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Abstract: Bicycles are one of the most sustainable forms of transportation and sports
available today, known for their environmental friendliness, cost-effectiveness, lightweight
design, compactness, and health benefits. The efficiency and power transmission of bicycle
drivetrains have emerged as crucial concerns for engineers, bicycle manufacturers, and
both professional and amateur cyclists. However, research and publications related to
bicycle drivetrain systems and their tribological performance are notably limited. There is
a lack of systematic reviews on technological progress and recent research works in this
field. This paper aims to redress this imbalance by presenting a comprehensive literature
review of power transmission and tribology in bicycle drivetrains through assessing an
extensive body of theoretical and practical work encompassing bicycle drivetrains and
roller chain drive mechanisms and performance. This review comprises an exploration
of bicycle drivetrain mechanisms and components, an examination of subjects related
to power transmission mechanics and efficiency, and a thorough analysis of tribological
factors in bicycle drivetrains, including friction, wear, and lubrication. A particular focus
has been put on the performance of roller chain drives. This review consolidates research
findings related to power transmission within the bicycle drivetrain systems and outlines
some future perspectives in relevant research. Through this review, we aim to shed light
on the existing knowledge gaps within bicycle drivetrain research and offer constructive
recommendations for advancements in this field.

Keywords: bicycle; drivetrain; roller chain; friction; wear; tribology

1. Introduction

Bicycles, powered by human energy, have undergone substantial evolution since their
invention in the early 19th century, and they have become a popular form of transportation,
recreation, and sports around the world. The utilisation of bicycles offers numerous
advantages, such being environmentally friendly and pollution-free, good for the rider’s
health, low cost, lightweight, and enjoyable. A recent study found that cycling can be a
viable transport option for short- and medium-length trips for many individuals and trip
purposes in a modern city [1], which is considered the most successful option to relieve
traffic jams [2]. Chen et al. [3] complied a global dataset for bicycle ownership and use from
1962 to 2015 and reported that the global production of bicycles had a compound annual
growth rate of 3.4% in this period, increasing from 20.7 million units in 1962 to 123.3 million
units in 2015. This is higher than that of global car production (3.0% from 14.0 million
units to 68.6 million units) in the same period [3]. The aggregated amount of global bicycle
production in this period is 4.65 billion units, which is 2.4 times the aggregated amount of

Machines 2025, 13, 66

https://doi.org/10.3390 /machines13010066


https://doi.org/10.3390/machines13010066
https://doi.org/10.3390/machines13010066
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-6348-0879
https://orcid.org/0000-0002-5617-702X
https://doi.org/10.3390/machines13010066
https://www.mdpi.com/article/10.3390/machines13010066?type=check_update&version=1

Machines 2025, 13, 66

2 0f 23

global car production [3]. The global production of bicycles and e-bikes reached 193 million
units in 2021, growing 11 percent from the previous year [4]. In comparison, the production
of global motor vehicles was at around 85.4 million units in 2022, denoting an increase
of 5.7% from 2021. According to a market analysis report by the Grand View Research
organisation, the global bicycle market size was valued at USD 64,625.7 million in 2022.
The compound annual growth rate from 2023 to 2030 was expected to be at 9.7% [5].

Various types of bicycles have been invented, including mountain bikes, road bikes,
hybrid bikes, cruise bikes, track bikes, etc. [6]. The advent of electric bicycles (e-bikes) [7],
the establishment of public bike-sharing systems [8], and the growing interest in cycling
activities have further propelled the popularity of bicycles, leading to an increase in the
number of cyclists [9]. In addition to being a popular recreational activity, cycling can
also be pursued as a competitive sport. Bicycle races are popular worldwide, which
include several categories such as road bicycle racing, mountain bike racing, and track
cycling. Bicycles have great potential to contribute to a more sustainable, healthy, and
equitable society.

Despite their great economic and social significance, research and publications related
to bicycles, especially their drivetrain systems, have been notably limited. It has been
reported that cycling races are sometimes won by time differences of fractions of a second
or a few centimetres [10]. Transmission inefficiency due to chain and bearing losses can
be a critical factor contributing to the loss of a competition [6]. Therefore, the design and
manufacture of bicycles with a higher power efficiency are becoming increasingly of interest.
This paper aims to redress this imbalance by undertaking a comprehensive literature
review of the bicycle drivetrain system, with a specific focus on its power transmission
mechanisms and tribological performance. This emphasis is driven by the paramount
importance of power transmission to riders, bicycle designers, and engineers, coupled
with the effectiveness of tribology as a tool in comprehending and enhancing the vehicle’s
drivetrain system [11]. It has been reported that competitive track cycling races are won
by milliseconds [12], and the power transmission efficiency is an important factor in
performance. To ensure that this review was able to capture all the significant contributions
in bicycle drivetrain power transmission and tribology, a systematic quantitative literature
review technique was used [13], which is a derivation of the classic systematic literature
review approach.

This paper is structured as follows. Section 2 introduces the various mechanisms
and fundamental components found in bicycle drivetrain systems. Section 3 explores
the power transmission mechanics and efficiency within the drivetrain, covering power
loss mechanisms, factors influencing efficiency, the contact mechanics between chain and
sprockets, load assessment, and the kinematic and dynamic behaviour of the system.
Section 4 delves into the tribological behaviour of bicycle drivetrain systems, with a focus
on wear and lubrication. Conclusions are provided in the final section, with current trends
and future perspectives in bicycle drivetrain research outlined.

