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CHAPTER 1. INTRODUCTION TO CYCLING

1.1 Cycling: A General Overview

Cycling is one of the most practiced and followedrss in the world, with a long history

dating back to the 19th century. This sport hasvexbover time, adapting to the needs of
athletes and technological innovations. What beggaa simple means of transportation
has transformed into a highly specialized and cditiye sport, encompassing various

disciplines, each requiring distinct physical aachinical skills.

The evolution of cycling has been driven by tecbgaal advancements, strategic
innovations, and a growing understanding of hunfaysiplogy. From the early wooden
bicycles without pedals to modern aerodynamic aarfiber bicycles, cycling has
undergone radical transformations that have madepettions increasingly fast and
strategic. The introduction of lighter materialspnm efficient gearing systems, and
advanced aerodynamics has significantly improvet bpeed and endurance capabilities,

allowing cyclists to push the limits of human penfi@ance [1].

In particular, the development of carbon fiber femnnas revolutionized cycling, allowing
for a perfect balance between stiffness, lightnassl, shock absorption. Aerodynamic
studies have led to the optimization of bicyclergetry and component design, reducing
air resistance and improving energy efficiency [Rlodern gear systems, including
electronic shifting, enable smoother and fastensiteons between different levels of

resistance, optimizing effort distribution durirages. The integration of power meters and



biomechanical analysis tools has further refinathing methodologies, allowing athletes

to monitor and adjust their performances with unpdented precision [3].

Beyond its role in professional sports, cycling a@ms a crucial element in promoting
health and well-being. Regular cycling enhancediosascular fitness, strengthens
muscles, and improves mental well-being by redudtigss and increasing endorphin
production [4]. Additionally, cycling is an envirorentally sustainable mode of transport,

reducing carbon emissions and fostering a healliféstyle.

As a form of physical activity, cycling offers ange of benefits for individuals of all ages.
It serves as an excellent low-impact workout, mgkinaccessible to people recovering
from injuries or suffering from joint issues. Thepetitive pedaling motion helps build
muscular endurance and balance while minimizingjrston the joints compared to high-
impact activities like running. Studies have algghhighted the positive impact of cycling
on cognitive function, showing that regular cyclicgn enhance memory, concentration,

and overall brain health by increasing oxygen ftovthe brain.

Cycling is practiced worldwide, both at amateur andfessional levels, and includes a
wide range of disciplines, each with its own sgeaharacteristics. From road racing to
mountain biking, track cycling, cyclocross, and BMe&ach discipline presents unique
challenges that test different aspects of a cyglghysical and technical abilities. The
continued popularity of cycling is reflected in maglobal events such as the Tour de
France, the Giro d’'ltalia, and the Vuelta a Espaitach attract millions of spectators and

inspire new generations of athletes.



1.2 History of Cycling

The history of cycling as a sport is deeply inténwd with the evolution of the bicycle
itself, which began in the early 19th century. Tiret significant milestone was the
invention of the draisine by Karl von Drais in 18 B/two-wheeled vehicle propelled by
pushing off the ground with one’s feet. This inntiea laid the groundwork for subsequent
developments, including the addition of pedals lokpatrick Macmillan in 1839, marking
the transition to a mechanically powered bicycle4s bicycles evolved into practical and
efficient machines, they gained popularity not omdya mode of transportation but also as

a tool for recreation and competition.

The first documented cycling race took place on May1868, at Saint-Cloud Park near
Paris. This 1,200-meter event was won by James &l@or expatriate Englishman riding
a bicycle with solid rubber tires [6]. This race mked the beginning of organized
competitive cycling. Shortly thereafter, city-tdyciraces emerged, with Moore also
winning the first such event between Paris and RonéNovember 1869. Covering 135
kilometers in over ten hours, this race showcase@nhdurance and determination required

for long-distance cycling.

Cycling quickly gained traction as a competitiveospn Europe during the late 19th

century. The improvement of road conditions faaigtd the rise of iconic one-day races
such as Paris-Roubaix, established in 1896 [7[1833, cycling had reached new heights
with the inauguration of the Tour de France, a [ngemulti-stage race that remains one

of the most prestigious events in professionalingctoday. Other major races like the



Giro d'ltalia (1909) and Vuelta a Espafa (1935)Har solidified cycling’s status as a

cornerstone of European sports culture.

In parallel, track cycling flourished in countrildse England and the United States, where
road conditions were less favorable. By the 1880sdreds of velodromes hosted races
across major American cities, attracting large dewand professional athletes [8]. Events
like six-day races became particularly popular, emimg endurance and strategy in

competitions lasting up to 142 hours.

Cycling’'s development extended beyond competition influence broader social
dynamics. The advent of affordable bicycles demaed mobility and played a pivotal
role in women’s liberation during the late 19th twep. The “safety bicycle,” introduced
in the 1880s, allowed women to ride more comfostabid safely, challenging societal
norms regarding gender roles [9]. Advocacy for datdid cycling infrastructure began
around this time, with countries like the Nethedsapioneering separate paths for cyclists

to promote safety and accessibility.

Today, cycling continues to thrive as both a comtipetsport and a recreational activity.
Its rich history reflects not only technologicavadcements but also profound cultural and

social shifts that have shaped its enduring legacy.

1.3 Physical Benefits of Cycling

Cycling is a highly beneficial activity for physichealth, offering improvements across

cardiovascular, muscular, and metabolic systems.aAsaerobic exercise, cycling



strengthens the heart, lungs, and blood vessele vwhhancing overall cardiovascular

fitness. Studies have shown that regular cyclingices the risk of cardiovascular diseases
by improving heart rate efficiency, lowering blopdessure, and reducing cholesterol
levels. For example, individuals who cycle regyldrave been found to experience a 15%

reduction in heart attack risk compared to nonisye[10].

From a muscular perspective, cycling engages majscle groups such as the quadriceps,
hamstrings, glutes, and calves. It promotes mdegth and endurance while improving
flexibility and joint mobility. Unlike high-impacthctivities such as running, cycling is
gentle on the joints, making it an ideal exercise ihdividuals with arthritis or those
recovering from injuries [11]. Additionally, cyclinenhances balance and coordination by
requiring the rider to maintain stability on two @éis, which is particularly beneficial for

older adults [12].

Cycling also supports weight management by burcadgries efficiently. Depending on
intensity and duration, a one-hour cycling sessamburn between 400 and 1,000 calories
[13]. This contributes to fat loss and helps prévaesity-related conditions such as type
2 diabetes. Furthermore, regular cycling has beeked to improved mental health
outcomes. It reduces stress levels, alleviates wymg of anxiety and depression, and

boosts overall mood by releasing endorphins dysimgsical activity [14].

1.4 The Importance of Cycling for Prevention

Cycling is widely recognized as a beneficial at¢yifor both physical and mental health,
offering numerous preventive benefits against veridiseases. By incorporating cycling
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into one's lifestyle, individuals can significantBduce the risk of chronic conditions while
enhancing overall well-being. Below is a detailegleration of the preventive aspects of

cycling.

1.4.1 Cardiovascular Health

Cycling is an aerobic exercise that strengthenshéeat and improves cardiovascular

function. Regular cycling:

Reduces the Risk of Heart Disease: Studies hawersti@mt cycling can lower the risk of
heart attacks, strokes, and other cardiovascutsmades by improving blood circulation

and reducing blood pressure [15].

Improves Blood Lipid Profiles: Cycling helps maimtahealthy cholesterol levels by
increasing high-density lipoprotein (HDL) and reshgclow-density lipoprotein (LDL)

[16].

Enhances Vascular Health: Regular cycling improthes elasticity of blood vessels,

reducing the risk of hypertension and related carapbns [17].

1.4.2 Metabolic Health

Cycling plays a crucial role in maintaining metabdiealth by:

Regulating Blood Sugar Levels: Regular aerobic @gerlike cycling helps control blood

glucose levels, reducing the risk of developinget@diabetes [18].
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Promoting Weight Management: Cycling aids in mamiey a healthy weight by burning

calories and enhancing metabolic efficiency [19].

Improving Insulin Sensitivity: This reduces thekrif metabolic syndrome and associated

conditions [20].

1.4.3 Mental Health and Stress Reduction

Cycling is not only beneficial for physical healibit also has a positive impact on mental

well-being:

Reduces Stress and Anxiety: The physical actimiplived in cycling releases endorphins,

which help alleviate symptoms of stress and anX&ty.

Improves Mood: Regular cycling can enhance ovematiod and reduce the risk of

depression [22].

Promotes Social Interaction: Cycling can be a $@oavity, encouraging interaction with

others and fostering a sense of community [23].

1.4.4 Musculoskeletal Health

Cycling is a low-impact activity that supports muleskeletal health by:

Strengthening Muscles: It particularly strength#resmuscles of the legs without putting

excessive strain on the joints [24].
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Improving Bone Density: Regular cycling can helpimtein or improve bone density,

reducing the risk of osteoporosis [25].

Reducing Joint Pain: Cycling is often recommend®dridividuals with joint issues as it

is gentle on the joints compared to high-impadwés [26].

1.5 Environmental and Social Benefits

Beyond personal health benefits, cycling also sffsoader advantages:

Environmental Sustainability: Cycling is a zero-ssion mode of transportation,

contributing to cleaner air and reduced greenhgasesmissions [27].

Social Benefits: It promotes a sense of communitg aan support local economies

through cycling tourism [28].

1.5.1 Environmental Benefits of Cycling

Beyond its physical advantages, cycling plays ataivrole in addressing environmental
challenges such as climate change and urban poiluAs a zero-emission mode of
transportation, bicycles produce significantly lessbon dioxide compared to motor
vehicles. For instance, cycling has a carbon faotpsf only 21 grams of CO2 per

kilometer—less than walking or taking public traogption—and represents less than
one-tenth of the emissions generated by drivingrd29]. If more people replaced short

car trips with cycling, global CO2 emissions coh&lreduced substantially.

12



Cycling also improves air quality by reducing veédiemissions that contribute to smog
and respiratory illnesses. In Europe alone, theatah in air pollution due to cycling is
valued at approximately €435 million annually [38fditionally, cycling reduces noise
pollution in urban areas since bicycles operatenty compared to motorized vehicles.

This contributes to quieter cities and a bettelityuaf life for residents [31].

Another significant environmental benefit is fuehservation. Cycling saves over 3 billion
liters of fuel annually in the European Union alpeguating to nearly €4 billion in savings
[32]. This reduction in fuel consumption not onlgoteases greenhouse gas emissions but

also lessens dependence on finite fossil fuel ressu

Moreover, bicycles are space-efficient comparedats. They require less infrastructure
for parking and roads, which helps combat urbaawland preserves green spaces. Cargo
bikes are emerging as sustainable alternativesrfian logistics; they could replace up to
25% of commercial deliveries in cities and redufit congestion while lowering

emissions [33].

1.6 Cycling Disciplines

Cycling is a multifaceted sport that encompassesda range of disciplines, each with
unique characteristics, challenges, and equipnegntirements. These disciplines cater to
different terrains, skillsets, and competitive fats) making cycling one of the most
versatile sports globally. Below is an in-depth lexgtion of the major cycling disciplines

[35-40].

13



1.6.1 Road Cycling

Road cycling is perhaps the most recognized anélwjtacticed discipline in the world.
It involves riding on paved roads and is knownifeemphasis on endurance, strategy, and

speed. Events in road cycling can be categorizedseveral formats:

Road Races: These are mass-start events wherg cmlmpete over long distances, often
exceeding 200 kilometers in professional raceshitce@xamples include the Tour de

France, Giro d’ltalia, and Liége-Bastogne-Liege.

Time Trials: Known as "the race of truth," timeats involve individual or team efforts

against the clock over a set distance. Aerodynaamdspacing are critical in this format.

Criteriums: Short circuit races typically held orban streets. These are high-intensity

events with frequent accelerations and tight caner

Stage Races: Multi-day events combining varioug facmats (road races, time trials)

across different terrains.

