changes for each sub-position (i.e., for each driving sprocket orientation), the looseness setting of a given drive is calculated as
the mean mid-span movement value on ten linearly spaced sub-positions within the drive movement studied. For the rest of the
manuscript, the looseness setting will be given as a proportion of L expressed in % for each drive studied.

The slack strand sub-model is compared to the known catenary results for hanging cables [41]. Then the prediction in terms of link
orientation and tension are analysed. The catenary (or chainette) result is an analytical solution known in the literature for hanging
cables subjected only to gravitational field and with continuous mass distribution.

Differences between the slack strand model presented (with discreet mass distribution) and the corresponding catenary are shown
in Fig. 9. As the results are independent of the scale of the chain, they are given relatively to the chain pitch p (scaled variables are given
with a bar, e.g., X = X/p). The link mass and roller diameter are given for a standard track cycling chain (p = 12.7mm ; my = 3.6¢;
Drotter = 7.75mm).

Both models show the same trend. The trajectories obtained exhibit a bell shape tending toward a straight line as the distance
between the tips increases. Comparisons with the catenary curve show notable differences for small x spans. In Fig. 9.a, the small
number of links in the strand results in sharp changes in link orientation, causing considerable deviation from the smooth catenary
curve. For values of D, and D, more compatible with a real chain strand (Fig. 9.b), the difference becomes negligible. The discreet
approach used in the model presented therefore shows greater interest for strands with a high number of links (longer chain) and small
spans. The resulting model of the transmission kinematics is solved with a step-by-step algorithm described in [39].

2.3. Local geometry, load calculation

2.3.1. Local geometry definition

In this model, it is assumed that all sprocket angular sectors are identical. Therefore, a sprocket is fully defined by one angular
sector in the local coordinate system (O;, x;,y;) (see Fig. 10.b). The angular sector is defined as a piecewise curve where each portion is
either a circle arc or a straight line. The definition of the portions must ensure the continuity of the slope (i.e., the derivative of the
curve). Moreover, the defined geometry must be such that it is not possible for a roller to contact the profile at more than one point.
This implies that the radius of any convex circle portion (especially the tooth bottom circle of radius Ry,) must be greater than the roller
radius (e.g, Ry > Ryoer in Fig. 10.b).

Axes x; and y; can be seen in the radial and tangential directions to the pitch circle at the local origin respectively (see Fig. 10.b).
The local origins of two adjacent tooth profiles are a; apart.

Knowing the roller radius and the definition of the tooth profile, it is possible to determine the roller centre trajectory. This curve is
composed of all the possible locations for the centre of a roller in contact with the defined profile. In practice, this curve is defined as
the parallel to the tooth profile (toward O;), shifted by R, (Fig. 10). It therefore has the same number of circle arcs and lines as the
tooth profile.

To locate the roller along its corresponding tooth profile, three different coordinates are used (see Fig. 10.a). These three co-
ordinates are intertwined and knowing only one of them is sufficient to calculate the remaining two.

e y is a dimensionless coordinate. The definition is similar to coordinates  and & in [23] and [20] respectively. y starts at 0 and is an
integer at each point of transition between two portions of the curve. Therefore, y ranges between [O,Nbpo,ﬁon], with Nbpgriion being

Tight strand

Mid-span
~movement

Fig. 8. Mid-span movement of the slack strand, adapted from [40].
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D,;:O‘SZ 2 ) Df/ =-08 3 A'Tblin,k =

—Catenary
oL | * slack strand sub-model

I D, =9; D, ==35; Nby,y, =10

—Catenary

-0.5 \is/ @ 0 + slack strand sub-model|
-1

T -1.5 - -1- -
= .
2 =, .
2,571 -
-3
-3 - - 3 S
-3.5 -4
0 2 4 6 8 10
-4 T [_]
a 1 2
7 (-]
(a) (b)
Fig. 9. Comparisons between the slack strand sub-model and the catenary curve (a) Dy =2, Dy = — 0.8, n; =6 (b) Dy = 9,D, = — 3.5,n, = 10

withmy, = 0.28g/m; Broller = 0.61.

‘Q’:H@r
c,max y,; ., |
P A S

! X T

“Pitch circle Lo

X

(b)

Fig. 10. (a) Roller location coordinates (b) Definition of circle arc and line profile portion (the clearance between roller and profile is exaggerated).

the number of curve portions defining the tooth profile. Between integers, y varies linearly with the sweeping angle 6 for circle
sectors and with x for the straight parts (see Fig. 10.b).
e s, is the curvilinear abscissa of the contact point between the roller and its corresponding tooth profile (along the tooth profile).
e s, is the curvilinear abscissa of the roller centre along the roller centre trajectory.