2. Mechanisms and Components in Bicycle Drivetrains

The drivetrain system of bicycles transfers power from the rider’s pedals to the
rear wheel, propelling the bike forward. Traditionally, single-speed drivetrains have been
widely used in classic, casual, and track bikes. As shown in Figure 1a, this type of drivetrain
comprises a single chainring and a single cog connected by a chain, thus providing only a
fixed gear ratio [14]. Single-speed drivetrains offer the advantages of affordability, reduced
weight, minimal maintenance, and overall reliability. However, they do not allow for gear
changes and thus multispeed ratios, which can be limiting in certain situations such as
tackling steep hills [15].
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In contrast, most modern bicycles more often employ multispeed drivetrains that
enable riders to shift between different gear ratios and adjust their pedalling effort to
various road conditions and personal fitness levels [16]. Multispeed drivetrains consist
of various types of chains, sprockets, and additional gear-shifting mechanisms. They can
be further classified into 1x drivetrains and 2/3x drivetrains based on the number of
front sprockets or chainrings present, as in Figure 1b,c. A 1x drivetrain consists of a single
front chainring/sprocket and a rear cassette with multiple cogs, while 2/3x drivetrains
comprise two or three front chainrings/sprockets and a rear cassette with multiple cogs.
Gravel and mountain bikes generally employ 1x drivetrains, while road or hybrid bikes
commonly utilise 2/3 X drivetrains.

(a)

(d)

Figure 1. Various bicycle drivetrains: (a) fixed gear—single speed bicycles; (b) 1x drivetrain—multispeed
bicycles; (¢) 2/3x drivetrain—multispeed bicycles (courtesy of Dawson, T., https:/ /vintagebicycle.
wordpress.com/page/2/, accessed on 28 October 2024); [17]; (d) drivetrain with power-assisted
module—e-bikes.

2.1. Roller Chain Drives

Most bicycles utilise the roller chain drive as their power transmission mecha-
nism, with few exceptions like indoor exercise cycling machines or unconventional bikes.
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Although alternative transmission mechanisms like gears, hydraulics, strings, or shafts do
exist, the chain drive system remains the most common due to its numerous advantages,
including cost-effectiveness, compactness, efficiency, and customisability [18].

A typical roller chain drive consists of components such as the crank arms, pedals,
bottom bracket, chainring, chain, cog, or cassette, and the closed-loop roller chain comprises
a series of interconnected links with rollers and pins [19]. When the driving sprocket rotates,
the chain is pulled along, causing the driven sprocket to rotate and transfer power from the
driving shaft to the driven shaft [20]. A normal roller chain drive can achieve an efficiency
of around 97-99% if it is working properly. Figure 2 illustrates the common components or
features found in a bicycle drivetrain.

(a)

(b)

(e)

Figure 2. Component present in bicycle drivetrain’s roller chain drive mechanism. (a) Pedal;
(b) crank arm and bottom bracket; (c¢) wide narrow chainring—single-speed/1x drivetrain;
(d) uniform chainring—multispeed drivetrain; (e) sprocket/cog—single-speed drivetrain;
(f) cassette—multispeed drivetrain; (g) roller chain with bush—single-speed drivetrain; (h) bush-
ingless chain—multispeed drivetrain.

2.1.1. Cranksets and Sprockets

The bicycle crankset converts the reciprocating motion of the rider’s legs into rotational
motion, driving the sprocket and chains to achieve power transmission in the bicycle. It
consists of several components, including the crank arms, pedals, bottom bracket or shaft,
and bearings, as shown in Figure 2.

The sprocket is a toothed wheel component that engages with the chain links to
perform motion and power transmission. The sprockets can be categorised into front
chainring and rear cog (or cassette for multispeed bikes), as in Figure 2c—f. The front
chainring is the driving sprocket component that is attached to the crankset. Its function
is to move and rotate the chain when the rider applies force to the pedals. Chainrings
come in a variety of sizes and shapes, with the number of teeth ranging from 20T to 53T.
Chainrings generally have evenly spaced teeth, but some chainrings are in wide—narrow
teeth design [21], which contain two groups of teeth that have different thicknesses. This
design ensures better engagement between the chain and sprockets, preventing chain
slips-off during cycling activity [21]. Some chainrings even incorporate optional hook
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features along the rear flank to provide a better guide of the chain [22]. Wide-narrow teeth
chainrings are commonly used in fixed gear and 1x bicycle drivetrains. There are also
some specific designs like oval chainrings or compact chainrings.

The driven sprocket In a bicycle drivetrain Is typically attached to the rear wheel and
can rotate or propel the bicycle forward when it is driven by the connected chain. The
rear sprocket can be a single sprocket, known as a cog or freewheel, or multiple sprockets,
known as a cassette (Figure 2f). The cassette is a gear block component that consists of
several sprockets with different sizes and numbers of teeth. It allows the bicycle drivetrain
to achieve different gear ratios and is present in most modern multispeed bikes. Both cogs
and cassettes come in a range of sizes, which are typically measured in terms of the number
of teeth on the sprocket. The gear ratio of the drivetrain is determined by the relationship
between the number of teeth on the front chainring and the number of teeth on the rear
cog or cassette. This indicates how many times the rear wheel turns in one rotation of the
cranks. A larger cog with more teeth results in a lower gear ratio, providing more torque
and lower rotating speed, thus making pedalling easier. On the other hand, a smaller cog
with fewer teeth yields a higher gear ratio, enabling faster pedalling and greater speed [23].

2.1.2. Chains

The two main types of chains in bicycles are the standard bush roller chain used in
traditional bikes and the bushingless roller chain used in modern bikes with derailleur
systems [24], as shown in Figure 2g,h. A standard roller chain with bushing consists of
outer plates/links, pins, rollers, and inner plates with sleeves (bushings). The inner pins
are covered by multiple layers of free-to-rotate components like bushings and rollers [6].
The bushings are press-fitted into each link to reduce wear on the chain’s pins and plates.
These bushings help the chain maintain its shape and provide an extended service life.
Standard bush roller chains are often used in more economical bicycles, where durability
and longevity are more important considerations. However, bush roller chains can be
heavier and less efficient due to the added friction of the bushings. That is why in modern
high-performance bicycles, standard roller chains have been replaced by bushingless chains.