Road cyclists use lightweight bikes with narrovesirand drop handlebars for maximum
efficiency and aerodynamics. The discipline demdmgls levels of cardiovascular fitness,

tactical acumen, and teamwork.

1.6.2 Track Cycling
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Track cycling takes place in velodromes—oval-shapacks with steeply banked curves.
This discipline focuses on speed, precision, aradegjy within a controlled environment.

Track cycling events include:

Sprint: A short-distance race emphasizing explopmeer and tactics.

Keirin: Riders follow a motorized pacer before gfirig to the finish over the final laps.

Team Pursuit: Teams of four riders compete to cavaet distance as quickly as possible.

Omnium: A multi-event competition testing versajiliacross endurance and sprint

formats.

Track bicycles are fixed-gear machines without bsaklesigned for simplicity and speed.

Riders often use drafting techniques to consereegyrand maximize efficiency.

1.6.3 Cyclocross

Cyclocross blends elements of road cycling and raiiking, creating a dynamic off-
road racing experience. Races take place on sihauits featuring diverse terrains such as
grass, mud, sand, and pavement. Obstacles likeetsaor steep hills require riders to

dismount, carry their bikes, and remount seamlessly

Cyclocross bikes resemble road bikes but have wides for improved traction and
clearance for mud. The sport is particularly popula Belgium, France, and the

Netherlands, with races typically held during autuamd winter .
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1.6.4 Mountain Biking

Mountain biking is an off-road discipline that engoasses several subcategories:

Cross-Country (XC): Focuses on endurance racing waged terrain with climbs and

technical descents.

Downhill (DH): A gravity-driven discipline whereders navigate steep, technical trails at

high speeds.

Enduro: Combines timed downhill sections with urgdruphill transfers, requiring both

technical skill and endurance.

Mountain bikes are equipped with suspension systémmst or full), wide tires for grip,

and robust frames to handle rough terrain.

1.6.5 BMX

BMX (Bicycle Motocross) originated as an off-roadcing discipline inspired by

motocross. It has since evolved into two main faena

BMX Racing: Short sprints on dirt tracks with jumpgrms, and tight corners.

Freestyle BMX: Focuses on performing tricks in skatrks or urban environments.

BMX bikes are compact with sturdy frames and sirsgleed drivetrains designed for

agility and durability.
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1.6.6 Gravel Cycling

Gravel cycling is one of the newest disciplinesthe sport, gaining popularity for its
adventurous nature. It involves riding on unpaweats, gravel paths, and mixed terrains

that combine elements of road cycling and mourtidimg.

Gravel bikes feature wider tires for stability amewen surfaces and relaxed geometries for
comfort during long rides. Events range from endoearaces like Unbound Gravel to

multi-day bikepacking adventures.

1.6.7 Fat Biking

Fat biking is designed for extreme conditions saglsnow, sand, or mud where traditional
bicycles struggle to perform. Fat bikes are equippéh oversized tires (3.8-5 inches

wide) to provide flotation and traction on low-gsprfaces.

This discipline appeals to adventure seekers whoyeexploring remote areas under

challenging conditions.

1.6.8 E-Mountain Biking (eMTB)

E-mountain biking combines traditional mountainibgwith electric-assist technology.
eMTBs feature integrated motors that provide pedalstance, enabling riders to tackle

steep climbs or longer distances with reduced glystrain.
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This discipline has grown rapidly due to its acd&Bty for riders of varying fitness levels

while maintaining the thrill of off-road exploraho

1.7 Types of Bicycles for Each Discipline

Cycling encompasses a wide array of disciplinesh @aquiring specific types of bicycles
tailored to the unique demands of the terrain,qrardnce needs, and rider preferences.
Below is a detailed overview of the bicycle typesariated with each major cycling

discipline.

* Road Cycling Bicycles

Road bikes are designed for speed and efficienpawad surfaces. They are characterized

by:

Lightweight Frames: Typically made from carbon filmg high-strength aluminum to

minimize weight while maintaining stiffness.

Narrow Tires: Usually 23-28 mm wide, these tiresvle low rolling resistance and

aerodynamics.

Drop Handlebars: Allow riders to adopt an aerodyieguosition, reducing air resistance.

Gearing Systems: Equipped with derailleur systeffexing a wide range of gears for

varied terrain.

Road bikes are further categorized into subtypssdban their intended use:
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Racing Bikes: Optimized for speed and efficiendtermused in professional competitions.

Endurance Bikes: Designed for comfort over longtatises, featuring slightly more

upright riding positions.

Time Trial Bikes: Specialized for aerodynamics,haiéatures like aero frames, wheels,

and handlebars.

» Track Cycling Bicycles

Track bikes are built for speed and simplicity @hodromes. Key features include:

Fixed Gear: No freewheel mechanism, meaning thalpete always turning when the

bike is moving.

No Brakes: Riders control speed by adjusting peddénce or using the track's banking.

Aerodynamic Frames: Often made from carbon fibemfimimal weight and maximum

stiffness.

Slick Tires: Provide low rolling resistance andhiyip on the smooth track surface.

Track bikes are optimized for the unique demandsltefdrome racing, emphasizing speed

and control.

* Cyclocross Bicycles

Cyclocross bikes combine elements of road and naduriikes, designed for racing on

mixed terrain:

Drop Handlebars: Similar to road bikes, but witslightly more upright position.
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Wide Tires: Typically 30-40 mm wide, offering betteaction on grass, mud, and sand.

Cantilever or Disc Brakes: Provide reliable stoggmower in wet conditions.

Clearance for Mud: Frames designed to accommodatervires and allow for mud

clearance.

Cyclocross bikes are versatile, suitable for batting and commuting in adverse weather

conditions.

* Mountain Bicycles

Mountain bikes are built for off-road adventuresl @ome in several subtypes:

Cross-Country (XC) Bikes: Lightweight frames wittorit suspension (hardtail) or full

suspension, designed for efficiency and speed oad/grrain.

Downhill (DH) Bikes: Robust frames with full susgéon (travel up to 200 mm),

optimized for high-speed descents and technicit tra

Enduro Bikes: Combine elements of XC and DH bikaf$ering a balance between

climbing efficiency and downhill capability.

Freeride Bikes: Similar to DH bikes but with a fean aerial stunts and technical features.

Mountain bikes feature wide, knobby tires for tractand robust frames to withstand

rough terrain.

 BMX Bicycles

BMX bikes are compact and sturdy, designed fom@aind freestyle riding:
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Single-Speed Drivetrain: Simple and durable, withgears to maintain.

20-Inch Wheels: Provide agility and maneuverabhility

Strong Frames: Often made from steel or aluminussjghed to withstand impacts and

jumps.

Wide Tires: Offer grip and stability on dirt trac&ad urban surfaces.

BMX bikes are ideal for short sprints, tricks, astdnts.

6. Gravel/Adventure Bicycles

Gravel bikes are designed for riding on unpavedsa@ad mixed terrain:

Drop Handlebars: Similar to road bikes but with @rerelaxed geometry for comfort.

Wide Tires: Typically 35-45 mm wide, providing stigtlp on gravel and dirt.

Disc Brakes: Reliable stopping power in wet coms.

Frame Clearance: Allows for larger tires and midnce.

Gravel bikes are versatile, suitable for long-diseadventures and commuting.

+ Fat Bikes

Fat bikes are specialized for extreme conditiorth €8 snow, sand, or mud:

Oversized Tires: 3.8-5 inches wide, providing fliola and traction in low-grip

environments.

Wide Rims: Accommodate the large tires and mairgtability.
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Robust Frames: Designed to handle the stressasediped tires and rough terrain.

Fat bikes enable riders to explore remote areas@ssible by traditional bicycles.

» E-Mountain Bikes (eMTBS)

E-mountain bikes combine traditional mountain bigkimith electric assist:

Integrated Motors: Provide pedal assistance, enmgndimbing ability and reducing

fatigue.

Battery and Controls: Integrated systems for marmgagower output and battery life.

Suspension Systems: Similar to traditional mounksalkes, offering comfort and control

on varied terrain.

eMTBs are popular for their accessibility and apilio extend ride distances without

increased physical strain.

Characteristics of Racing for Each Cycling Disaipli

Cycling competitions are highly diverse, with eadiscipline presenting unique race
formats, strategies, and physical demands. Belowanisin-depth exploration of the

characteristics of racing across the major cydiisgiplines.

* Road Cycling

Road cycling is the most traditional and widelyghiged competitive discipline, featuring

several race formats [34]:
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Road Races: These mass-start events involve latgeops of riders competing over long
distances, typically ranging from 150 to 250 kilderse. Races can be point-to-point or
consist of multiple laps on a circuit. Teamworlcigcial, as riders often work together to
protect their leader or execute strategic attaCkisabs, descents, and crosswinds play a

significant role in shaping race outcomes.

Time Trials: Known as "the race of truth," timeats are individual or team events where
riders compete against the clock rather than dyracfainst each other. Aerodynamics are
paramount, with riders using specialized equipnseich as aero helmets and carbon disc

wheels. Drafting is prohibited, making pacing amdiponing critical.

Stage Races: Multi-day competitions like the ToaiFdance combine road races and time
trials across varied terrains. Riders accumulate tiver stages, with the lowest aggregate
time determining the overall winner. Stage racesalel endurance, consistency, and

tactical flexibility.

Criteriums: Fast-paced races held on short urbanits (typically 1-2 km) lasting between
one and two hours. These events emphasize bikdimgus#tills, quick accelerations, and

sprinting ability. Criteriums often end in massisfw, favoring explosive riders.

» Track Cycling

Track cycling takes place in velodromes and is attarized by controlled environments

and high-speed racing [36]:
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Sprint Events: These short-distance races focusexplosive power and tactical
positioning. Riders often engage in cat-and-mowsaeas to gain the best position before

launching their sprint.

Endurance Events: Competitions like the points mcmadison test riders’ stamina over

longer distances while requiring strategic collaion with teammates.

Team Pursuit: Teams of four riders compete to cete set distance (typically 4 km) in
the shortest time possible. Drafting within thenteia essential for maintaining speed and

conserving energy.

Track cycling emphasizes precision and teamworlf) fixed-gear bicycles designed for

maximum efficiency on smooth surfaces.

» Cyclocross

Cyclocross races are held on mixed terrain circthigg include grass, mud, sand, and
pavement. Riders must navigate obstacles that oétgnre dismounting and carrying their
bikes [38]. Courses are typically 2.5-3.5 km lomgth races lasting 30—60 minutes

depending on the category.

Key characteristics include:

Frequent accelerations due to sharp turns andadesta

Technical skill for navigating slippery or unevanfaces.

Physical resilience to endure cold weather conasticommon during cyclocross season.

Cyclocross rewards versatility and adaptabilithath technical riding and running.
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* Mountain Biking

Mountain biking competitions vary significantly leamson subdiscipline:

Cross-Country (XC) [35]: Races take place on vatexdain with climbs and technical
descents. Riders compete over distances rangingZfoto 50 km in Olympic-style events

or longer marathon formats.

Downhill (DH): Gravity-driven races focus on desdemy steep technical trails as quickly
as possible. Courses are typically less than Sokig but demand exceptional bike handling

skills.

Enduro: Combines timed downhill sections with urgdruphill transfers, requiring both

technical skill and endurance.

Mountain biking places a premium on strength, bdentrol, and adaptability to

unpredictable terrain.

« BMX

BMX racing involves short sprints on dirt trackafiering jumps, berms, and tight corners.
Races typically last less than a minute but reqaekplosive power and precise bike

handling [37].

Freestyle BMX competitions focus on performing kecin skateparks or urban

environments rather than racing against competitors

Key characteristics include:

High-intensity efforts over short durations.
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Emphasis on agility and aerial skills.

Compact courses designed for spectator engagement.

» Gravel Racing

Gravel racing combines elements of road cycling medntain biking on unpaved roads
or mixed terrain courses [39]. Distances can rdraye 50 km to over 300 km in endurance

events like Unbound Gravel.