Coordinate y is easier to interpret than the curvilinear abscissas but it also distorts reality. A distance of e.g., Ay = 0.5 does not
correspond to the same distance in mm depending on the curve portion considered. On the contrary, the curvilinear abscissas will be
used for calculations but their interpretation in terms of roller position along the tooth profile is more difficult.

2.3.2. Relation between consecutive roller locations

The relation between consecutive roller locations is considered in a way similar to [21,23]. Therefore, adjacent rollers on a given
sprocket are distant by a chain pitch p. Knowing the location of a roller, the adjacent one will lie on the roller centre trajectory of the
adjacent profile at a distance p. The problem can then be treated as finding the intersection between a circle of radius p centred at the
known roller position and the adjacent roller centre trajectory.

2.3.3. Angles between links

Depending on the location of each roller along its corresponding tooth profile (represented by coordinate y), the relative position of
consecutive links is not the same. However, these positions will prove useful to link roller locations to loading conditions and later to
calculate the efficiency of a chain drive and must therefore be tracked.
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To do so, four angles are defined for each roller (Fig. 11):

e af = (RiRi;11,Ri_1R;), angle between the directions of the following and preceding link (link i + 1 and i respectively). This angle
equals a if the three roller centres lie on the pitch circle as assumed for the global kinematics.

e ¢; = (Ri_1R;,u), angle between the direction of the preceding link (link i) and the profile normal at the contact point between the

roller and the profile.

ki = (RjR;_1,X;), angle between the direction of the preceding link (link i) and the x; direction in the local profile axis system.

vi = (RiRj11,X;), angle between the direction of the following link (link i + 1) and the x; direction in the local profile axis system.

Parameters in Fig. 11 are:

u, the outgoing normal at the contact point between tooth profile and roller i
e R;, the centre of roller i

Moreover, angles «, v and a* are connected by Eq. (8) (Fig. 11.c).
Ki—Vi=T—0 (€3))

At this point, compatibility issues arise at the interfaces between the global kinematics (used to calculate angles a,;) and the local
sprocket sub-model. Indeed, for the global kinematics, all roller centres are assumed to lie on their related pitch circle while the local
sprocket sub-model locates the rollers more accurately (using coordinate y). Questions arise especially for angles aj, a;..+, k1, vns1 and
¢, (withn being the number of links in contact with the sprocket considered). Calculating them involves the location of rollers both in
a chain strand (whose trajectory is determined using the global kinematics) and in contact with the sprocket considered. These
compatibility issues are represented Fig. 12. The roller location as assumed in the global kinematics calculation is represented in
Fig. 12.a while the precise roller location allowed by the local sprocket sub-model is represented in Fig. 12.b.

Compatibility is solved using the following hypotheses. It is first assumed that angles ;. and a;,,, are equal to angles a; and a,
respectively, as calculated through the global kinematic study.

=

* ()]
Any1 = Os
For angles x; and v,;1, equation (8) is considered to be fulfilled, therefore, the angles are calculated from v; and x,,1, respectively,
as follows (Eq. (10)).
K1:7T7(11+1/1:*7[*at+’/1 (10)
Uni1 = Kny1 — T+ Ay =Kny1 — 7 + as
The tight strand span is significantly larger than the roller/profile clearance (i.e., Lcos(ff) > Ry — Rromer, With Ry tooth bottom
radius, curve radius in its central part). Therefore, it is assumed that the tight strand direction calculated in the global kinematics is not
affected by the roller/profile clearance. Therefore, ¢, is calculated using the following relation (see Fig. 13).

b =0-a (11)

with: 6 = (v,u), vector v = 0,0, gives the direction of link 2 and vector u is the outgoing profile normal at the roller profile contact
point (Fig. 12).

The assumptions stated to solve the compatibility issue (Egs. (9) to (11)) are justified by the small roller/profile clearance in real
cases (about 4.3% between R,,jr and Ry, for NFpq, profile - with D,jer = 7.75mm which gives Ry, = 4.05mm). For specific drives with a
bigger roller/profile clearance, these assumptions might have more influence.

The values of all the link angles are directly related to the roller locations, themselves directly related to the location of one roller.
Therefore, all the link angle values can be calculated from the location of one roller in contact with the sprocket considered.

All the parameters introduced to locate the rollers and describe their relative orientations are now used to express the Eq.uilibrium
conditions of a chain in contact with a given sprocket. This results in a relation between roller locations, loads (link tension and roller-
profile contact force) and external loading conditions (e.g., strand tensions).

Fig. 11. Angles between consecutive links ¢; o;, v; and «;.

10
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Tigh/t strand Tight strand

-

Fig. 13. Calculation of ¢; (the clearance between roller and profile is exaggerated).