The bushingless chain lacks the bushing component in its inner plate. The pins are
designed to rotate directly on the inner plates. It is specifically designed to fit the gear-
shifting features (derailleur) found in modern bicycles. This design reduces the weight of
the chain and reduces the friction between the components by eliminating the bushings. In
comparison to a standard roller chain, a bushingless chain is narrower, lighter, and more
flexible. Higher-speed bicycle chains tend to have smaller plate thicknesses and inner and
outer widths [25]. As a result, bushingless roller chains are typically more efficient than
bush roller chains. In addition, the bushingless chain also has a small design change in its
inner plate to provide better alignment and engagement with sprocket teeth, which can
greatly eliminate the chance of the chain slipping off [26].

2.1.3. Chain Drive Configuration

Several studies have investigated the chain drive setup and configuration. Cho et al. [27]
examined the optimal gear ratio for multispeed bicycles and proposed that reducing
the number of gears without a loss of physiological efficiency would result in easier
gear-shifting, as a fewer number of gears which are optimal can provide a performance
equivalent to the multispeed gear system.

Van Soest [28] investigated the impact of bicycle chainring shape and geometry on
overall performance with a focus on non-circular chainrings and developed algorithms
and models that represent the gear ratio through the functions of crank angle and effective
radius. It was concluded that chainring shapes have no significant impact on overall
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efficiency. Computer-aided engineering (CAE) tools and techniques have been used in the
analysis of and improvement in chain drive geometry, such as the 3D modelling of roller
chain drives [29,30].

2.2. Gear-Shifting Mechanisms

In multispeed bicycles, the gear-shifting mechanisms are designed to enable riders
to adjust the gear ratio of their bicycles, allowing them to maintain an efficient pedalling
cadence and adapt to different terrains and riding conditions. The two main types of
gear-shifting components are derailleurs (external) and internal gear hubs.

2.2.1. Derailleurs

The derailleur system was developed in the early 20th century [31]. It introduced the
ability to easily move the roller chain between different chainrings or gears on the cassette
block, allowing for a wider range of gear ratios. In modern multispeed bicycle drivetrains,
the derailleur system typically includes a shifter, a derailleur, and a cassette or freewheel.
The shifter serves as the control mechanism that riders use to adjust the gear ratio through
a cable that runs to the derailleur. Derailleurs come in various types and designs, including
front and rear derailleurs, as shown in Figure 3. It should be noted that the derailleur
system introduces additional friction between the side plates of the roller chain, leading
to energy loss at the articulation points due to higher bearing pressure. It also introduces
extra tension in the return side of the drivetrain system. In experimental research on bicycle
derailleur systems [32], the stability region in the derailleur system was reported, and a
performance index called the stability ratio was introduced for better shift lever design in
the rear derailleur.

Figure 3. Main component of gear-shifting mechanism. (a) Front derailleur—multispeed 2/3 x
drivetrain only; (b) rear derailleur—multispeed drivetrain; (c) shifter—multispeed bike; (d) internal
hub gear—multispeed bike.

2.2.2. Gear Hubs and Gearboxes

The internal gear hub system (also known as hub gear), as shown in Figure 3d, is
located within the rear wheel drive. It consists of various small mechanical elements like
Pinions, gear rings, clutches, etc. The design is very compact and almost everything is
sealed within a protective shell, usually with an epicyclic gear configuration [21]. The
desired gear ratio is achieved through the interaction between the rear sprocket and the
different positions of gears inside the internal hub. The main advantages of a planetary
gear mechanism include low space occupancy, a high speed reduction ratio, and power
transmission capabilities from the interaction of its gears of different sizes. It also allows
for a better load distribution, which can further reduce wear and improve overall system
durability [33]. On the other hand, hub gears are usually more expensive, heavier, and
less efficient. Three-speed hubs were popular, but the number of gears offered in epicyclic
hubs gradually increased. Hub gears can be found with two, three, five, seven, eight, nine,
eleven, and fourteen speeds [33]. The 14-speed Rohloff 500/14 (shown in Figure 4a), made
in Germany and launched in 1998, has been considered the king of hub gears due to its
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excellent performance that approaches the efficiency and range of a modern derailleur and
provides more evenly spaced ratios, better reliability, and longer service life [33].

(b)

Figure 4. (a) Internal schematic of a 14-speed gear box Rohloff Speedhub 500/14 (courtesy of https:
/ /commons.wikimedia.org/wiki/File:Speedlc.png, accessed on 10 January 2025); (b) Pinion P1.18
gearbox interior (courtesy of https:/ /commons.wikimedia.org/wiki/File:Pinion_P1.18_interior.jpg,
accessed on 10 January 2025).

Another type of gear system for power transmission in bicycles is the gearbox. The
gearbox is usually integrated into the frame near the crank, and it may be used in addition to
or instead of derailleur gears or a hub gear [34]. A bicycle gearbox offers low-maintenance
drivetrain and enables gears to be instantly shifted without the need to pedal. Two decades
ago, Honda developed some top-secret bicycle gearbox drivetrains for downhill racing
and won the world championships and five World Cup rounds [35]. Unfortunately, there
are very limited information about the designs outside of their patent (US7503862B2, filed
2005) [36]. Cesar from UNNO bikes holds a recent patent (ES2684528A1, filed 2017) [37]
for a similar gearbox, in which there is no derailleur; instead, it is the cassette that slides
back and forth [35]. Shimano also filed their 13-speed gearbox patent (US 2019/0,011,037
A1) [38] that uses a form of derailleur. The Pinion gearbox is a relative newcomer. The gear
is located in the bottom bracket position and requires frames to be made especially for this
location [6]. Pinion gearboxes use spur gearing with two sub-units connected in sequence.
Power is transmitted through only two sets of cogs. A photo of the Pinion P1.18 gearbox
interior is shown in Figure 4b. The gearbox can be shifted through full-range gears all at
once, shift part-way, or one at a time, whether stationary or while riding. The operation of
this system is superbly explained at pinion.eu/en/technology/ [6].