Characteristics include:

Varied terrain requiring versatile equipment.

Long-distance challenges demanding endurance.

Less emphasis on drafting compared to road racing.

Gravel racing appeals to riders seeking adventuremote landscapes.

» Fat Bike Racing

Fat bike races take place in extreme condition§ stiscsnow or sand where traditional
bicycles struggle to perform. Courses are ofterrtehdut demand strength and balance

due to low-grip surfaces.

1.8 Energy Metabolism Across Cycling Disciplines

Cycling is an incredibly versatile sport, with v@us disciplines requiring unique energy
strategies to optimize performance. The three pginmaetabolic pathways involved
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are aerobic metabolism, anaerobic glycolysis, dactia anaerobic metabolism. Each
pathway plays a crucial role depending on the sitgrand duration of the effort. Here, we

explore how these metabolic pathways intersectsaaldferent cycling disciplines.

1.8.1 Aerobic Metabolism: Sustained Energy for Endrance

Aerobic metabolism is the dominant energy systeeniurance disciplines, such as road
cycling and cross-country mountain biking. This teys utilizes oxygen to convert

carbohydrates, fats, and proteins into ATP, then@ary energy currency of cells. The
efficiency of aerobic metabolism is crucial for ¢praces, where riders must maintain a

steady pace for hours [41].

Mechanism:

Aerobic metabolism occurs in the mitochondria ofsola cells, where glucose or fatty

acids are oxidized via the Krebs cycle and eledtransport chain.

A single glucose molecule yields over 30 ATP moleswhen metabolized aerobically,

making this system highly efficient for endurancé\aties.

Disciplines:

Road Cycling: Long road races and time trials prilpaely on aerobic metabolism to
sustain power output at submaximal intensities €8o2—4). Riders spend over 90% of

their race time in aerobic zones [42].
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Mountain Biking: Cross-country races require aezabetabolism to navigate climbs and

technical sections over extended durations [43].

Gravel Racing: Similar to road cycling but on mixedrain, aerobic metabolism dominates

due to the long distances involved.

Advantages:

Aerobic metabolism provides a virtually unlimitedipply of ATP when oxygen is

available.

It allows for the oxidation of fats as an energyrse, which is particularly important

during prolonged efforts where glycogen storesdaygeted.

1.8.2 Anaerobic Glycolysis: Short-Term High-Intendly Energy

Anaerobic glycolysis provides energy when oxygeailability is insufficient to meet
demand, such as during brief bursts of activityisTdystem breaks down glucose into

pyruvate, producing ATP quickly but inefficienthyjth lactate as a byproduct.

Mechanism:

Glycolysis occurs in the cytoplasm of muscle caltsl yields only 2 ATP molecules per

glucose molecule.

Lactate accumulation leads to muscle fatigue amitdi performance during sustained

high-intensity efforts.
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Disciplines:

Cyclocross: Frequent accelerations and transitimeta/een riding and running rely on

anaerobic glycolysis for short bursts of power.

Track Cycling: Events like sprints or keirin racipend heavily on anaerobic glycolysis

due to their short duration and high intensity.

Mountain Biking (Pro XC): Technical sections reduiy explosive power often engage

anaerobic glycolysis.

Advantages:

Provides rapid ATP production for short-duratiofods.

Supports high-intensity efforts when aerobic patysvaannot meet energy demands.

Limitations:

Lactate accumulation leads to fatigue, requiringovery periods to clear lactate from

muscles.

1.8.3 Alactic Anaerobic Metabolism: Immediate Energ for Explosive Efforts

The alactic anaerobic system, also known as thegtamen system, provides immediate
energy by utilizing stored ATP and phosphocredfi#t@r) within muscle cells. This system

is critical for explosive efforts lasting only arfeseconds.

Mechanism:
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Phosphocreatine donates a phosphate group to AdPRIily regenerating ATP without

requiring oxygen.

This system is limited by the small amount of Ptored in muscles.

Disciplines:

BMX Racing: Short sprints on dirt tracks rely almhantirely on alactic anaerobic

metabolism for explosive power.

Track Cycling (Sprint): Events lasting less thansé@onds are dominated by this energy

system.

Road Cycling (Final Sprint): During mass sprintdha end of road races, riders engage

this system for peak power output.

Advantages:

Provides immediate energy for maximal efforts.

Does not produce lactate and does not require oxyge

Limitations:

Energy supply is exhausted within seconds duentitdd PCr stores.

Energy System Interactions Across Disciplines

Most cycling disciplines involve a mix of energyssgms depending on race intensity and

duration:

Road Cycling:
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Predominantly aerobic during long stages but tteoms to anaerobic glycolysis during

climbs or breakaways.

Final sprints engage alactic anaerobic metabol@mpdéak power output.

Mountain Biking:

Cross-country races are primarily aerobic but nexw@naerobic bursts for technical

sections.

Downhill events rely more heavily on anaerobic sgst due to their shorter duration and

explosive nature.

Track Cycling:

Sprint events are dominated by alactic anaerobtamoéism.

Longer endurance events like team pursuit engatiedmyobic and anaerobic systems.

Cyclocross:

Combines aerobic endurance with frequent anaerbhists during transitions and

obstacles.

1.9 Physiological Adaptations in Cyclists

Cycling, as a predominantly endurance sport, inslgcefound physiological adaptations
that enhance the performance capacity of athl€tesse adaptations occur across multiple

systems, including cardiovascular, respiratory aielic, and muscular, and are influenced
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by the type, intensity, and duration of training][4Below is a detailed exploration of the

key physiological adaptations observed in cyclists.

1.9.1 Cardiovascular Adaptations

One of the most significant changes in trainedistgls the improvement in cardiovascular

efficiency. Regular cycling leads to:

Increased Stroke Volume: The heart becomes moiaesff at pumping blood, resulting
in a higher stroke volume (the amount of blood tejg@@er beat). This adaptation allows

for greater oxygen delivery to working muscles dgmprolonged efforts.

Enhanced Cardiac Output: With increased strokemeland heart rate optimization,
cardiac output—the total volume of blood pumpedmarute—rises significantly during

exercise.

Lower Resting Heart Rate: As a result of improvedrhefficiency, trained cyclists exhibit

lower resting heart rates, indicating enhancedgyanpathetic nervous system activity.

Improved Capillarization: Endurance training proasthe growth of capillaries around

muscle fibers, facilitating better oxygen and raritiexchange.

1.9.2 Respiratory Adaptations

Cycling enhances the respiratory system’s abibtyl¢liver oxygen and remove carbon

dioxide efficiently:
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Increased Pulmonary Ventilation: Cyclists develtprger respiratory muscles such as
the diaphragm and intercostals, enabling greateg kentilation during high-intensity

efforts.

Improved Oxygen Uptake (VMOMax): VO. max, a measure of maximal oxygen
consumption, is a key determinant of enduranceopmdnce. Professional cyclists often

exhibit VO max values exceeding 70 ml/kg/min due to theining regimens.

Efficient Gas Exchange: Training improves alveaapillary diffusion capacity, allowing

for more effective oxygen transfer into the blooeain.

1.9.3 Metabolic Adaptations

Cycling induces metabolic changes that optimizeggnproduction:

Enhanced Fat Oxidation: Cyclists develop an in@édasliance on fat metabolism even at
higher intensities. This adaptation conserves gjgoostores for critical moments such as

sprints or climbs.

Improved Glycogen Storage: Training increases neuggycogen content, allowing

cyclists to sustain prolonged efforts without préumea fatigue.

Lactate Threshold Elevation: The ability to perfoanhigher percentages of maximal
effort without accumulating excessive lactate isadimark adaptation. Cyclists exhibit

increased lactate clearance rates and tolerance.
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1.9.4 Muscular Adaptations

Cycling-specific training induces structural anddtional changes in skeletal muscles:

Muscle Fiber Recruitment: Endurance cycling prittyagngages slow-twitch (Type )
fibers known for their fatigue resistance. Howewsrinting and high-intensity efforts

recruit fast-twitch (Type 1l) fibers as well.

Mitochondrial Biogenesis: Training stimulates mhoadrial growth within muscle cells,
enhancing aerobic energy production. Cyclists héngher mitochondrial density

compared to untrained individuals.

Capillary Density: Increased capillary networks ward muscle fibers improve oxygen

delivery and waste removal during exercise.

Neuromuscular Efficiency: Cyclists develop betteomrination between motor units,

optimizing force production while minimizing energypenditure.

1.9.5 Skeletal Muscle Oxygen Utilization

Advanced techniques like Near Infrared Spectrosc@NJRS) have demonstrated

improved skeletal muscle oxygen extraction in ediyclists:

Deoxyhemoglobin Dynamics: Studies show that traimeadle cyclists exhibit significant
increases in oxygen utilization within the vastagetalis muscle during high-intensity

efforts.
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Gross Mechanical Efficiency: Training enhances raeatal efficiency by reducing
unnecessary energy expenditure during pedalingom&tiCyclists achieve up to 5%

improvements in efficiency after targeted traingamps.

1.9.6 Hormonal and Endocrine Adaptations

Cycling also influences hormonal responses thatleég energy metabolism and recovery:

Reduced Cortisol Levels: Prolonged endurance trgiluwers stress hormone levels post-

exercise.

Enhanced Insulin Sensitivity: Regular cycling impes glucose uptake by muscles,

reducing the risk of insulin resistance.

Testosterone and Growth Hormone Response: Highsitieinterval training stimulates

anabolic hormones that support muscle repair aoathr

Oxygen Consumption and Heart Rate: Physiologicedrfaters During Cycling

Cycling is a demanding aerobic activity that regsiprecise coordination between the
cardiovascular and respiratory systems to meeh#tabolic demands of working muscles.
Oxygen consumption (V' O2V ' 02) and heart rate (HR) favo critical physiological
parameters that define performance during cycliefiecting the body's ability to deliver
oxygen to tissues and sustain prolonged effortéovBés an in-depth analysis of these

parameters and their relationship during cycling.

Oxygen Consumption (V' 02V 02)
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Oxygen consumption (V'O2V 0O2) measures the ratgrath oxygen is utilized by the
body during exercise. It is a direct indicator ef@bic capacity and is influenced by factors

such as cardiac output, pulmonary function, andesklemuscle oxidative capacity.

Maximal Oxygen Consumption (V' O2maxV O2max):

V' O2maxV O2max represents the upper limit of oxyggake during intense exercise
and is a key determinant of endurance performanEéte cyclists often
exhibit V'O2maxV O2max values exceeding 70 ml/kgineompared to 40-50 ml/kg/min

in recreational athletes.

The Fick equation expresses V' O2maxV O2max as @ugtwf cardiac output (CardOut)

and arterial-venous oxygen difference\@2a-v0O2):

V' 02=QcardiagCa02-Cv0O2)V O2=QcardiaECa02-Cv0O?2)

where QcardiacQcardiac is cardiac output, CaO2GaO2rterial oxygen content,

and CvO2Cv0O2 is venous oxygen content.

Submaximal Oxygen Consumption:

During steady-state cycling, oxygen consumptiorréases linearly with power output
until reaching the anaerobic threshold. Beyondpbist, lactate accumulation accelerates,

impairing muscle efficiency.

Pedaling cadence significantly influences V' O2V ®gher cadences increase oxygen

demand due to greater muscle activation but mayceechechanical efficiency.

Muscle Oxygen Extraction:

36



At maximal exertion, muscle oxygen extraction caach values of 14-18 ml 022/100 ml
blood. This reflects the efficiency of mitochondimeautilizing oxygen for ATP production

during high-intensity efforts.

Heart Rate (HR)

Heart rate is a fundamental parameter that refteottiovascular workload during cycling.

It is closely linked to oxygen consumption and ganvith exercise intensity.

Resting Heart Rate:

Trained cyclists often exhibit lower resting HR®da increased parasympathetic tone and

enhanced stroke volume. Values below 60 beats pritenare common in elite athletes.