As with previous tension models [14,8] and [35], the equilibrium of a chain articulation (i.e., a set of pin, bush and roller) is
considered. The effect of gravity is neglected with respect to the other forces considered. Therefore, a chain articulation with its roller
in contact with a sprocket is subjected to three external forces (Fig. 14):

e Tj, the tension force in the preceding link,
e T;;1, the tension force in the following link,
e P;, the total (i.e., tangential plus normal) contact force between the roller of articulation i and its corresponding tooth profile.

It is assumed that the tension forces act along the direction of their related link. Contact force P; acts along a roller radius and its
direction is given by angle ¢;. As with the approach of Kim & Johnson [21] and Verne [22], angles ¢; and a; are not assumed but
calculated from the locations of rollers along their associated tooth profile.

The three forces are concurrent at the roller centre; therefore, the torque equilibrium is always verified. The equilibrium along the
two planar directions (x and y in Fig. 14) leads to the following relations. These relations are similar to [8,39].

. sin(¢;)
Ten = Tlsin(qfvi +a;)
(12)
_sin(a;)
'sin(¢; + 7)

Friction is introduced in the model in a similar way to that presented by [14]. According to this method, also used in [27,39,42-43],
the moment induced by the tangential friction force (F; in Fig. 15) is neglected. The effect of friction is therefore Eq.uivalent to a
correction of the angle ¢; by a factor § (Fig. 15). Angle § is calculated based on y; representing the static friction coefficient at the
roller/tooth interface [14].

In the original formulation [14], the value of the correction angle had only two possibilities; § = +-atan(u;) and 6 = —atan(u;) with
no intermediate values. The correction sign must be such that the tangential friction force (F; in Fig. 15) opposes the roller motion
along its corresponding tooth profile. Consequently, this sign depends on the direction of roller motion and the sprocket studied being

Roller i
/

Fig. 14. Equilibrium of a chain articulation in contact with a sprocket.
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Roller i

Fig. 15. Articulation Equilibrium with friction.

driving or driven [14,35]. In this model, the same principle is used. However, the correction factor can now range between [ —
atan(u;) ,+atan(u,)| as a tanh type function is used to connect the two extreme values. Moreover, it is assumed that all the rollers have
the same correction angle 5 and that its value is related only to the position of the first roller in contact with the sprocket considered (y;
or equivalently s. ;). The sign switches at the transition point s, ;, as it marks the transition between zone 2 and zone 3 (see Fig. 10.a)
where the direction of roller motion along the tooth profile changes (from one transition point to the other in zone 2 and toward the
tooth tip in zone 3). The correction angle is therefore calculated as follows.

8(sc1) = (~1Yarctan(y,)tanh (M) (13)

The width of the tanh function is characterised by the parameter a (see Eq. (13)) such that the transition between the two extreme
values +atan(u;) occurs between +a according to Eq. (14).

8(a) = 0.99arctan(u;)

5(—a) = —0.99arctan ;) a4

Since a is a numerical parameter, its value has therefore been chosen to avoid interferences with the results. A sensitivity study was
carried out and a value of a = 1e~'°m chosen for this work (details are given in appendix B).
Adding the influence of friction to Eq. (12) leads to the new articulation equilibrium relation expressed in Eq. (15).

S

S max

[V}
08 N

.o max

o
(a) ! T

Fig. 16. (a) Loads applied on pin and bush articulations, (b) displacement parameters for pin articulation, (c) displacement parameters for bush
articulation.
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. _ . sin(¢; +9)
Ten = Tlsin(qﬁ,— +0+ay)
(15)
sin(a;)

isin(q’)i +85+a)

Finally, the ratio between the tight and slack strand tensions is expressed in Eq. (16) considering the consecutive equilibrium of all
the articulations in contact with the sprocket.

T, H sin(¢; + 5)

T, L1sin(g; +6+a;) (16)

Eq. (16) highlights the direct relation between the tension ratio (ratio of the slack to tight strand tension) and angles ¢; and o};
themself directly related to the location of one roller. Thus, the position of one roller is directly related to the tension ratio.

3. Efficiency computation

For the following development, a chain drive articulation is considered (i.e., set of pin, bush and roller, see Fig. 16. All input
variables are given per component using index k as superscript for efficiency calculation.
The following parameters are taken from the chain drive model (see Fig. 16).

e P the contact force between the profile and the roller of the articulation considered

o T and T,
K, the tilting angle of the previous link (with respect to the local x axis);

v, the tilting angle of the following link (with respect to the local x axis);

a*, the angle between the following and the previous link;

s¢, the curvilinear abscissa of the contact point between the roller and the tooth profile. To simplify notations, s, is simply denoted s

in this paper.

the tensions in the link preceding and following the articulation considered, respectively.

Although connected by Eq. (10), a*, v and « are all used in the following development to facilitate understanding.