In most cases, cyclists have to manually change gear ratio depending on resistance. The
so-called autobike or automatically geared bicycle, whether with a derailleur or internally
geared hub, is supposed to shift gears without intervention from the rider. The automatic
speed changer can be divided into a step speed changer, including the fixed-axle gear type
and the planetary gear type according to the gear train mechanism, and a continuously
variable speed changer [39]. There have been some efforts in this pursuit, and some new
patents have been filed in recent years, such as the US patent Automatic Transmission
System for a Bicycle filed by Haven Mercer in 2023 (US 2023/0373592 A1) [40], and the
patent “CVT automatic variator transmission for a bicycle” filed by inventor Peyman Asadi
in 2019 (Patent number: 11885415; US20220213948A1) [41]. Nivex developed automatic
transmission, which consists of a specially designed GPS unit and proprietary Al system
that also control the derailleurs. The system interfaces with the power metre to detect
whether a rider is attacking or taking it easy, to select the optimum gear for each situation,


https://commons.wikimedia.org/wiki/File:Speed1c.png
https://commons.wikimedia.org/wiki/File:Speed1c.png
https://commons.wikimedia.org/wiki/File:Pinion_P1.18_interior.jpg
pinion.eu/en/technology/

Machines 2025, 13, 66

8 of 23

and it works with wireless derailleurs, such as SRAM eTap or the Shimano Di2 [42].
Shimano developed some new hardware and technologies towards automatic transmission,
such as the new XT Di2, LinkGlide, the EP8-01 e-bike motor, and Auto Shift and Free
Shift [43]. The Auto Shift, as the software, is a new mode that automatically shifts gears by
employing speed, torque, and cadence sensors along with an algorithm to determine what
gear you should be in and requiring hardware such as Di2 working with the derailleur and
EP motor to execute a shift [43]. The development of automatic transmissions for bicycles
is still at a very early stage and far more challenging than automatic transmissions for cars.
So far, the peer reviewed literature is very limited, and more research efforts are expected.

2.3. Belt Drive Transmission

In lieu of the conventional steel chain-based drivetrains for bicycle transmission, there
are other types of chainless drivetrains, such as those with toothed belts or with cardan
shaft [44]. In the early days of cycling, flat belts were occasionally employed in the drive
system of bicycles, but little progress was made due to the dependence on friction [33]. Since
the 1960s, toothed belts have become more durable and efficient. Bridgestone launched
its Picnica, a folding model bicycle, in the 1980s and claimed it as the world’s first series-
produced belt drive bicycle [33]. The Gates Corporation, a market leader in drive belts,
designed and made the belt drives used on the Strida from the 1980s onwards. It was not
until 2007, when Gates developed the modern Carbon Drive system for bicycles, that the
belt drive gained widespread popularity [33].

A belt drivetrain system consists of a belt that wraps around two pulleys or rotating
shafts. Figure 5a shows a bicycle belt drive with horizontal fork ends and tugs for providing
belt tension [45]. The belt drives for bicycles provide the benefits of being low maintenance,
lubrication-free, lightweight, having a smooth operation, and enjoying a long life [45].
Modern transmission belts may consist of multiple layers, such as a protective top and
bottom layer, with a flexible, high-resilience composite material in the middle. Gates’s
Carbon Drive belt has strands of carbon fibres and teeth of nylon-jacketed polyurethane [33].
It has been reported that the belt drive can last upwards of 30,000 km /19,000 mi, which
offers 3—4 times the service life of a chain [46]. Other belt drive manufacturers include
Advanced Belt Drive, Continental AG, and Veer Cycle, to name a few [45].

Figure 5. (a) A bicycle belt drive with horizontal fork ends and tugs for providing belt ten-

sion (courtesy of https://commons.wikimedia.org/wiki/File:Bicycle_belt_drive_1.JPG, accessed on
10 January 2025); (b) bicycle belt drive with internal-geared multispeed rear hub (courtesy of https:
/ /commons.wikimedia.org/wiki/File:Belt-drive_internal-geared_multi-speed_rear_hub.JPG, ac-
cessed on 10 January 2025).

However, there are several drawbacks to the belt drive, such as the large space require-
ment due to the belt’s width, material sensitivity to weather conditions, relatively high cost,
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and lower efficiency compared to a traditional roller chain drive [44]. As belts are one-piece
and cannot be broken, the bicycle frame will need to be designed with a ‘belt splitter” or
an opening in the rear triangle. The belt’s width and pre-tension must be carefully chosen,
calculated, and adjusted [6]. A tensioner needs to be added to a drive to apply tension to
the belt. Since belts cannot run at an angle, they are not compatible with derailleur gears,
which means that belts are only compatible with internally geared hubs (Figure 5b), Pinion
gearboxes, or single-speed gears. A detailed comparison of the pros and cons of belt drive
bicycles can be found in [47]. It should be noted that peer reviewed journal articles on
bicycle belt drives are very limited. It is difficult to find papers in the literature specific to
their tribological behaviour.

2.4. Drivetrain with Power-Assisted Module for E-Bikes

A major variation in the realm of bicycles is the introduction of e-bikes and power-
assisted bikes. These innovations address some of the limitations of the traditional human-
powered bicycles while retaining most of their advantages. E-bikes incorporate a motor or
engine into their drivetrain to assist the cyclist’s pedalling action, as shown in Figure 1d.
Other components, such as the chain—sprocket system, wheels, and frame, are largely the
same as those of traditional bicycles, thus allowing existing research to remain relevant [48].
E-bikes have been steadily gaining popularity worldwide, with a notable increase in
research focus over the years [49]. Hung and Lim [50] presented a comprehensive review
on the development of e-bikes. Studies on e-bike performance and dynamic analysis, such
as those by Arango, Lopez and Ceren [51], and Stackhouse and Dong [52], further highlight
the growing interest and advancements in this field.