Heart Rate Response During Exercise:

HR increases linearly with exercise intensity ughe anaerobic threshold. Beyond this
point, HR plateaus or rises more gradually duendations in cardiac output or peripheral

fatigue.

The relationship between HR and V'O2V ' O2 is notaslsv linear; studies show that
individuals with higher fitness levels exhibit agagéive curvature in this relationship,

reflecting greater efficiency in oxygen deliverydautilization.

Heart Rate Variability (HRV):

HRV decreases during intense cycling due to redyssdsympathetic activity and
increased sympathetic dominance. Monitoring HRV peovide insights into recovery

status and training adaptation.

37



Interaction Between V' O2V 02 and HR

The interplay betweenV O2V'O2and HR is governed Ilecardiac output
(Qcardiac=HRxSVQcardiac=HRxSV), where stroke vol(®¥) represents the amount

of blood ejected per heartbeat.

Cardiac Output:

Cardiac output increases linearly with exercise ensity until
maximal QcardiacQcardiac is reached. In trainedistgc maximal cardiac output can

exceed 30 liters per minute.

As exercise intensity rises, stroke volume plateaide HR continues to increase,

emphasizing the role of HR in sustaining high cacdiutputs.

Efficiency at Maximal Effort:

At maximal exertion, limitations in cardiac outpoit pulmonary function may reduce

arterial oxygen saturation (Sa02Sa02), affectisgue oxygen delivery.

Maximal Oxygen Consumption (VO2 Max) Testing: Malbtogy and Interpretation

Maximal oxygen consumption, or VO2 max, is a catiphysiological parameter that
reflects an individual's aerobic capacity. It ifided as the highest rate at which oxygen is
utilized by the body during intense exercise andaigey determinant of endurance
performance. VO2 max testing is widely used in s&poredicine and exercise physiology
to assess cardiovascular fitness, monitor traingfiggcts, and predict performance
potential. Below is a detailed overview of the nzgtblogy and interpretation of VO2 max

testing.
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Methodology

VO2 max tests are typically conducted using a tmehar stationary bicycle ergometer.
The choice of equipment depends on the individdaitsliarity with the device and the

specific goals of the test.

Preparation:

Warm-Up: A brief warm-up (5—-10 minutes) is essdntiiaprepare the cardiovascular

system and muscles for intense exercise.

Equipment Calibration: Ensure that the ergometdrgas exchange analyzer are properly

calibrated to provide accurate measurements.

Subject Preparation: Participants should avoichstvas exercise and caffeine for at least

24 hours prior to testing.

Protocol:

Incremental Exercise Protocol: The test involvesharemental increase in workload until
exhaustion. For cycling, this might involve stagtiat a low power output (e.g., 50 watts)
and increasing by 25-50 watts every minute un®l garticipant cannot maintain the

required cadence.

Treadmill Protocol: For running, the incline anaeg are gradually increased to achieve

maximal effort.

Measurement Techniques:
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Gas Exchange Analysis: A mask or mouthpiece is tsedllect expired gases, which are
analyzed for oxygen and carbon dioxide concentnatising a metabolic cart. This allows

for the calculation of VO2, VCOZ2, and respiratorgleange ratio (RER).

Heart Rate Monitoring: Continuous heart rate mamtp provides additional data on

cardiovascular stress and recovery.

Interpretation

VO2 max is calculated as the highest rate of oxygersumption achieved during the test,
typically expressed in milliliters per kilogram peminute (ml/kg/min). Interpretation
involves understanding the physiological significanof the measured value and its

implications for performance.

VO2 Max Values:

Elite Athletes: Values above 70 ml/kg/min are comroelite endurance athletes, such as

professional cyclists or distance runners.

Recreational Athletes: Average values range frono 30 ml/kg/min, depending on fitness

level and age.

General Population: Sedentary individuals may h&©8 max values below 20 ml/kg/min.

Physiological Significance:

Cardiovascular Efficiency: Higher VO2 max indicatlestter cardiovascular function,

including increased cardiac output and enhancedeaxyelivery to tissues.
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Muscle Oxygen Utilization: Reflects the efficienafyskeletal muscle in extracting oxygen

from the bloodstream for energy production.

Performance Prediction:

Endurance Performance: VO2 max is a strong predt@erformance in endurance

events like marathons or long-distance cyclingsace

Training Effectiveness: Changes in VO2 max oveettan indicate the effectiveness of a

training program in improving aerobic capacity.

Limitations and Considerations

While VO2 max testing provides valuable insights iaerobic fitness, there are limitations

and considerations:

Test Reliability: Results can vary based on theidipgorotocol used and the individual's

motivation during the test.

Equipment Accuracy: Calibration of the ergometed gas exchange analyzer is crucial

for accurate measurements.

Individual Variability: Genetic factors influenceQD2 max, and some individuals may have

naturally higher or lower aerobic capacities refgssl of training.

Lactate Testing: Determination of the Anaerobicesmold

Lactate testing is a widely used method in exerpisgsiology to assess an individual's
anaerobic threshold, which is the intensity at Whactic acid begins to accumulate in the

blood. This threshold marks the transition fromoa@r to anaerobic metabolism and is a
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critical determinant of endurance performance. Beka detailed explanation of lactate

testing and its role in determining the anaerohieghold.

Methodology

Lactate testing typically involves an incrementaéreise protocol where blood lactate

levels are measured at various intensities.

Exercise Protocol:

Incremental Intensity: Participants perform exex@s a stationary bike or treadmill with

incremental increases in workload (e.g., power aiudp speed).

Blood Sampling: Capillary blood samples are takemfthe earlobe or finger at regular

intervals (e.g., every 2-3 minutes) to measurataatoncentration.

Lactate Measurement:

Portable Analyzers: Blood lactate levels are mesbwsing portable lactate analyzers,

which provide rapid results.

Venous Blood Sampling: In some cases, venous binoag be used for more precise

measurements, though this is less common due tovhsiveness of the procedure.

Data Analysis:

Lactate Curve: Plotting lactate concentration agjaiexercise intensity reveals a
characteristic curve. Initially, lactate levels m@mlow as exercise is primarily aerobic. As

intensity increases, lactate begins to rise moagpy, indicating the anaerobic threshold.
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Threshold Determination: The anaerobic thresholdftien identified as the point where
lactate concentration increases by 1 mmol/L ab@selne or where the rate of increase

accelerates.

Interpretation

The anaerobic threshold, as determined by lacegBng, is a critical parameter for
endurance athletes. It reflects the highest intg@asiwhich an athlete can sustain exercise

without accumulating excessive lactic acid, whitipairs muscle function.

Performance Implications:

Endurance Capacity: Athletes with a higher anaerdiimeshold can perform at higher

intensities for longer durations without fatigue.

Training Zones: The anaerobic threshold helps ddfiaining zones, allowing athletes to

optimize their workouts for specific goals (e.qidarance, speed).

Physiological Significance:

Metabolic Shift: The anaerobic threshold marks &t dlnom aerobic to anaerobic

metabolism, where energy production becomes Idisseat and leads to fatigue.

Muscle Fatigue: Accumulation of lactic acid contitiés to muscle fatigue and decreased

performance.

Training Adaptations:

Threshold Training: Specific training programs d¢anprove the anaerobic threshold by

enhancing muscle buffering capacity and increasiitgchondrial density.
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Periodization: Training is often periodized to fean different intensities and volumes to

optimize adaptations around the anaerobic threshold

Limitations and Considerations

While lactate testing is valuable for determinirtge tanaerobic threshold, there are

limitations and considerations:

Individual Variability: Baseline lactate levels atiet rate of increase can vary significantly

among individuals, affecting threshold determinatio

Methodological Variability: Different protocols arahalyzers may yield slightly different

results, emphasizing the need for standardizecedroes.

Environmental Factors: Environmental conditionshsas temperature and humidity can

influence lactate accumulation and thus the medsireshold.

Electric Bicycle Technology: Components and Fumliy

Electric bicycles, also known as e-bikes, have bexacreasingly popular due to their
versatility, convenience, and environmental beagfihese vehicles combine traditional
cycling with electric assistance, making them atraative option for commuting,

recreation, and fitness. The technology behindkesbinvolves several key components

that work together to provide a seamless ridingeeepce.

1. Main Components of Electric Bicycles

E-bikes consist of several essential componentsetiable their operation:

Electric Motor:
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Types: E-bikes typically use one of two motor tydasb motors (located in the front or

rear wheel) or mid-drive motors (positioned near pedals).

Functionality: Motors provide power assistanceh®rider, enhancing speed and reducing
physical effort. Hub motors are simpler and morecmn, while mid-drive motors offer

better efficiency and control.

Battery:

Types: Most e-bikes use lithium-ion batteries dutheir high energy density, lightweight

design, and long lifespan.

Capacity: Battery capacity is measured in watt-Bquh) and determines how far an e-

bike can travel on a single charge. Common cajgaaitinge from 300 to 700 Wh.

Controller:

Function: The controller acts as the brain of tHeke, managing the flow of electrical
energy from the battery to the motor. It ensurés speration by regulating power output

and monitoring system performance.

Features: Modern controllers often include features regenerative braking, which

captures kinetic energy and converts it back ifgotgcal energy to recharge the battery.

Display and Controls:

Display: Provides essential information such asdpédistance, battery level, and assist

mode.
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Controls: Include buttons or levers for adjustisgist levels, turning the system on/off,

and accessing additional features like lights oB@Bnnectivity.

2. How Electric Bicycles Work

The operation of an e-bike involves a coordinatgdraction between its components:

Power Assistance:

Pedal Assist System (PAS): Most e-bikes use a R&;h provides power assistance
when the rider pedals. The amount of assistancdeadjusted through different modes

(e.g., eco, normal, sport).

Throttle: Some e-bikes include a throttle, allowinders to propel the bike without

pedaling.

Energy Flow:

Battery to Motor: The battery supplies electricqargy to the motor via the controller. The

motor then converts this energy into mechanicalgrdw assist the rider.

Regenerative Braking: In some models, when thedsrake applied or the bike is coasting
downhill, the motor acts as a generator, captukingtic energy and feeding it back to the

battery.

Cut-Off Systems: Automatic cut-off when the bikackes a certain speed (e.g., 25 km/h)

to comply with regulations.

Overcharge Protection: Controllers prevent overgingrto prolong battery lifespan.

46



3. Types of Electric Bicycles

E-bikes are categorized based on their designwamdibnality:

Commuter E-Bikes:

Designed for urban use, these bikes often feat@e&tipal accessories like fenders, lights,

and cargo racks.

Mountain E-Bikes:

Built for off-road adventures, these bikes haveustlframes, wide tires, and powerful

motors to tackle challenging terrains.

Hybrid E-Bikes:

Combine elements of road and mountain bikes, ofifexiersatility for both paved and

unpaved paths.

Environmental and Social Impact: Benefits and Latitns of Electric Bicycles

Electric bicycles have gained popularity as a snabde mode of transportation, offering
numerous environmental and social benefits. Howelle any technology, they also
present some limitations and challenges. Belowdstailed analysis of the benefits and

limitations of e-bikes from both environmental eswtial perspectives.

Environmental Benefits

E-bikes contribute positively to the environmenséveral ways:

Reduced Greenhouse Gas Emissions:
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Zero Tailpipe Emissions: E-bikes produce no disgoissions during operation, reducing

air pollution in urban areas.

Lower Carbon Footprint: Compared to cars, e-bikemiicantly decrease carbon

emissions, especially when powered by renewableggrs®urces.

Energy Efficiency:

Low Energy Consumption: E-bikes require much lessrgy than cars, with typical

consumption rates of about 1-2 kWh per 100 km.

Regenerative Braking: Some e-bikes capture kiregtergy through regenerative braking,

further enhancing efficiency.

Conservation of Resources:

Reduced Material Use: E-bikes generally requiresfenvaterials than cars, contributing to

less resource depletion.

Less Infrastructure Demand: E-bikes can utilizetxg bike paths and roads, reducing the

need for new infrastructure.