3.1. Part motion and applied load

The motions of each chain part are defined by variables s., a*, k and roller rotation angle 6 (see Fig. 16b-c). Except for roller
rotation, the displacement of each chain part between sub-positions k and k + 1 is given directly according to Eq. (17).

Ae = g1 — & a7)

With ¢ =s,a",v,k.

The chain drive model proposed in this paper gives the location of the contact point between the roller and its corresponding tooth
profile using variable s. However, no information is given about the rotation of the roller itself (angle 6 in Fig. 16.b-c). This rotation
must therefore be calculated providing kinematic hypotheses at the roller/profile contact.

Because of the complexity of the joint (pin, bush and roller), its behaviour under operating conditions is very difficult to study. As a
result, the precise movement of each part remains unknown. The lubrication conditions (sliding speeds, load, film thickness, complete
interface film, etc.) have not been determined. Hypothesis is made that the materials and lubrication conditions are likely to be similar
at both the roller/profile and the bush/roller interfaces. However, the radius at the bush roller interface is smaller than at the roller/
profile one (e.g., Droyier = 7.75mm and Dy, = 5.1mm for usual track cycling chain). Therefore, for a given torque, sliding will occur first
at the bush/roller interface. Consequently, the bush/roller interface cannot undergo rolling if the roller/profile interface is subjected to
sliding. In order to assess the influence of the lubrication conditions, two extreme kinematic cases are considered called Case A and B
and defined as follow.

0. \f Smax

Fig. 17. Case b, sliding scheme.
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Case A assumes that there is no sliding at the bush/roller interface. Therefore, the roller rolls without sliding on the tooth profile.
This condition is sufficient to define roller rotation and therefore sliding occurs at the bush/roller interface. For this case, the roller
kinematics implies the following equation between A6y and Asy.

—Asy
Ak = Rerotter (18)
Case B assumes sliding to occur at both roller/profile and bush/roller interfaces. For this case, no kinematic condition constrains
roller rotation. It is therefore assumed that no rolling occurs at the bush/roller interface (Fig. 17).
As a consequence, the roller/profile contact point slides a distance As. Fig. 17 illustrates this change of orientation, the roller in
sub-position k is represented by a dotted line while sub-position k + 1 by a solid line. Excluding any unlikely self-rotation of the roller,
this corresponds to the kinematic condition with the longest sliding distance. For case B, the roller rotation is expressed as follows.

Ay = D% (19)

curve

with: Reyre the profile curvature radius at the roller/profile contact point considered. It can be positive or negative depending on
whether the profile portion considered is convex or concave, respectively.

Cases A and B represent two extreme kinematic conditions: in case A, the sliding distance at the roller/profile contact point is null
while it is maximal for case B (excluding roller self-rotation). For case B, sliding is assumed at both roller interfaces. Following
Coulomb friction theory, the tangential force is therefore fixed at both interfaces and roller equilibrium cannot be achieved. However,
no feedback loop is considered in the chain drive model between kinematics and loads. The roller kinematics as given by the chain
drive model is therefore considered to be independent of any later assumption regarding kinematics (case A or B) or loads.

Between sub-position k and k + 1, link tensions and roller/profile contact force are considered as constant. The values Py, Tﬁ and

Tlgk) are assumed to be the mean between position k and k + 1.
Assuming Coulomb friction with sliding at a given interface [44], the magnitudes of tangential and normal forces (Frand Fy,
respectively) are linked by the friction coefficient y (Eq. 19).

[l Fr [|= ull Bn || (20)

With y sliding friction coefficient at the interface considered.
This equation can be rearranged using the total force F as follows.

|| Fr = (21)

—LE=IF|
V14 u?
Returning to our application, T and P are magnitudes of total forces || F ||. Therefore, the magnitudes of the forces producing work
at each interface are given in Table 1: Magnitudes of tangential force at each interface for pin and bush articulations according to Eq.
(21). with: py, iy, and p,, friction coefficient at pin/bush, bush/roller and roller/profile interface, respectively.
Contact force P applies at the roller/profile interface. As dynamical effects are neglected, the bush/roller force also has a magnitude
of P. For the bin/bush interface, the force to be considered is the tension in the neighbouring pin link. It therefore depends on the

articulation being a pin or a bush one. For a pin articulation, T}k) is considered while Tl(f»)l is used for a bush one (see Table 1).

3.2. Articulation definition

3.2.1. Pin articulation

Fig. 18 shows motion parameters (i.e., v, k, @* and ) and forces (T;, T;11 and P;) on a pin articulation. The preceding link is a pin link
(tension Tlfk>, orientation «) and the following one is a bush link (tension Tl(f)1 and orientation v).