3. Power Transmission Mechanics and Efficiency
3.1. Mechanics of Power Loss and Factors Affecting Efficiency

The power transmission efficiency in bicycling can be defined as the power output
at the driving wheel divided by the mechanical power input from the human body [6].
Although it is believed that the roller chain drive can achieve around 97-99% of power
transmission efficiency [53], many factors can affect the drivetrain performance, such as
friction in the chain drive and bearings, impact losses, and slip loss [6]. Existing research
also stated that the efficiency of the chain drivetrain should be between 95% and 98.5% [54].
According to Sgamma et al. [55], the energy loss in a roller chain system can be attributed
to several factors, including the frictional forces between the pins and bushings in the
links as they articulate onto and off the sprockets, the impact forces generated when the
chain rollers engage with the sprocket teeth, and the vibrations that result from these
interactions. In a roller chain drive, friction is primarily due to the sliding actions between
solid components [56], such as between a fixed pin and bushing. The chain is composed
of many small components, and internal collision between components generates high
amounts of friction and reduces overall transmission efficiency. There is also friction
between a roller and the sprocket teeth due to meshing, and between the side plate and
the side of the sprocket tooth [6]. When the chain sits on sprockets that are not completely
in line, lateral offset occurs, introducing additional stress and friction to the side plates,
further reducing performance [57]. If the chain is dirty or worn, some rolling friction may
occur due to the presence of small particles.

Additionally, dynamic characteristics such as resonance, transverse vibration, and
damping forces generated by the chain in motion can also contribute to power loss [53].
In a recent work, Lanaspeze et al. [58] showed that the power loss contributed by the
meshing motion and the roller motion is in similar magnitude for a wide range of gear
ratios and loading conditions in a simple two sprocket drive; however, it was also reported
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that power loss in the chain drive can be reduced by selecting larger gear ratios in race
tandem bicycles [59]. Various ways of measuring chain drive efficiency, friction, and wear
were compared in a recent review paper [60]. It was interesting to note that almost no
research has investigated the effects of chain contamination on efficiency.

Impulse and vibration can occur due to meshing or interlock between the chain and
sprockets, especially when the chain operates close to its natural frequency. Polygonal ac-
tion is another issue that can arise when the chain wraps around a small diameter sprocket,
resulting in periodic fluctuation and transverse displacement that reduces the system’s
performance [61]. Other sources of energy loss include shock loads that occur during shaft
revolution, inertia loads resulting from sudden momentary jams in the chains, centrifugal
tension when the chain travels over the curved part between sprockets, additional loads
when the chain is in a hanging or catenary state, as well as noise and heat generated during
operation [62].

3.2. Contact Mechanics Between the Chain and Sprockets

Several researchers have investigated the contact mechanics between the chain and sprock-
ets in order to better understand the drivetrain’s friction and kinematics. Pedersen et al. [63]
measured the pseudo-penetration of a roller in the sprocket tooth and presented a more realistic
circular tooth profile consisting of seven contact areas, enabling a detailed analysis of the contact
vector and forces at different areas of the sprocket [64]. Ambrosio et al. [65] developed a planar
roller chain drive model based on the cylindrical contact and real tooth profiles and studied
the contact forces and trajectory of pins and bushings using the multibody dynamic approach.
Further, it was reported [66—68] that the chain drive system also has other contact points such
as the chain-to-chain guide and chain-to-tensioner, which may be present in some customised
bikes to help hold the chain in place.

Meshing noise, vibration, and energy loss in chain drive transmission can occur during
the meshing process. Binder and Mize [69] investigated roller chain drive strand vibration
during operation. They modelled tight strand chains as tension strings with loaded masses
at each roller centre to determine the natural frequency. Wang et al. [70,71] examined
the stability of chain drive systems under periodic sprocket oscillations and proposed a
numerical model with an impulse function based on their couple effects. Liu et al. [72]
incorporated both longitudinal and transverse chain motions in a meshing impulse calcula-
tion and found that chain resonant and meshing frequency can affect the impact intensity
or magnitude. Liu’s thesis [73] presented mathematical models for meshing and illustrated
the relationship between meshing, impact, and noise and conducted several experiments
to determine the meshing noise. Zheng et al. [74] studied the meshing noise of chain
drives and found that the noise that radiated from both the drive and driven sprocket was
small compared to the roller noise. The acoustical energy loss from meshing noise can be
neglected in most cases.

3.3. Analysis of Forces

A pioneering analysis of chain drive forces was conducted by Binder and Covert [75],
which focused on the impact velocity and energy transfer between the roller chain drive
and the sprocket. They developed analytical equations to illustrate the roller—sprocket
interaction, with the effects of friction ignored, and conducted laboratory tests to analyse
the correlation between impact velocity and factors such as sprocket wear, roller failure,
heat, and noise. Their research suggested that the impact energy, determined by sprocket
speed, is closely related to roller breakage in the chain. This publication, along with a
follow-up work by Binder [76], laid a foundation for understanding the mechanics of
chain drives.
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Naji and Marshek [77] analysed the geometric progressive load distribution in the
roller chain drive around the sprocket teeth region (Figure 6a) and determined the effects
of pitch difference, friction, and centrifugal forces on it. The interaction between the chain
rollers and sprocket teeth at various positions was formulated, and the impact of various
factors such as chain components, sprocket types, pitch size, and wrap or articulation angle
on friction and centrifugal forces was examined, which in turn all influence the overall
tension and loading on the sprocket teeth. Key findings reveal that the tooth load on a
driven sprocket is higher than that of a driver sprocket due to the friction between the
sprocket teeth and the chain rollers, and that the roller teeth of the sprocket are more
susceptible to wear than the pin teeth. Additionally, a larger pitch size tends to increase
the tension within the chain links. Naji and Marshek [78] also conducted an experimental
study to determine the sprocket and roller chain load distributions, which was found to
be independent of the elastic properties of the chain and the sprocket, and the lubrication
as well. This study confirmed that the load distribution for the chain on a driver sprocket
differed from that for a chain on a driven sprocket due to the different direction of the
friction force. It was found that a larger pitch of the sprocket tooth can amplify the tension
in the chain link. Collectively, these analyses and findings significantly advanced the
understanding of the mechanics of roller chain drives.