While e-bikes offer many environmental advantaffesre are also some limitations:

Battery Production Impact:

Resource Extraction: The production of lithium-ioatteries requires mining for lithium,

cobalt, and other metals, which can have envirotah@amd social impacts.
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Waste Management: The disposal of spent battedesspchallenges, though recycling

technologies are improving.

Energy Source:

Dependence on Electricity: E-bikes rely on eletyridor charging, which may be

generated from non-renewable sources dependinigeoeniergy mix of the region.

Carbon Footprint of Production: The manufacturingcess for e-bikes, including battery

production, contributes to greenhouse gas emissions

Social Benefits

E-bikes also have significant social benefits:

Accessibility and Inclusivity:

Increased Mobility: E-bikes provide mobility opt®rior those who may struggle with

traditional cycling due to age, health, or fithkssel.

Reduced Traffic Congestion: By offering an altew&to cars, e-bikes can help alleviate

urban traffic congestion.

Health and Fitness:

Encourages Physical Activity: While e-bikes redydgsical effort, they still promote

some level of exercise and outdoor activity.

Mental Health Benefits: Cycling, even with electaigsistance, can improve mental well-

being by reducing stress and promoting a senseefdm.

49



Economic Benefits:

Cost-Effective Transportation: E-bikes are gengetleaper to purchase and maintain than

cars, offering a cost-effective transportation sotu

Job Creation: The e-bike industry supports employme manufacturing, sales, and

maintenance.

Social Limitations

Despite the benefits, there are also social linoitatto consider:

Infrastructure Challenges:

Lack of Dedicated Paths: In many areas, e-bikeg sh&se roads with cars, which can be

unsafe and discouraging for riders.

Charging Infrastructure: Limited availability of ipic charging points can hinder long-

distance travel.

Regulatory Frameworks:

Varied Regulations: Different countries and regitase varying laws regarding e-bike

use, which can create confusion and barriers tptamo

Safety Standards: Ensuring safety standards fokesbsuch as speed limits and helmet

requirements, is essential but can vary widely.
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CHAPTER 2. SPORT PERFORMANCE

Athletes' success in competing in sports is medsoyeheir sport performance [1]. Sport
performance, in particular, refers to a complexdnf multiple aspects that impact the
competition's outcome, and objectively assessing) vital, particularly for elite athletes
[2].

Over the years, a great deal of research has lweenah the effects of psychological and
physiological variables on athletic performancer. &ample, various study groups have
examined various recovery strategies in relatiothéophysiological parameters [3]. In a
similar vein, different periodization techniquesbdeen assessed to determine how they
affect improving performance in both individual aedm sports [4]. Additionally, among
the various factors investigated to improve perfamoe, studies have looked at the impact
of supplements on enhancing athletic performangelfbterms of the psychological
aspects, a number of research teams looked atesthiear of failing as well as the link
between performance and psychological stress ambbu[6]. Similarly, it has been
demonstrated that athletes who participate in spsuffer from anxiety disorders [7].
These tenets demonstrate the strong connectionebetaport and the pursuit of peak
performance. To get the best outcomes in sportweber, one must have a thorough

awareness of the elements of performance and bd@bieasure it.

2.1 Components of sport performance
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The performance in sports is impacted by a blenth@fathlete's qualities, which consist
of physical features, technical skills, tacticalpertise, and psychological and social

factors [8].

It is important to recognize that one dimensionlddne more prominent than another, with
physical elements being crucial in certain spastsile technical and tactical skills are

prioritized in different sports [8].

For instance, in activities like sprinting or rungilong distances, success is closely linked
to the physical aspect, whereas in team sportdvimgpa ball, mastering technical and
tactical abilities is crucial for achieving victof8]. Furthermore, in terms of the physical
realm, certain sports necessitate a higher levamit from one element as opposed to
another [9]. Take sprinting or throwing, for instan as they heavily rely on anaerobic

power, while marathon running or rowing primarigguire aerobic endurance [9-11].

In the same way, sport-specific technical and ¢attexpertise, much like the physical
aspect, are contingent on the athletes' skill Igl/2]13]. Moreover, the training regimen
comprises drills that focus primarily on the spspecific element, while engaging all of

them collectively in a broad manner [14,15].

Endurance, strength, skill, and recovery are akkesal physical elements for excelling in
sports [9]. In detail, these dimensions can berdest as follows: the ability to engage in
exercise for an extended period; the capacity to generate high power in a single movement;
the skill to execute a spaspecific motor skill; the capability to return to pre-performance

physiological levels after training sessions or petitive events [8,16].
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The best performance outcomes are tied to the dewednt of specific physical
components, which is intricately connected to fregnand the functioning of the
respiratory, cardiovascular, musculoskeletal, aad/ous systems [8]. Additionally, the
utilization of equipment or methods is becoming enmrevalent among athletes to enhance
their abilities. It is indispensable to report thatorder to establish any improvement in
physical components during training or in perfore®during competitions, these must be

appropriately measured.

2.2 Measurements of sport performance

The measurement of sport performance is crucial determining its success. The
assessment of athletic performance serves the fduaation of objectively tracking

performance in training sessions and primarily,leaéng performance in competitive
events [1]. Therefore, evaluating athletic perfang® particularly in top athletes, implies

striving for excellence and success, elevatingstaadard of performance.

As stated by Raysmith and colleagues, excellingeniormance not only leads to reaching
the final stages of competitions or securing vie®but also attracts financial support from
sponsors and funding [1]. Scientific research Hesoughly examined the factors that

impact sport performance outcomes for these reddfns

Achieving high performance in sports relies on anbmation of elements from sports
science, like training plans, performance trackd®myices, and performance-enhancing

equipment [17-21].
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Regarding the initial domain, Doherty and colleage&plored the correlation between
various training regimens and marathon results. [20fhe same vein, a recent systematic
review was carried out with the goal of determinihg key aspects of resistance training
in relation to training intensity distribution, inéng volume, and periodization models

among swimmers [21].

Regarding the devices employed, technological esgmhas enabled the quantitative
assessment of factors like motion, exertion levatgl biological indicators to enhance
athletic performance [17-19]. Performance analysisports is a sub-discipline of sports
science that utilizes various technologies knowntkeir high validity and reliability,

including local positioning systems, global positgy systems, pedometers,

accelerometers, video tracking and analysis systantsphysiological sensors [17,22].

Athletes, coaches, technical staff, and physicemescontinuously seeking the potential
benefits of wearable devices to optimize perforneaaied prevent injuries in relation to

improving performance equipment [23,24]. For exaanplrum and colleagues studied the
variances in utilizing personalized or custom-maurithguards, standard mouthguards,
and no mouthguards on overall fithess aspects arseagpned collegiate football players

[23].

In a related study, Hulsdinker et al. explored hopvtier badminton players' visuomotor
abilities and neural visual functions were influedcby a 4-week training regimen

incorporating stroboscopic glasses [24].
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The significance of technological advancementdéadvancement of biomechanical and
neuroscientific equipment in sports is emphasirndtié passage, highlighting the growing

impact of these fields on enhancing athletic pentomce.

2.3 Biomechanics in sports

Performance analysis in sports encompasses thaatieal of various aspects such as
biomechanics, physiology, psychology, techniqud,tantics during both training sessions

and competitions [22].

Focusing on biomechanics, it pertains to the afesports science that examines human
motion, specifically the mechanics involved in thenan body. It focuses on analyzing
human motion through the perspective of the foiogsacting the body and initiating

motion, as well as examining the forces producethbybody in motion.

The mechanics that are employed on the human bredssaentially the mechanics of rigid
bodies, which are categorized into three brandtascs, kinetics, and kinematics [25-27].
Statics involves examining the state of mechanbiedénce and the preservation of an
object's immobility, such as investigating postumatability. The study of kinetics focuses
on understanding the factors that induce or chahgemotion of an entity, like the
explosive acceleration seen in track athletes e lHunch themselves forward from the
starting point. Kinematics involves analyzing thewament of an object without taking
into account the forces influencing or altering thetion. This field of study takes into
account factors like space and time, along withrdseilting quantities like velocity and

acceleration, as seen in the movement of a teraflisiloring a serve.
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In sports biomechanics, incorporating technologyndispensable for evaluating and
monitoring statics, kinetics, and kinematics vaeab and for enhancing performance
while reducing the risk of injuries [28-31]. In @dto precisely achieve these aims, the
investigation has also emphasized the impact ombahanical equipment such as
footwear, insoles, orthoses, external joint sugp@trapping, mouthguards, and occlusal

splints [32-44].
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CHAPTER 3. CYCLING BIOMECHANICS: ENHANCING PERFORMA NCE

AND SAFETY

Cycling biomechanics is a fascinating field thatvde into the intricate relationship
between the cyclist, the bicycle, and the forces ¢fovern movement. By understanding
how these elements interact, cyclists can optirtheg performance, reduce injury risks,
and enhance their overall cycling experience. Tdhiapter explores the critical role
biomechanics plays in cycling, from optimizing pkag efficiency to preventing common

injuries [1].

3.1 The Importance of Biomechanics in Cycling

Cycling performance is influenced by a complex ripey of human, mechanical, and
environmental factors. Traditionally, engineersénéncused on improving bicycle design
to minimize aerodynamic drag, while kinesiologistsve studied the human aspect of
cycling performance, such as posture and muscieation [2]. However, bridging these
two perspectives through interdisciplinary reseaischessential for achieving optimal

results.

Biomechanics allows cyclists to understand how edéfit variables—such as body
position, seat height, pedal alignment, and cadefdfect joint angles, muscle lengths,
and force production. These factors collectivefiuence power output, energy efficiency,

and comfort during cycling. For instance, adjustteen posture can significantly alter
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joint mechanics and muscle activation patterns.ohenaerodynamic position may improve

speed but could also increase strain on the loaek br neck if not correctly balanced [3].

Moreover, seat height is a critical factor in emsgiefficient knee extension at the bottom
dead center (BDC) of the pedal stroke. Deviationsfoptimal seat height can lead to
increased oxygen consumption or knee pain, highilighthe importance of precise

adjustments for both performance and comfort [4].

3.1.2 Optimizing Performance Through Biomechanics

One of the primary objectives of cycling biomecltans maximizing power output while
minimizing wasted energy. This involves directimmgce effectively at the pedals during

each phase of the pedal stroke:

Power Phase: From 12 o'clock (top dead center)xtoléck (bottom dead center), most of
the force is generated. Hip extensors (gluteus mas) initiate this phase, followed by
knee extensors (vastus lateralis and vastus mgdfali peak power production. Proper
alignment and muscle activation are crucial foriraping force transfer and reducing

strain on joints [5].

Recovery Phase: From 6 o'clock back to 12 o'clankscles like hip flexors (iliopsoas)
reposition the leg for the next power phase witmimal energy expenditure. Efficient

recovery is essential for maintaining high caderasesreducing fatigue [6].

Proper force application depends on aligning faxsifpon with pedal mechanics. Ideally,

pressure should be concentrated under the battsediet to avoid rotational forces that

58



reduce efficiency [7]. Additionally, equipment psaya crucial role in optimizing

biomechanics:

Crank Arm Length: Shorter crank arms may benedigns with smaller anthropometry by

reducing joint strain during high cadences.

Saddle Pressure Mapping: Dynamic assessmentseatenaal intensities provide insights

into how saddle pressure affects comfort and perdmice over long durations.

3.1.3 Biomechanics for Injury Prevention

Repetitive motion in cycling can lead to overusgries if biomechanical principles are

not properly applied. Common injuries include:

Patellar Pain: Often caused by incorrect knee andje to improper seat height or pedal

alignment [8].

Lower Back Strain: Excessive forward lean or poandiebar positioning can increase

stress on spinal stabilizers [9].

Numbness or Paresthesia: Tight-fitting shoes desidar high power output may cause

discomfort over long rides if not properly adjusf&d].

Dynamic bike fitting methods that account for wadd intensity are increasingly
recommended to prevent compensatory movementseiaaerbate injury risks during
high-power outputs [11].