The losses undergone by a pin articulation are split into the contribution of each interface: pin/bush, bush/roller and roller/profile.
The developments are presented below for the pin/bush interface (pb) example.

The dissipated work at a given interface is calculated considering the product between the sliding distance and the tangential force
(Table 1). Between sub-positions k and k+1, the pin/bush interface is subject to the following sliding distance.

Table 1
Magnitudes of tangential force at each interface for pin and bush articulations.
Interface Pin articulation Bush articulation
Pin/bush i) Hob )
i+1 i
1+uly 1+#%
Bush/roller ﬁ(k) Hor
L+uj,
Roller/profile pk__Hm
1+u2
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Bush

Pin Roller

2,

Fig. 18. (a) motion parameters and (b) forces on pin articulations.

dslinding ‘glc)?pin,art = Rpin|Aa*<k>| (22)
This motion occurs under the following tangential force.
=k Hpb
FTlpbpm art Ti % (23)
\/ 1 + ﬂpb
The resulting work is then expressed as follows.
(k)
(k)
W‘pbpm art dsliding ‘pb‘pm_anFT‘pb.pin_art
™ 249

= Ryin| A ® | T — L2
/1t

Finally, the total work dissipated at the pin/bush interface during the contact with the sprocket (sprocket j) considered is obtained
by summing Eq. (24) from the sub-position of roller capture (k = 1) to the sub-position of roller release (k = kpay).

kmax—1

pb.pin_art = E ‘pb pin_art

k=1

wi,

(25)
b

= ZT Hp R in}Aa*“”!
+

3.2.2. Summary of dissipated work
Sliding distance and load at each articulation interface are summarised in Table 2.
Dissipated works at each articulation interface are summarised in Table 3.
3.3. Drive dissipation
The results of the mechanical work dissipated at each articulation is then combined to calculate the efficiency of the drive. Losses

are considered only during the contact with sprockets. Therefore, during an entire drive rotation, a pin articulation undergoes the
following dissipation (j = I and II for the chainring and rear cog, respectively).

WP"' art — Z pin_art (26)

Similarly, the work dissipated by a bush articulation is given by Eq. (27).

Table 2
Dissipated work at each interface.
Interface Pin articulation Bush articulation
Pin/bush Sliding Distance Rpm\ Aa*“‘){
(k) (k)
Load Tf Ti +1
Bush/Profile Sliding Distance Rb"sh| A — Ay(k)‘ Rbmh‘ AR — Axk)
Bk
Load P!
Roller/Profile Sliding Distance Case A: 0 case B: As®)
Load pk

i
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Table 3
Work dissipated in each chain articulation interface between sub-positions k and k+1.
Interface Pin articulation Bush articulation
Pin/bush Tfk] o > pin | A | Tﬁ:)l fon > pin| A |
1+, 1+,
Bush/roller Case A ﬁgk) Hyr —Asi Au PE” Hyr » —As Ak
1+ p Rerotter 14 u2 Rrolter
case B PFk) Hor ush| g = Ay TJE,Q /—l”br Rbus R, — Ak
1+ %r curve 1+ ”%r curve
Roller/profile Case A
Case B pk__Hm Asy
it Hiy
=
Whush_art = Z VWbush_mt (27)
J=1
For a complete rotation of the drive, the total work dissipated by all the chain articulation is as follows.
Niink
Wtot = T (Wpin,art + Wbush,an) (28)
With Ny the total chain number of links. Ny, is always an even number as cranked links are not studied in this work.
This amount of work is dissipated within a time At required for a complete drive rotation (see Eq. (29)).
Nk 27
At = — 29
Zr (29)
With Q; the chainring rotational speed rad/s (given as input).
Therefore, the total power loss caused by the dissipation in all the chain articulations is given as follows.
Wtot
Ploss = 30
loss At ( )
The energy efficiency of the drive is therefore:
P, loss
n=1- (31)
CrZ;

With C; the mean chainring torque (over full drive rotation).

The dissipated works depend on the kinematic case considered (case A or B). Therefore, using Eq. (31), two efficiency values 17, and
ng are obtained, one for each kinematic case. Case B (sliding at both bush/roller and roller/profile interfaces) is the less favourable in
terms of chain drive efficiency and therefore 7, is always the lower bound of the interval.

The chain drive model introduced in this paper is quasi static. Therefore, its results are independent of the drive rotational speed.
The work dissipated in a chain articulation is calculated based on these speed free results. No notion of speed is added in the calculation
of the dissipated work (see Table 2: Dissipated work at each interface, friction coefficients are assumed to be constant). The drive
rotational speed appears in Eq. (30) giving the power loss but cancels in Eq. (31). In this model, the drive efficiency 7 is therefore
independent from any speed consideration. This consequence of the quasi static chain drive model is supported by the experimental
results of Lodge & Burgess [35] showing no significant effect of the rotational speed on efficiency. These tests were run for moderate
speeds (up 150rpm) which is consistent with track cycling applications. For higher rotational speeds, the effect on power losses could
be considered, for instance, by adding a physical model for the calculation of friction coefficients (presented for instance in [45]).
However, such a model was not used in this work.