(b)

Figure 6. Cont.
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Figure 6. Schematic diagram for bicycle drivetrain’s force, friction, or energy analyses. (a) Force
analysis [77]; (b) pin articulation [53]; (c) lateral offset [77]; (d) friction (sliding) area [79]; (e) damping
in chain span [77]; (f) overall tension distribution [57].

Building upon the research findings of Naji and Marshek, Johnson and co-workers
carried out further investigations during the 1990s. This included a more detailed model
of the quasi-static contact phenomenon from the first principles by Kim and Johnson [80],
which considered the external loading conditions, the curvature difference between the
roller and the seating curve, the net error in the chain pitch, and the Coulomb friction
in chain motion. Conwell and Johnson [81] experimentally investigated the dynamic
behaviour of roller chain drives. They found that the tension in a chain link increases very
rapidly as the link exits the driven sprocket and decreases rapidly when the link enters the
drive sprocket.

Troedsson and Vedmar [82-84] conducted a comprehensive analysis of the entire chain
drive system, focusing on the static and dynamic load distribution, and with the effects of
elasticity to the link considered. They examined the forces in both the tight (top) and slack
(bottom) regions of the chain, as well as in the driving and driven sprocket sections. Their
load distribution model incorporates variables such as inertia, damping force, and moment
in addition to the frictional force component to accurately represent the dynamic behaviour
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in chain drive operation. Kidd, Loch, and Reuben [57] published an important study on
tribology in bicycle drivetrains. Through a comprehensive force analysis, they classified the
bicycle drivetrain into different regions and defined all friction-producing points, as shown
in Figure 6. The work formulated a power loss equation for these engagement points and
indicated the effects of lateral behaviour and chain offset.

Lodge and Burgess [85] proposed an alternative approach for evaluating the forces
and efficiency of roller chains with a novel chain efficiency model that considers only the
geometry of the chain link on sprocket teeth and the associated force components around
articulation points such as the pin, bushing, and roller. It was shown that frictional losses
are a significant source of energy loss in chain transmission. The energy loss equations
during pin and bushing articulation were developed using Coulomb’s law of friction
(sliding), though it was also shown that at low torque, losses due to impact, adhesion,
and/or vibration become more significant. A report in Friction Facts [79] identified the
friction-producing mechanism and sliding surface for both bush and bushingless bicycle
chains, which can be used to further develop an efficiency model specifically for bicycle
chains based on the work of Lodge and Burgess [85]. Although it was traditionally assumed
that small sprockets are the best solution for whole life cost and performance, Lodge and
Burgess [86,87] disproved this through an experimental investigation. They introduced a
chart for the selection of optimum chain and sprocket size and demonstrated that significant
energy savings can be achieved by using it. Their findings support the view held by some
researchers that using larger sprockets, despite the increase in mass and inertia, can enhance
transmission efficiency due to reduced frictional losses. Binder and Covert [75] showed
that when the number of teeth in the sprocket was increased, the impact energy decreased,
and the number of failures was also reduced. Hollingworth and Hills [88] attributed the
reduction in power loss to the smaller angles of articulation imposed on the chain when
using sprockets with a larger number of teeth.

Spicer et al. [89] investigated the efficiency of bicycle chain drives both experimentally
and theoretically. Their findings revealed that the primary factors affecting efficiency are
sprocket size and chain tension, with friction surprisingly accounting for only a small
portion of overall losses. In a subsequent study, Spicer [90] analysed the non-linear elastic
behaviour in bicycle chain drives and its impact on transmission efficiency and developed
mathematical models of power loss, taking into account the effects of tensions, pin-bushing
interaction, chain extension, and other properties like Young’s modulus. It was concluded
that power loss decreases with an increase in roller chain tension during operation. Zhang
and Tak [91] proposed a transmission efficiency model for roller chain drive based on
sliding friction and damping force, which accounts for the effects of lateral offset and
other operating parameters. Sgamma et al. [55] developed a phenomenological model
for chain transmissions efficiency and introduced a new parameter called chain tension
efficiency to model the distribution of losses within the system. It was observed that the
efficiency increases nearly linearly with the number of teeth of both sprockets. In addition,
the effectiveness of finite element analysis (FEA) as a tool in determining the forces, stresses,
and displacements of the roller chain drive under various tension and loading conditions
was demonstrated by Nikhil et al. [92], as well as Dhage and Diwate [93]. The integration of
FEA with the multibody system (MBS) technique has been explored to enhance the analysis
of the mechanics and dynamics of roller chain drives [94].

3.4. Kinematic and Dynamic Behaviour in Bicycle Drivetrains

Various studies of the kinematics and dynamics of roller chain drives have been
conducted, aiming to develop numerical models based on force and motion analysis.
Lai et al. [95] analysed the motion of the rear derailleur shifting process in bicycle chains
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and presented a design methodology for the tooth profile and changer mechanism. The
jumping-over-teeth phenomenon and the impact on the overall chain drive performance
were discussed by Wang, Zheng, and Zhang [96]. Ma and Chiou [97] studied the condition
of the chain link during the shifting process and proposed an optimal path model for
drivetrain up-shifting. The path is formed by several bent chain links that can sustain
the yaw and roll for the sprocket tooth chamber, and the path can shorten the required
up-shifting distance, decrease the phase angle, promote efficiency, and reduce movement
yield by the derailleur tappet pressure.

Pedersen [98] developed mathematical models to predict the chain drive’s kinematic,
force, damping, and other parameters based on a multibody system dynamic analysis
approach. Wu et al. [99] performed a kinematic analysis for an eight-speed bicycle trans-
mission hub employing a fundamental circuit method. It included diagrams that illustrate
the power flow paths of the transmission hub. Omar [100,101] modelled the bicycle chain
with bushings using multibody dynamics based on spatial algebra. Non-linear kinematic
and dynamic equations of motion between different bodies are derived based on the spatial
Cartesian coordinates and joint variables in the roller chain link. This approach can be
applied for the investigation of ride and shift quality, contact forces, wear prediction, and
noise emission.