Emerging technologies are revolutionizing how bich@ics is applied in cycling:
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3D Motion Capture Systems: These systems provitklee analyses of joint angles and
muscle activation patterns during pedaling, enablmmecise adjustments to optimize

efficiency [12].

Wearable Sensors: Devices measuring pedal foraesadence offer real-time feedback

for refining technique and monitoring symmetry beéw legs [13].

Dynamic Bike Fitting: Moving beyond static methoddynamic fitting evaluates
kinematics under race-like conditions to ensur@gnogdtconfiguration at varying intensities

[14].

Interdisciplinary research remains vital for bridlgi gaps between engineering
advancements and human physiology. By integratiogpéchanics into training programs

and equipment design, cyclists can achieve bedserts while minimizing injury risks.

3.1.4 Kinematic Analysis

Kinematic analysis is a fundamental branch of bicimaaics that studies human movement
without considering the forces that generate itisTigpe of analysis focuses on the
geometric description of movements, such as thectay and velocity of the limbs and

the body as a whole. In practice, kinematic analpsbvides a quantitative representation

of movement, focusing on parameters such as positaocity, and acceleration [15,16].

Imagine observing an athlete performing a jump éfaatic analysis helps understand how

different parts of the body move through spacecila@sg the trajectory and speed of the
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motion without considering the muscular or gravitaal forces that generate it. This type

of analysis is essential for optimizing sports parfance and preventing injuries.

Kinematics is the study of movement and aims teriles it without addressing the causes
that produce it. The parameters considered areespad time, and their relative

relationship. This type of analysis is useful fordarstanding the distance covered at
different speeds, changes in acceleration, angdbkiions in space and relative motion of

specific body points considered in the analysis.

Kinematics is based on several fundamental priesipl

Position and Orientation: Position refers to theatmn of an object or a body point in
space, while orientation describes the rotatioma dbdy segment relative to a reference
system. These parameters are essential for undeérsgahow different body parts move

relative to a reference point.

Velocity and Acceleration: Velocity describes hastfan object moves, while acceleration
represents the change in velocity over time. Tipasameters are crucial for understanding

movement dynamics and identifying inefficiencieslgsfunctions.

The kinematic analysis of human movement can biepeed using various methods:

Stereophotogrammetric Systems: These systems @sglspameras to reconstruct the
three-dimensional position of markers placed ori§ippeanatomical reference points. The
markers, typically spherical or semi-spherical, applied to the subject being analyzed,

and the infrared light they reflect appears asighbmpoint in the scene. This system
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combines two-dimensional images from multiple caasdo generate a three-dimensional

image of the movement [17].

Wearable Sensors: Magneto-inertial sensors arganpe of technology used to monitor
spatial positions and the orientation of body sagsielhese sensors allow the kinematics

of a joint to be described without the need foeexal cameras [18].

Small-Scale Photogrammetry: This technique usesowidcordings of a subject in motion
to analyze their movement. Any technique that adlele visualization and tracking of a

subject’s motion over time falls under "small-sgalf®togrammetry.”

Kinematic analysis has applications in severatifiel

Sports and Physical Activity: In sports, kinematitalysis is used to optimize athletes’
techniques and improve performance. For examplstudying swimming technique or
javelin throwing, kinematic analysis helps identdyeas for improvement in movement

trajectory and speed.

Clinical and Rehabilitation Fields: In clinical 8ags, kinematic analysis is essential for
assessing and diagnosing conditions such as dpastic coordination disorders. This
type of analysis helps understand movement meahaniand design personalized

rehabilitation programs.

Ergonomics and Industry: In ergonomics and indystingematic analysis is useful for
optimizing workers' movements, reducing muscleistranproving productivity, and

preventing repetitive strain injuries.

Kinematic parameters include:
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Position: The location of an object or a body pairgpace. It is fundamental for describing

movement and understanding how different body pacde relative to a reference system.

Velocity: The speed at which an object moves. Tisisa crucial parameter for

understanding movement dynamics and identifyinffisiencies or dysfunctions.

Acceleration: The rate of change of velocity ovenet This parameter is essential for
understanding how movement changes over time adifging coordination or motor

control issues.

In kinematic analysis, it is essential to definedloanatomical reference systems for each
body segment. These systems originate from estiratet centers (e.g., hip, knee, and
ankle) and allow for describing the orientatioraofitomical segments in relation to their

proximal segment.

Kinematic analysis presents some limitations arallehges. One of the main challenges
is the need for a controlled environment for datiéection, especially when using motion
capture systems. Additionally, data accuracy camtheéenced by the quality of markers
and camera resolution. Advanced technologies amutonizing kinematic analysis. For
example, the integration of Artificial Intelligen¢&l) and Machine Learning (ML) can
improve the analysis of kinematic data, enablingittentification of patterns and trends
that may not be immediately visible. AdditionalBrigmented reality (AR) and virtual
reality (VR) technologies are becoming increasingtyportant for visualizing and

analyzing kinematic data in a more interactive smohersive way.

One example of kinematic analysis application ésdtudy of upper limb kinematics. This
type of analysis is essential in rehabilitation angonomics to understand how different
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joints work together to produce smooth and effitlreovements. In clinical settings, upper
limb kinematic analysis helps assess and moniteditions such as stroke or Parkinson’s

disease, supporting the development of personatedeabilitation plans [20,21].

3.1.5 Dynamic Analysis

Dynamic analysis is a fundamental branch of bioraa@s that studies human movement
by considering the forces that generate it. Thietgf analysis focuses on the interaction
between internal and external forces acting onbthay, such as muscle forces, gravity,

and air resistance, to understand how they infleencvement [22].

Imagine observing an athlete performing a jump. &wyit analysis helps to understand
how muscle forces and gravity interact to genenat¥ement and absorb impact upon
landing. This type of analysis is essential foiimpting sports performance and preventing
injuries. Dynamics is based on Newton's principlebjch describe the relationships
between a body's motion and the forces that dlt@hiese principles are fundamental to

understanding how forces act on bodies and howrisgyond to such forces.

First Law (Law of Inertia): A body remains at restin uniform linear motion unless acted
upon by an external force. This principle is cruttaunderstanding how external forces

influence body movement [23].

Second Law (Force and Acceleration): The net faatgng on a body is related to its mass
and acceleration. This principle is essential fdcelating the force required to produce a

specific movement [24].

64



Third Law (Action and Reaction): Every action hasesgual and opposite reaction. This
principle is fundamental for understanding how é&srénteract between different bodies

[25].

The dynamic analysis of human movement can beethout through various methods:

Dynamic Models: These models use mathematical Eosatio describe how forces act on
the body and how they influence movement. Dynanodefs can be used to simulate the

behavior of complex biomechanical systems [26].

Force Measurement Systems: Systems such as fatferpis measure the forces acting
on the body during movement. This information isdamental for understanding how

external forces affect movement and for optimizpgrts performance [27].

Dynamic Simulators: These tools use advanced swdtéeasimulate the body's dynamic
behavior under different load and movement condéidynamic simulators are essential

for designing optimized medical devices and spegispment [28].

Dynamic analysis is applied in various fields:

Sports and Physical Activity: In sports, dynamialgsis is used to optimize athletes'
performance and prevent injuries. For examplehénstudy of javelin throwing technique,
dynamic analysis helps to understand how musctefoand gravity influence the javelin's

motion [29].

Clinical and Rehabilitation Fields: In clinical sags, dynamic analysis is crucial for

evaluating and diagnosing conditions such as spgstéind motor coordination disorders.
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This type of analysis helps understand movementharesms and design personalized

rehabilitation programs [30].

Ergonomics and Industry: In ergonomics and indystigghamic analysis is useful for
optimizing workers' movements and reducing mustkdrs improving productivity, and

preventing repetitive strain injuries [31].

Dynamic parameters include:

Forces: Forces are the primary causes of moveriéely include both internal forces,

such as those generated by muscles, and externasfeuch as gravity or air resistance.

Moments: Moments represent the rotation of foraesirad a reference point. They are

crucial for understanding how forces influence jomovement.

Energy and Work: Energy and work are fundamental (nderstanding movement
efficiency. Energy represents the capacity to perfavork, while work is the effect of

forces acting on a body [32].

Dynamic analysis presents several limitations dralenges. One of the main challenges
is the complexity of dynamic models, which requirecise data and a deep understanding
of the interactions between different forces [F8]ditionally, force measurement can be

influenced by the quality of instruments and envinental conditions.

Advanced technologies are revolutionizing dynamialgsis. For example, the integration
of Artificial Intelligence (Al) and Machine Learngn(ML) can improve the analysis of
dynamic data, enabling the identification of patterand trends that may not be

immediately visible. Additionally, augmented regli{AR) and virtual reality (VR)
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technologies are becoming increasingly importantifsualizing and analyzing dynamic

data in a more interactive and immersive way.

One example of dynamic analysis application isstioely of upper limb kinematics. This
type of analysis is fundamental in rehabilitationd aergonomics to understand how
different joints work together to produce smooth afficient movements [34]. In clinical
settings, upper limb dynamic analysis helps assedsnonitor conditions such as stroke
or Parkinson’s disease, supporting the developraepersonalized rehabilitation plans

[35].

Another example is the analysis of swimming techai6]. By studying the forces acting
on the body during swimming, coaches can identi&asa for improvement in technique,

helping athletes reduce water resistance and ealpgrtormance.

Dynamic biomechanics continues to evolve, with neahnologies and methods
constantly being developed. One of the most promisareas is the integration of
biomechanics with Artificial Intelligence (Al) anilachine Learning (ML). These
technologies can improve dynamic data analysiswatig for the identification of patterns
and trends that may not be immediately visible [3¥]ditionally, Al can be used to

develop predictive models that help prevent ingine optimize sports performance [38].

Another rapidly growing research area is the bidmeas of biological tissues at the
cellular and molecular level. This field studieswhanechanical forces influence the
behavior of cells and tissues, helping to bettedeustand the mechanisms of tissue
regeneration and repair [39]. These discoveriesdclead to new strategies for treating

injuries and regenerating damaged tissues [40].
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Furthermore, augmented reality (AR) and virtualitg&VR) technologies are becoming
increasingly important for visualizing and analyzidynamic data interactively and
immersively. These technologies can improve moveémederstanding and develop more

effective and engaging rehabilitation and trairstrgitegies [41].

Advanced technologies, such as motion capture regstand wearable sensors, are
revolutionizing dynamic analysis. These tools alfonthe precise collection of movement
data and the forces acting on the body, enabliagofitimization of sports performance

and improving rehabilitation.

Additionally, the integration of Artificial Intelgence (Al) and Machine Learning (ML)
can enhance dynamic data analysis, allowing foidbetification of patterns and trends
that may not be immediately visible. This approaen be used to develop predictive

models that help prevent injuries or optimize sppdrformance [42].

Dynamic analysis has important clinical and spartplications. In clinical settings, it
helps to evaluate and diagnose conditions suchpastisity and motor coordination
disorders, supporting the creation of personalisdbilitation programs [43]. In sports,
dynamic analysis is crucial for optimizing athlétesrformance and preventing injuries,

improving movement execution techniques, and redyttie risk of injury [44].

Clinical biomechanics focuses on applying biomeawnprinciples to improve the
diagnosis and treatment of musculoskeletal congiti®ynamic analysis is fundamental
in this context, as it helps to understand howdsract on the body and how they influence
movement [45]. This type of analysis is crucial developing personalized rehabilitation

programs and improving sports performance [46].
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Furthermore, clinical biomechanics utilizes advahd¢echnologies such as Magnetic
Resonance Imaging (MRI) and Computed Tomography) (@Tvisualize anatomical

structures and assess tissue conditions [47]. Tieebaologies, integrated with dynamic
analysis, enable a better understanding of movemenhanisms and the development of

more effective therapeutic strategies [48].