4. Elements of validation

The predictions of the Chain Drive Efficiency Model (CDEM) are compared to the work presented by Lodge & Burgess in [35]. In
their paper, a model of chain drive efficiency was proposed considering only meshing losses at both the tight and slack strands.
Experimental measurements were also conducted at several rotational speeds and used to validate the model. This comparison focusses
ona 19|19 chain drive. It is specified in the paper that a Renold BS [2] chain of pitch 1/2’* with 100 links was used but the tension setup
and the tooth profile used were not mentioned. To allow the comparison, the CDEM is set with the parameters given in Table 4. The
friction correction angle is |§(c0)| = 5° and the slack strand looseness is set at slack=7.25% (details about this tension setting are given
below). The chain characteristics are summarised in Table 5 according to the manufacturer’s catalogue [2] for a BS chain of 1/2”". In
addition, pin and bush diameters (not given in the catalogue) were measured on an ISO industrial chain of matching pitch. All the
friction coefficients i, 4y, and u,, are assumed to be constant and Eq.ual to 0.11, as given in the paper for a lubricated steel/steel

contact [36].
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Table 4
Drive parameters for comparison with Lodge & Burgess [35].
Zy|Zy L AY slack [6(c0)]
1919 513.7mm 0 7.25% 5°
Table 5
Chain parameters from [2] for comparison with Lodge & Burgess [35].
Pitch p Dpin Diush Drolter Miink
12.7mm 4.42mm 6.37mm 8.51mm 8.89g

It can be noted that the chain used is significantly heavier than a bicycle chain. The Renold BS chain has a mass of 8.89g /link,
heavier than regular track cycling chains. This choice was made on purpose in the paper to favour losses in the slack strand (heavier
links increase the slack strand tension).

In order to ensure comparison with the efficiency model presented by Lodge & Burgess [35], losses due to meshing had to be
distinguished from the roller ones. Losses due to meshing are calculated considering only the losses occurring during the meshing and
un-meshing period. Knowing the CDEM meshing losses, the looseness setting slack is chosen so that CDEM meshing loss predictions
equal those of Lodge & Burgess’s model for C;; = 30N.m (i.e., to fit the prediction of both models for the biggest torque, see Fig. 19). The
value obtained (slack=7.25%) is higher than the 4 to 6% recommended from industrial drive [40] but still represents a realistic tension
setting. The corresponding slack strand tension varies around 14.5N.

Fig. 19 shows the comparison between the efficiency model of Lodge & Burgess, the experimental measurements performed by
Lodge & Burgess, and the CDEM. The meshing losses, calculated as detailed above, are also shown. The interval between the two
extreme efficiencies 7, and #j is represented in the shaded area. As mentioned, case B corresponds to the lower efficiency.

Both CDEM meshing losses and the model of Lodge & Burgess predict the same increase in chain drive efficiency with increasing
output torques Cy. Considering only the meshing losses, this effect is explained as follows. The input power and the tight strand tension
increase with torque. In the meantime, the slack strand tension remains the same (global kinematics is independent of the loading
conditions). Therefore, the significance of the slack strand meshing losses decreases as torque increases, resulting in growing effi-
ciency. Compared to the model of Lodge & Burgess, the whole CDEM (shaded area in Fig. 19) exhibits lower efficiency due to
additional roller losses. The effect of roller losses is particularly significant for low torque. For instance, for C;; = 1N.m, the efficiency
predicted considering only meshing losses is about 97% while the full CDEM predicts down to 94.1% (for case B) considering the effect
of roller losses. This is consistent with the fact that case B assumes sliding at both interfaces (bush-roller and roller profile), which
makes it less favourable than case A (slippage only at the bush-roller interface) and therefore less favourable in terms of chain drive
efficiency. However, with increasing torque, the effect of roller losses decreases as the predicted interval tends toward the meshing
losses curve. Compared to the experimental measurements, Lodge & Burgess’s efficiency model mostly overestimates the drive effi-
ciency, especially for low torques. This overestimation was attributed in the paper [35] to vibrations and roller sprocket impacts. The