4. Tribological Performance in Bicycle Drivetrains

4.1. Wear
4.1.1. Mechanics of Wear in Chain Drives

Mechanical wear occurs due to the relative motion between surfaces in contact. Com-
ponents like chains and sprockets, which experience elevated friction during operation, are
particularly prone to wear. This wear has the potential to cause a deterioration in function-
ality, ultimately leading to material failure. There are different types of wear, including
abrasive, sliding, rolling, impact, corrosion, and erosion. In roller chain drives, the primary
forms of wear are abrasive and sliding [102]. Abrasive wear occurs when materials rub
against each other, causing the softer material to break off due to cutting, ploughing, or
surface fracturing of a harder material. During sliding, where there is relative movement
between the pin and bush in a roller chain, particularly when passing over sprockets,
joint abrasion occurs, with wear concentrated mainly in the contact zone between the pin
and bush [103]. The smoothness of the material influences this wear, and polishing the
object’s surface can effectively reduce it. Sliding or adhesive wear occurs when objects
are in contact, and their surface asperities collide, forming adhesion that leads to material
transfer [104]. Adhesive wear reduces if metal oxide films are present on the material
surface, as they can minimise or prevent real contact between materials [105]. Various
regions of the chain drive, including the chain pin-bush, bush-roller, roller—sprocket teeth,
and side plates, are subject to contact and wear. Figure 7 illustrates comparisons of some
new and worn components of roller chain drives and sprockets.

Elongation is a clear indication of roller chain wear. Wear-induced pitch elongation of
the chain not only causes significant variations in static load but also generates additional
dynamic load on the drive and driven sprockets, leading to the obvious vibration of the
whole chain [106]. Once the chain elongation exceeds 0.5-0.75% in the elongation checker
tool, it needs to be replaced before it further damages other drivetrain components [107].
Regarding the sprocket, wear mainly occurs in the gear teeth region, resulting in chipping
or material removal. When the outer surface of the gear teeth becomes worn or rough, this
affects the contact between the chain and sprocket, resulting in poor fit and accelerated
chain wear, reduced transmission of motion, and reduced power efficiency. Although many
cyclists assume that the sprockets in the chain drive system should be as small as possible,
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a study by Burgess [56] showed that large sprockets are best for cycling as a larger chain
set has the advantage of reducing chain forces and thus internal friction losses, which also
leads to lower wear rates. It was claimed that doubling sprocket size will have the effect of
doubling the wear life [56].

Chain Sprocket

Plate (Inner and Outer) Roller Pin/ bush

Figure 7. Wear phenomenon in roller chain components and sprocket, including elongation of chain
due to wear and new and worn chain plates, rollers, pins, and sprockets. The red circles indicate
noticeable worn locations present in the chain drive components.

4.1.2. Detection of Chain Drive Wear

Wear in roller chains can be detected using various approaches. Measuring elon-
gation with chain gauges or checker tools is the method commonly used by cyclists.
Becker et al. [108] introduced two chain wear test rigs for friction and wear investigations,
including a chain joint tribometer for single-chain joint analysis, as shown in Figure 8 [109],
which successfully identified the run-in wear period and the state of steady wear in an
initial test. This test rig enables wear and friction measurement and investigation on all
parts inside a chain joint like pin and bush [109] and has been used to investigate the
influence of triboactive coating on the joint wear of grease-lubricated roller chains [103].
Zhou introduced a mathematical method as a tool to facilitate the test rig design for chain
wear testing [110]. Rosenkranz et al. [111] employed a specially modified, commercial
ball-on-disc tribometer to investigate the friction and wear behaviour of laser-patterned
chain links and found that cross-like patterns can reduce friction and wear noticeably.
Saito, Noda, and Sano [112] developed a testing machine that can simulate realistic wear
conditions on roller chain links in a short amount of time using limited resources and
energy in generating a worn roller chain for wear testing and evaluation experiments. The
wear resistance of roller chain components can be enhanced through material selection,
optimised manufacturing processes, heat treatment, and surface coatings [103]. It should
be noted that while these studies are not specific to bicycle drivetrains, the mechanisms
they explore are relatively generic and can be applied to bicycle drivetrains.
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Figure 8. Schematic representation of the chain joint tribometer [109]. In this setup, high-resolution
eddy current sensors are used to continuously detect the distance increase between the tensile-side
adapter and the swivel shaft surface so as to measure the elongation of the chain segment and thus
the wear progress in the contact area between the test pin and bush. The friction occurring in the
contact is measured through a multi-component force and torque sensor [109].

4.2. Lubrication
4.2.1. Types of Chain Drive Lubrication

Lubrication is the use of a lubricant to reduce friction and wear between two contact
surfaces. Proper application of lubricant can increase the transmission smoothness and
efficiency of the chain drive by up to 5% [113,114]. There are many types of lubricants
designed for different uses and varied opinions of what is the best lubricant. Lubricants
are primarily categorised based on their phase, i.e., oil-based liquids (natural, mineral,
or synthetic oil), non-oil liquids, cohesive types (such as waxes, greases, or pastes), and
solid dry lubricants [115]. Performance and efficiency are the most crucial criteria when
selecting lubrication.

It is agreed that the type of riding and location best determines the type of chain
lubrication, as different types of lubricants are suited for different situations [116]. Some
bike lubricants have features that help minimise wear, corrosion, oxidation, water resistance,
or grime protection. In dry and dusty areas, dry lubricants (thin or light lubricants in a
volatile carrier) would do better as they attract and hold less dust and grit than oils that
remain moist. Wax-based lubes are also popular that are applied and left to dry. On
the other hand, in wet and humid areas with a lot of precipitation, a thicker lubricant is
commonly used that will adhere to the chain [116]. For the lubrication of bicycle chain
transmission, water resistance and viscosity play an important role in lubricant parameter
selection [117]. It was suggested that the mixed grade lubricant performs better in the rainy
operating environment through an experimental investigation by Shen et al. [117].