In ergonomics, dynamic analysis is essential falindping workers' movements and
reducing muscle strain. This type of analysis helpderstand how forces act on the body
during work activities and how they influence wakehealth. By integrating dynamic
analysis with advanced technologies, it is possibledesign more ergonomic work

environments and reduce the risk of repetitiverstrguries [49].

Additionally, dynamic analysis can be used to asdbe effectiveness of ergonomic
interventions and improve worker productivity. Thapproach can help reduce costs

associated with workplace injuries and improve woskquality of life.

3.1.6 Statics

Statics is the study of the equilibrium conditimis body or system. In biomechanics,
statics is essential for understanding how the bodintains balance during daily or
sports activities. This type of analysis focuseshenforces acting on a body in a state of

rest or slow movement, such as body weight andntirscle forces that support it.

Fundamental Principles of Statics
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Equilibrium: A body is in equilibrium when the fas acting on it are perfectly balanced.

This means that the sum of the forces and mometitgyaon a body is zero.

Forces and Moments: Forces are the primary causegjwlibrium, while moments
represent the rotation of forces around a referpood. In statics, it is essential to calculate

forces and moments to determine whether a bodyaesguilibrium.

Statics has various applications in biomechanics:

Posture and Balance: Statics helps to understanwde® body maintains balance during
daily activities, such as standing or sitting. Tisigarticularly important for preventing

falls and improving posture.

Design of Medical Devices: Statics is crucial insigaing medical devices such as

prostheses and orthoses, which must be able t@duppdy weight and maintain balance.

3.2 Kinematic Analysis in Cycling

Kinematic analysis in cycling is a fundamental tage for evaluating and optimizing
pedaling technique and the cyclist’s position om $hddle. This type of analysis focuses
on the quantitative and qualitative descriptiontleé movement of individual body

segments during pedaling, regardless of the cdhaegenerate it.

Kinematic analysis in cycling describes the trajees and angles of body segments, such
as legs, arms, and torso, during movement. Thi® tgp analysis is essential for
understanding how the cyclist’'s body interacts vl bicycle and for identifying potential

inefficiencies or dysfunctions in movement.
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Kinematic analysis in cycling can be carried oubtlgh various methods:

Video Analysis Systems: These systems use camergecord the cyclist's movement
from different angles. The images are then analyaeglvaluate pedaling technique and

saddle position.

Optoelectronic Technologies: These technologiesh s motion capture systems, use
markers or sensors to track the movement of bodyneats. This approach provides

precise data on movement trajectory and speed.

Inertial Sensors: Inertial sensors can be usede@sore the orientation and movement of

body segments during pedaling, providing detaitédrmation on movement kinematics.

3.2.1 Applications of Kinematic Analysis in Cycling

Kinematic analysis has several applications iniogcl

Optimization of Pedaling Technique: This type o&lgsis helps identify dysfunctions in
pedaling technique, such as incorrect foot positoonthe pedal or inefficient load
distribution on the legs. By correcting these atpecyclists can improve pedaling

efficiency and reduce the risk of injuries.

Bike Fitting: Kinematic analysis is crucial in biKgting as it helps adjust the bicycle
according to the cyclist's specific needs. Thisludes adjustments to the saddle,

handlebars, and cleats to ensure an optimal postid reduce discomfort and injuries.
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Injury Prevention: By identifying movement dysfuiocts, kinematic analysis can help

prevent common cycling injuries, such as back paiknee problems.

Kinematic parameters include:

Position and Orientation: The position and origotabf body segments are essential for

evaluating pedaling technique and saddle position.

Speed and Acceleration: The speed and accelerafiomovements are crucial for

understanding pedaling efficiency and identifyingfficiencies.

Joint Angles: Joint angles, such as those of tlez kand hip, are important for assessing

pedaling technique correctness.

3.2.2 Motion Capture Systems

Motion capture systems are advanced technologied tes record and analyze human
movement in various contexts, such as film, medicsports, and rehabilitation. These
systems allow for precise evaluation of movemeatrigchanics, helping optimize sports

performance, prevent injuries, and improve rehiion.

There are different types of motion capture systerash with specific characteristics and

applications:

Optical Systems: These systems use cameras tomalers placed on the subject's body.

Examples include the Vicon system, which uses cefle markers to capture 3D
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movement. Optical systems are particularly prearse are often used in film and sports

applications.

Inertial Systems: These systems use inertial sersswh as accelerometers and gyroscopes
to measure body movement. They are especially uefmovement analysis in various
environments due to their portability and accurabyertial systems are ideal for

applications that require freedom of movement, aagchycling or dance.

3D Motion Capture Systems: These systems combirgpheucameras to create a three-
dimensional model of movement. They are essertrah$sessing the subject’'s dynamic

position and obtaining more relevant data thancsta¢thods [50].

Examples of Motion Capture Systems

Vicon: This system uses 3D motion capture technoltlg measure every degree of
movement and millimeter of distance with precisipmviding detailed data on movement
biomechanics. Vicon is widely used in film and gpoto create realistic animated

characters and optimize athletic performance.

Xsens: These systems allow movement digitizatiorvarious environments, offering
maximum freedom of movement for the subject. Xsensparticularly useful for

applications requiring portability, such as cyclimgrehabilitation.

OptiTrack: This system uses infrared cameras ttktnaarkers and capture movement in
3D, making it ideal for sports and film applicatoorOptiTrack is known for its high

precision and fast data acquisition.
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3.2.3 Markers in Motion Capture Systems

Markers are fundamental elements in motion caystems as they allow precise tracking
of body segment movements. These markers candifeent types and are strategically

placed on the subject’s body to capture movemetat [64)].

There are different types of markers used in mategpture systems:

Reflective Markers: These markers reflect infraigdt emitted by cameras, allowing 3D

movement tracking. They are commonly used in optigation capture systems.

Active Markers: These markers emit electronic digrdetected by cameras, offering

greater accuracy and stability than reflective raesk

Passive Markers: These markers do not emit sigamads rely on light reflection for

tracking. They are more cost-effective and easi@ise than active markers.

Marker placement is crucial for obtaining accurdaéa. Markers are generally placed on
specific anatomical points, such as joints or beelygments to be analyzed. Their position
must be consistent with the reference system usecknisure correct movement

reconstruction.

Marker placement in cycling is a key aspect of nmeet biomechanics analysis. Markers
are used in motion capture systems to track theemewt of the cyclist's body segments
during pedaling, providing crucial data to optimizaddle position and improve

performance.

Markers are typically placed on specific anatomjoaiints of the cyclist's body. These

points include:
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Wrist: Helps evaluate arm position and movemenigiaf for maintaining optimal balance

during pedaling.

Elbow: Essential for analyzing arm flexion anglebjch influence posture and comfort.

Shoulder: Useful for assessing torso posture ancement, crucial for evenly distributing

weight and reducing muscle strain.

Pelvis: Helps determine body position and stabilitying pedaling, directly influencing

pedaling efficiency.

Femur: Placed on the thigh to assess lower limbemant, fundamental for optimizing

power and efficiency.

Knee: Crucial for analyzing flexion angles and lovuab alignment, helping prevent knee
injuries.

Ankle: Helps evaluate foot position and leg movemiefluencing pedaling technique and

comfort.

Foot: Essential for analyzing foot position and mment on the pedal, crucial for

optimizing power transmission and reducing injuskr

Markers are essential for obtaining precise datayating biomechanics. They allow for
evaluating joint angles, load distribution, and esttbiomechanical parameters during
pedaling. These data are crucial for optimizing dyelist's position on the saddle,

improving pedaling efficiency, and reducing injuigks.
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For example, by analyzing knee and ankle positiaosches can identify movement
dysfunctions that could lead to knee or foot protdeCorrecting these dysfunctions allows

cyclists to improve their pedaling technique artliee the risk of injuries.

Advanced technologies, such as the Retul systeenmaskers placed on eight anatomical
points to collect real-time data on the cyclistsion and movement. These data are then

processed by specialized software to optimize saplo$ition and improve performance.

Additionally, systems like Idmatch do not use maskbut rely on biomechanics and
ergonomics principles to optimize the cyclist's iiosing on the bike. These systems are
particularly useful for cyclists who do not havecess to advanced motion capture

technologies.

3.3 Cyclist Dynamics and Torque

Cyclist dynamics is a fundamental aspect of bioraads applied to cycling. This field
studies the movement of cyclist and the forcesi@riting them during pedalling, with the
goal of optimizing sports performance and prevenimjuries. A crucial parameter in this

context is torque, which represents the rotatiéorgle applied to the pedals.

Pedaling can be divided into different phases, @atthspecific dynamic characteristics:

Phase 1: Initial Push: This is the most importdr@ge in terms of propulsion, where most
of the force generated is transmitted to the pdts.crucial to keep the pedal horizontal
throughout this phase, adjusting the cleat posgiod knee advancement through saddle

height and setback.
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Phase 2: Load Transfer: In this phase, the lodtsdhom the right lower limb to the left,

preparing the cyclist for the next push.

Phase 3: Dynamic Recovery: Also known as tractibis, phase involves the calf in foot
extension. The power used is relatively low budriscial for recovery and preparation for

the next push.

Torque is a fundamental parameter in cycling dyranas it represents the rotational force
applied to the pedals. It is measured in NewtoremefNm) and directly influences the
power output of the cyclist. Power is, in fact, ffreduct of torque and pedaling cadence

[27].

The Torque Test is a method used to assess attychaximum torque at different
pedaling cadences, typically between 40 and 110 Tms test helps identify the optimal

cadence to maximize power output and improve pegaéchnique.

Dynamic parameters include:

Forces and Moments: Muscular and mechanical faacesn the pedal and the cyclist's

body, influencing pedaling technique and moveméidiency.

Speed and Acceleration: The speed and acceleraiomovements are crucial to

understanding pedaling efficiency and identifyingfficiencies.

Joint Angles: Knee and hip flexion angles are ingoarfor evaluating the correctness of

pedaling technique and preventing injuries.
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3.3.1 Power Meters in Cycling

Power meters are essential devices for measurimgdwer output of a cyclist during
pedaling. These tools have become indispensablieofbr professionals and enthusiasts,

thanks to their ability to provide precise datapbrysical performance [16].

Power meters use electronic sensors called steaigasg, placed in specific areas such as
the pedals, crank arms, chainring, or bottom brtackbese sensors detect minute
deformations in the material (invisible to the nékeye) and calculate power output,

converting this information into an electrical sadjthat is sent to a processor.

The processor converts the signal into watts, &eddata is then transmitted to a bike
computer, smartphone, or other display devicesrdéai-time monitoring. This allows
cyclists to continuously track their performanced aadjust their training intensity
accordingly.Different types of power meters exmsach with specific advantages and

disadvantages:

Pedal-Based Power Meters: These devices are gipatied on the pedals and provide an
accurate measurement of power exerted by eachlfoey.are easy to install and can detect
movement asymmetries. Popular models include then®aRally RS200 and Favero

Assioma.

Crank-Based Power Meters: These devices are ingehmto the crankset and offer an
accurate measurement of total power output. Theyganerally more compact and less
intrusive than pedal-based meters but require @rmomplex installation. SRAM is one

of the brands offering this solution.
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Hub-Based Power Meters: Positioned in the rear iMhale, these meters measure total
power output. Although less common than other tygesy provide precise total power

measurement.

3.3.2 Applications of Power Meters

Power meters are used in various aspects of cycling

Optimized Training: They allow monitoring of poweutput during training, enabling

optimization of intensity and duration for bett&rformance.

Performance Management: They help cyclists mandmpdr tefforts during races,
maintaining a consistent and optimal performanceseiaf in long competitions where

fatigue management is key.

Post-Race Analysis: The collected data can be isadalyze performance during races,

helping to identify areas for improvement and ojgrtraining strategies.

3.4 Bike Fitting: The Art of Optimizing Cyclist Position

Bike fitting is a crucial process in cycling thawolves adjusting the bike to match the
physical and functional needs of the cyclist. TApproach is essential for improving

performance, preventing injuries, and ensuringneaticomfort during pedaling [14].