19/19; slack=7.25% ; BS Renold chain
T T

99 T
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Fig. 19. Chain drive efficiency, comparison with Lodge & Burgess [35].
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CDEM shows better agreement with the experimental results. Indeed, the lower efficiency, due to roller losses, is in accordance with
the experimental measurements at low torques. This result suggests that the losses responsible for the deviation of Lodge & Burgess’s
model from the experimental results could be caused by roller motion. It should be noted that the agreement with the measurements
made at 100 rpm is less convincing. The experimental efficiencies are higher than those observed for the 50 and 150 rpm cases at low
torque, which is not represented by the model. However, the quasi-static model takes into account the variation in torque but neglects
the effect of rotation speed (inertia, vibrations, etc.). The increase in efficiency at 100 rpm and low torque could suggest a specific
influence of rotational speed and remains outside the scope of the quasi-static model. Despite this, the good agreement with the
experimental results and the absence of a clear trend with increasing speed suggest that the rotational speed of the drive is not a
first-order parameter on efficiency.

5. Conclusions

The Chain Drive Efficiency Model (CDEM) was introduced. This 2D model studies a chain drive considering the connections be-
tween strands and sprockets, each represented by specific sub-model. The local sub-model used for the sprockets was detailed. It is used
to calculate the loads (i.e., link tension and roller/profile contact force) and roller locations along their corresponding tooth profile
simultaneously, as both are intertwined. The general solving procedure for the whole model was then introduced. The global kine-
matics was solved first before its results were used in the local sprocket sub-model. The external loading conditions can be prescribed
via a torque applied on either sprockets or via the tight strand tension. This sequential approach facilitates the solution of each sub-
model but introduces compatibility issues.

The efficiency is calculated considering meshing losses and losses due to roller motions along their corresponding tooth profile. The
efficiency model considers all losses due to friction at the chain interfaces. This includes meshing losses and losses caused by roller
motion along their associated tooth profile. The chain is assumed to be perfectly aligned and therefore friction is considered only at the
pin/bush, bush/roller and roller/profile interfaces (no lateral contact occurs with plates). Coulomb friction is assumed at all interfaces.
Differences between pin and bush articulations are considered. Additional kinematic hypotheses are stated to determine roller rota-
tion. Two extreme cases, meant to represent the best and worst possible conditions, were considered. As a consequence of the two
kinematic cases considered, the predicted efficiency is given in the form of an interval [5,1,].

The CDEM predictions were then compared to results from the literature. Predictions agreed with the experimental measurements
of Lodge & Burgess [35] for an industrial drive. The results showed that lower efficiencies observed at low torque, which could not be
explained by a model considering only meshing losses, seemed to be due to roller motion losses. This comparison demonstrates the
interest of the model presented with respect to its predecessors.

Further work will include validation against an experimental device built for track cycling applications. The CDEM will then be
used to explore the effectiveness of track cycling training and identify potential improvements in the various training parameters. This
new approach, based on a global kinematic model and on the local movement of the rollers, will make it possible to add an in-depth
analysis of the influence of global parameters (applied torque, tension, pinion size in terms of number of teeth and pitch size) as well as
local parameters (tooth profile, lubrication coefficient, etc.). Because of the number of parameters, a special study will be carried out to
determine which are of prime importance and which must be optimised if the athlete is to win the race.

The link between global and local kinematics must also be questioned. In the CDEM, the general positioning of the rollers is on the
pitch circle of the pinion and it is assumed that this position remains identical regardless of the load. In the case of a heavily loaded gear
(sprint start for example), this assumption may be called into question because the strong forces applied to the rollers could then affect
their position. If the experimental validation and study of the parameters points in this direction, a strong link will have to be put in
place to calculate the general positioning of the roller in relation to the load it is subjected to. Once the model has been validated for all
race conditions, a dynamic model capable of taking into account the influence of inertia and vibration, particularly over a full race
during which the transmission load varies, would be useful for research into the efficiency of track cycling transmissions.
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Appendix

a. Calculation of the mid-span movement

It is assumed that the maximal slack strand deflection is obtained when the slack strand trajectory is constrained in such way that it
forms two straight parts connected at the link where the hypothetic load is applied (see Fig. 20). Therefore, for each roller of the slack
strand, the corresponding two lines trajectory is computed by finding the intersection of two circles:

e Circle of centre E; and radius ip;.p
e Circle of centre Ey and radius (n; — ins).p

with: i € 1,n,— 1
Note: Index iy is different from the spatial index i used for rollers and links numbering.

(ns'ims)p

Fig. 20. Calculation of the mid-span movement d = max(d;,,).