Most roller chains and bicycle drivetrains use synthetic or mineral oil lubricants with
additives [118]. Compared to grease or wax, liquid synthetic oil has low viscosity and a
high penetration rate. It can easily slip into the tight gaps between the chain’s components
and form a protection film on the metal surface. Additives are used to maintain lubricant
performance under various cycling environments. One advantage of liquid lubricant is that
it can be directly applied to the system while the chain drive is in operation, whereas grease
or solid lubricants require stopping the chain movement before applying. Liquid lubricants
also take less time to take effect compared to dry lubricants, wax, or grease products. As a
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result, many bicycle riders prefer using liquid lubricants for their drivetrain and sometimes
use dry or grease lubricants in the preparation stage or after cycling. Liquid lubricants
can be applied in various ways, including dripping from a bottle /nozzle; constant bathing
or spraying; partially dipping in a pool of lubricant; fully soaking/submerging the parts;
operating within a closed container full of lubricant, etc. [119]. However, only the bottle
dripping method is suitable for use while riding a bicycle.

4.2.2. Effects of Chain Drive Lubrication

Due to the extremely narrow spacing between chain components, with little to no sep-
aration between opposing surfaces, lubrication in roller chain drive applications typically
operates under the boundary lubrication regime, which is featured with a high friction co-
efficient and thin lubricating film, although all lubrication regimes are encountered in elite
cycling. Actually, the lubrication regime can be affected by chain tension, alignment and
velocity, sprocket size, lubricants, and contamination, and it also influences the coefficient
of friction [60].

There have been some experimental studies [120-122] investigating the efficiency and
effects of lubricants on chain drives and bicycle drivetrains. The key findings are as follows:

e  Dry lubricant, such as paraffin wax, offers superior performance in terms of efficiency,
longevity, and resistance to water and dirt. However, the application method is fully
immersive and time-consuming.

e  Liquid lubricants with additives such as PTFE or wax generally exhibit better performance.

e  Renewable lubricants derived from bio-derived oils can achieve good friction reduction
but may lack resistance to oxidation and heat.

e  Wax and grease have a longer lasting time than liquid products but are difficult to
clean afterwards.

e  Wet lubricants and weather conditions can attract contaminants, leading to increased
friction in the chain. Thus, resetting the lubrication is recommended if cycling off-road.

e High temperatures can reduce oil viscosity, resulting in a smaller lubrication film
interacting with contact surface asperities. Clean oil can improve performance, but the
presence of dust, debris, or particles can introduce additional friction to the system.

e  The lubrication method significantly impacts efficiency. Frequent lubrication to the
drivetrain during cycling, such as drip or spray application, is recommended. While
immersive soaking offers better results, it is impractical for typical cycling conditions.

5. Conclusions and Future Perspectives

This paper presents a comprehensive literature review of bicycle drivetrain systems,
with a primary emphasis on the power transmission and tribological performance of roller
chain drives. It discussed various aspects of bicycle drivetrains, exploring the diversity
in their core components and mechanisms. This review consolidates research findings
pertaining to power transmission within the bicycle drivetrain systems, encompassing dis-
cussion on power loss mechanisms, efficiency factors, contact mechanics, force analysis, as
well as the kinematic and dynamic behaviour of the bicycle roller chain drive mechanisms.
Furthermore, different facets of friction, wear, and lubrication are examined, outlining their
relevance to the bicycle drivetrain systems. The findings of this work can inspire further
academic research on advancing our scientific understanding of the drivetrain systems,
create new tools for performance simulation and product development for higher effi-
ciency lower costs to benefit cyclists and the wider community, and promote collaboration
between researchers and industry to tackle technical challenges for product innovations.

While the demand for bicycles remains high and the drivetrain remains a fundamental
element of any bicycle, there exists immense potential in this field of bicycle drivetrain
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technology. Some future perspectives in relevant research can be outlined as follows to
underscore potential avenues for exploration and development.

e  Modern bicycle drivetrains have widely utilised bushingless chains and the wide-
narrow teeth chainrings, which deviate from the conventional design of roller chain
drive systems. However, there is very little research that specifically delves into these
types of chain drives. Investigating the performance and characteristics of bushingless
chains can provide valuable insights into their physical properties, efficiencies, and
tribological behaviours. Achievements on understanding the friction force, wear
resistance, dynamic characteristics, and development of corresponding simulation
models can facilitate industry to improve products.

o  There is a critical need for research and innovations in friction reduction within
the drivetrain to enhance tribological performance. This can be achieved through
innovative lubrication techniques, surface treatments, and exploring the potential of
novel materials and coatings to minimise wear and increase efficiency. The integration
of advanced materials, such as light alloys and ceramics, can also play a pivotal role in
developing more durable and lightweight drivetrain components.

e  The trend in modelling and simulation for bicycle drivetrain research involves a more
profound understanding of the power transmission mechanisms and an increasing
reliance on advanced computational tools. It allows for a detailed analysis and op-
timisation of various aspects of the drivetrain system. Accurate characterisation of
the empirical parameters, including friction coefficients, is crucial. Further research
is needed to explore the impact of key components in the chain drive, such as pin,
bushing, and roller dimensions, on power loss and wear rates. This investigation will
aid in designing more efficient and durable chain drives.

e  The electric bicycle industry has experienced significant development in recent years.
The adoption of electronic drivetrains, including electronic shifting systems and ad-
vanced motor controllers, is on the rise. Innovations such as internal gear hubs, belt
drives, and automatic transmission are gaining popularity. There is a need to make
them lightweight, more reliable, and affordable. This evolving landscape presents new
challenges and opportunities that warrant special attention in drivetrain research.
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