Once the intersection point is found, the distance d;, of each roller i, to the common tangent is calculated. The process is repeated
for all iy,s. The mid-span movement for sub-position m is considered to be twice the biggest found deflection d = max(d;, ) (Fig. 20).
This leads to Eq. (32) giving the expression of the instantaneous slack,, parameter (i.e., for a given drive sub-position m). The final slack
is calculated as a mean for ten linearly spaced sub-positions.

slack,, = ZTd (32)

It must be noted that this geometric method does not consider possible collision between the stretched strand and the sprockets.
Indeed, for high looseness, a slack strand stretched upward might collide a sprocket. For such case, the theoretical two-line trajectory,
assumed for mid-span calculation cannot be reached (see Fig. 21). The theoretical mid-span movement would therefore be higher than
what could be measured for a real drives in identical conditions. Moreover, the calculated geometric deflection is the limit theoretically
obtained for an infinite force pulling the strand. The deflection observed on a real drive would necessarily be smaller.

Fig. 21. Possible collision between the stretched slack strand and the sprockets.

b. Choice of a (transition of friction correction parameter)

The tanh function is introduced to calculate the friction correction angle 6. It allows to continuously join the two extreme values
+atan(u;). The tanh function depends on the parameter a giving the width of the transition zone. The choice of this parameter changes
the relation between 6 and s ; (see Eq. (13)) therefore influencing the relation between s, ; and the loading conditions. a is a numerical
parameter, therefore, its value is chosen so that it does not influence the results obtained.
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Due to the connection between the global kinematics (which considers all the roller centres on the pitch circles) and the local
sprocket sub-model (considering precise roller location along the tooth profile), the slack strand tensions Ts; change discontinuously
when a roller is added or removed to the slack strand. These discontinuities pass from the slack tension to the tension ratio applied on
the sprockets. Combined with the modification of §, these discontinuities can be amplified resulting in significant jumps in the roller
location evolution predicted. Depending on the value of a, the amplitude of these discontinuities varies (see evolution of s, in Fig. 22).

Evolution of S, ("per component”) for two values of a

31/31 (double pitch) ; Driving ; NFmin ;slack=4% ; CI =100N.m; L =819mm
16 | I I | I

" ' o " e — — — — -8-g=1e-6m ||
15- -%-q=1e-12m

11 - Discontinuities -

¢/
Fig. 22. Examples of discontinuities in s, evolution for the driving sprocket.

The value of a is chosen so that it does not affect the amplitude of the discontinuities. Fig. 23 shows the maximal gap (defined in
Fig. 22) on the roller location s. depending on the torque applied on the driving sprocket for several values of a (froma = le ®*mtoa =
le~'2m). Two drives are studied, a 31|31 double pitch industrial drive (slack = 4%) and a 60|15 cycling drive (slack = 11%), both
with the same tooth profile. All calculations are performed with |5(c0)| = 5°.

60/15; Nme ;p=12.7mm; slack = 11% ; L=385mm
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QO@O@@O [
T | pPoeEe 0%8aea80a,,  _ooq Last possible solution :
Jali i § g ) B Z

éx Y 'E§' OQ/ g EBBEDBEDBEBBGBEEBBEBB T

j=1 [ ~
£ g (a)
S i © e Be,. HaPRag, BHE

J P &
QQeeaﬁ@¢¢?¢¢¢¢¢°®a9?*xa***wx”$**$« RS ha s g T O
0 50 100 150 200 250 300
C ’ (N.m)
. 31/31 (double pitch) ; NFmi" ; p=25.4mm ; slack = 4% ; L=819mm
10 T T 1
rg Discontinuity starts - =t peooEEaEtEOBEsnesnEnEEaEEa BEg
El -

é 4 EBEGDBDBEDBED QOO@O

5 / [Zr’ @@

: /4 2 (b
g / B 000000 @@eggeaee¢eeea@@%m@@gg:$ (b)
mzw$@%%£ﬁ &M@%%M@ | 400004

0 50 100 150 200 250 300

¢, (N.m)

-3- g=1e-06m - C- a=1e-07m - />~ a=1e-08m -<C- a=1e-09m - - a=1e-10m -+ - a=1e-11m —%--a=1e-12m

Fig. 23. Evolution of the maximal gap depending on parameter a for identical tooth profiles with (a) cycling (60|15, p=12.7mm, slack=11% and
L=385mm) (b) industrial drives (31|31-double pitch, p=25.4mm, slack=4% and L=819mm).

For the cycling drive (Fig. 23.a), the a = 1e~®m curve stops at C; = 240N.m as no solution was found beyond (i.e., the value of a also
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influences the limit tension ratio). Emergence of discontinuities are characterised by rapid increase of the gap. For both cases, large
values of a induce the apparition of discontinuities. For the industrial drive (Fig. 23.b), no effect is reported for value smaller than
1e~7m (for the explored torque range), 1e~® for the cycling drive.

The influence of the parameter a varies depending on the profile used and the loading conditions. Therefore, to be sure to always lie
on the plateau where variable a has no effect, a value of a = 1e~1m is chosen for all the paper calculations (unless otherwise stated).
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