Bike fitting is a physical evaluation of the cytljisollowed by adjustments to the bike

based on their anatomical characteristics [4]. Tiecess includes saddle height,

79



handlebar position, and cleat alignment to ensucereect and efficient posture. Bike

fitting offers several benefits:

Greater Comfort: A correct position reduces stressjoints and muscles, improving

comfort during long rides.

Improved Performance: Optimizing the cyclist’s piosi can enhance pedaling efficiency

and sports performance.

Injury Prevention: Incorrect positioning can caegeessive stress on muscles and joints,
leading to injuries. Bike fitting helps prevent cmon issues such as knee pain, lower back

pain, and Achilles tendonitis.

3.4.1 Bike Fitting Process

The bike fitting process includes several stages:

Physical Evaluation: An assessment of the cyclifigxibility, strength, and body
asymmetries is conducted [3]. This step is crumalunderstanding specific needs and

adapting the bike accordingly.

Bike Adjustments: Parameters such as saddle helginidlebar position, and cleat
alignment are adjusted to fit the cyclist's ned@i®gcision is required to ensure an optimal

position.
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Test Ride: After adjustments, a test ride is penat to verify that the position is
comfortable and efficient. This step ensures thatlifications are effective and do not

cause issues during pedaling.

3.5 Common Cycling Injuries

Cycling, like any other sport, carries the riskiguries [51]. These may be caused by
incorrect posture, muscle overload, or accident8ewlding. Below is an overview of

common injuries and how to prevent them:

Anterior Knee Pain: Often caused by a saddle thabao low or excessive knee stress.
Patellar chondromalacia is a feared condition wharglage protecting the kneecap wears

down, causing intense pain.

Patellar Tendinitis: Due to excessive stress orpttellar tendon, often caused by a low

saddle or improper pedaling technique.

Lower Back Pain: One of the most common injurid$gero caused by poor posture or

muscle overload.

Neck Pain: Caused by improper posture while ridilegding to muscle tension and

discomfort.

Achilles Tendinitis: Inflammation of the Achillesridon, often caused by overly forward-

positioned cleats or a high saddle.
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Carpal Tunnel Syndrome: Due to excessive pressutBeomedian nerve, often caused by

poor posture or muscle overload.

Extensor Tenosynovitis: Inflammation of forearm dens, often caused by muscle

overload on uneven surfaces.

Mechanical adjustments can help prevent pain aswbdifort while cycling:

Saddle Height: A correct saddle height ensurekriee remains slightly bent at the bottom

of the pedal stroke, preventing excessive joirgsstr

Handlebar Position: Adjusting the handlebar distacan prevent lower back and neck

pain by maintaining proper posture.

Cleats and Shoes: Proper cleat positioning ensiateisal foot movement, preventing foot

and ankle pain.

Bike fitting and power measurement technology cuargito evolve, providing cyclists with
more advanced tools to optimize their performapeceyent injuries, and improve riding

comfort.

3.6 Saddle Pressure Analysis

Saddle pressure analysis is crucial for optimiznognfort and improving performance
[52,53]. This process uses advanced technologydasaore weight distribution on the

saddle during pedaling. Here’s a detailed overnwaéWwow it works and its benefits:
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Pressure Sensors: Devices such as those from Blwi ldMatch, and Velometrik are
equipped with sensor arrays that measure saddésyresin real time. For example, the

Velometrik system uses 348 high-precision sensdnge IdMatch employs 68 sensors.

Pressure Mapping: These sensors create a detadpaiinigh and low-pressure areas on
the saddle. IdMatch’s Pressure Map, for instaniselalizes pressure zones using a color-

coded representation.

Support Area: Measures the surface of the sadéie log the cyclist.

Pressure Distribution: Should be optimized to aymédineal issues, with approximately

75% of the pressure on the rear and 25% on thé fron

Real Ischial Distance: Evaluates whether the saddlth matches the cyclist's pelvis.

Contact Intermittency: Examines how road vibratiaffect pressure and comfort.

Performance Improvement: A proper setup allows tessto work more efficiently,

enhancing pedaling effectiveness.

Injury Prevention: Analyzing pressure distributibelps identify and correct imbalances

that could cause knee, pelvic, or lower back pain.

Comfort Optimization: Balanced pressure distribatreduces discomfort and the risk of

numbness, especially on long rides.

Choosing the Ideal Saddle: Tools like the PresSlap assist in selecting the most suitable

saddle, reducing the chances of choosing the wooeg
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Selecting the right saddle is essential for bothfoot and performance. Here are some key

factors to consider:

Ischial Bone Width:

Measuring the distance between the ischial tubigesdnelps determine the ideal saddle

width. This is crucial for properly distributing vgiit and preventing discomfort.

Pelvic Flexibility:

A cyclist with low flexibility should opt for a sallle with a rounded cross-section, which

supports natural pelvic rotation and prevents lolmaak issues.

A more flexible cyclist may prefer a flat saddiéeal for aerodynamic positions.

Cycling Discipline:

Road Cycling: Flat and lightweight saddles for &ggive positions.

Mountain Biking: More curved and wider saddlesdomfort on rough terrain.

Endurance: Slightly curved saddles for more uprpgtitions.

Perineal Cutout and Pressure Relief: A cutout el teduce pressure on the perineal area,

particularly useful for cyclists with lower flexilly.

Padding and Materials: Minimal but dense paddingreferable for relieving pressure

without compromising the necessary rigidity.
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CHAPTER 4. WEBSITE CREATION AND SCIENTIFIC ARTICLES

PRODUCTION

4.1 Website creation for saddle choice: www.inbicu

The website www.inbici.eu was conceived and deaddpy Giuseppe Alamia, Domenico
Savio Salvatore Vicari, Valerio Giustino, AntoniRatti, Antonino Bianco. The website
was created with the purpose of indicating to thaist the most suitable saddle to use
based on his/her body characteristics. The cydbgtproviding the body information

requested on the site, will receive the indicabarthe most appropriate saddle.

Universita >
gli Studi S Vdle) Home About Contact Blog BMI
diPalermo

Saddle Pressures Factors in Road
and Off-Road Cyclists of Both
Genders

Figure. Homepage of the website www.inbici.eu

4.2 Articles on measurements in cycling
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4.2.1 Saddle Pressures Factors in Road and Off-Rodclyclists of Both Genders: A

Narrative Review

Domenico Savio Salvatore Vicari, Antonino Patti, VEerio Giustino, Flavia Figlioli,

Giuseppe Alamia, Antonio Palma and Antonino Bianco

Abstract: The contact point of the pelvis with teddle of the bicycle could generate
abnormal pressure, which could lead to injuriethéoperineum in cyclists. The aim of this
review was to summarize in a narrative way theenirliterature on the saddle pressures
and to present the factors that influence saddesurres in order to prevent injury risk in
road and off-road cyclists of both genders. Wedeat the PubMed database to identify
English-language sources, using the following terffsaddle pressures”, “pressure
mapping”, “saddle design” AND *“cycling”. We alsoasehed the bibliographies of the
retrieved articles. Saddle pressures are influetgethctors such as sitting time on the
bike, pedaling intensity, pedaling frequency, tramkl hand position, handlebars position,
saddle design, saddle height, padded shorts, ardegeThe jolts of the perineum on the
saddle, especially on mountain bikes, generatennitient pressures, which represent a
risk factor for various pathologies of the urogahgystem. This review highlights the
importance of considering these factors that imfb@esaddle pressures in order to prevent

urogenital system injuries in cyclists.
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Keywords: biomechanics; bicycle; cyclists; saddiesgure; perineal pressure; urogenital

system

1. Introduction

Cycling is one of the most popular sports in thalvand plays an important role in
promoting public health, even for those who practias an amateur [1,2]. Indeed, cycling,
in all its forms and in all its disciplines, is past that involves many participants, both at

an amateur and professional level.

Cycling is practiced not only on the road, but afieroad and on the track. Four cycling
disciplines are part of the Olympics: road cyclimgountain biking, track cycling, and
BMX. Road cycling is probably the most widespread &llowed discipline of cycling.
The races can be one day or in stages. Cross gasriiie only Olympic discipline of
mountain biking. The races take place on undulatinged circuits with technical descents,
forest roads, rock gardens, and obstacles (evé#itial} from 4 to 6 km, and the route is

repeated several times, depending on the travel pien lap, for a total time race of

~120 min [3]. Track cycling features several racell lwithin a velodrome, consisting of
two straights and two steep curves. BMX is a cyrliiscipline that uses a small and

resistant bike suitable for performing various stun

Very often, young people approach the bicycle withountain bike, attracted by the sense

of freedom and escape from the daily chaos thatekefrom its use. In fact, the mountain
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bike, having wider and knobby tires and suspensioifisrs the possibility of pedaling on

uneven dirt paths and in close contact with nature.

It is important to note that a suitable positiontbba bike guarantees a good joint dynamic
balance, correct breathing, excellent aerodynangind, adequate weight distribu- tion,
favoring maximum muscle work without compromisinge toptimal balance of the
physiology of the entire musculoskeletal systerb][8Bicycle fitting is the adjustment of
the bicycle to the physical and performance requénats of the cyclist in order to meet the
cyclist’'s goals and needs. An adequate bicyclmditperformed by the bicycle fitter, can
positively influence performance and the perceptértomfort and reduce the risk of

injury [4,6].

Indeed, regular cycling has an effect on the preeprof many chronic diseases (e.g.,
cardiovascular disease, diabetes, cancer, hypamembesity, depression, and osteoporo-
sis) [2,7,8]. However, cycling can lead to injuri@sost of which affect the urogenital
system, causing genital numbness, erectile dyshm¢ED), priapism, infertility, and

hematuria and affecting serum prostate-specifigant(PSA) levels [9].

The man-bicycle combination is achieved througk pwints of contact, such as the two
hands on the handlebars, the two feet on the petalghe pelvis on the saddle. Pressures
are generated at these points of contact givernéyistribution of the cyclist’'s weight.
Saddle pressures are generated when the cyclggaited, and, of course, no perineal
pressure is generated when pedaling in standinigigrodn fact, the study by Sommer et
al. (2001) [10] confirmed that pedaling in an uptigosition does not cause any alteration

of the penile blood supply. As a matter of face tonstant pressure exerted on the bicycle
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saddle could be the cause of non-traumatic injjitigl ranging from saddle sores to more

serious disorders related to the urogenital sy$1&h

Perineal discomfort or pain is very common on adle and can be caused by various
factors that can affect the normal distributiorpogssure in the saddle. As a matter of fact,
the saddle is recognized as the major extrinsk fastor in the development of seat

discomfort and perineal pathologies during cyclibgj.

Analyzing the pressures in the saddle and comigptine factors that influence it can limit
the risk of injury. In the last decade, the measianat of pressures in the saddle and the
related compression on the perineum has been igatsd [14]. A survey of 2,774 cyclists
and 1,158 non-cyclists revealed that cycling i®eiséed with a significantly higher risk
of perineal numbness and urethral stricture deveép [12]. Up to 91% of cyclists
experienced perineal numbness. The incidence ofilereysfunction, especially in long-
distance cyclists, was found to be 13%, which gmisicantly higher than in the general
population [15]. Overall, 19% of cyclists who hadieekly distance of more than 400 km
complained of erectile dysfunction. Moreover, peahnumbness was reported by 61% of

cyclists.

In several sports, the analysis of the pressurttgeidifferent points of contact between the
athlete and a surface is now widespread. For exgmplrunning athletes, given the
increasing attention to the relationship betweeyeshkand running biomechanics [16,17],
insole-based sensors that record pressures repeasethodology used to study foot—shoe
interactions [18]. Similarly, other studies haveestigated the pressure exerted on the

saddle on horses and the correlation with back ipaiiding horses [19]. Similarly, other
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studies investigated the differences in plantassuee distribution between athletes of
different sports [20] and between different techhmgestures in athletes who practice the

same sport [21], and the effects of training ohtegue [22].

Hence, the need to study saddle pressures in tyd@di®f fundamental importance. This
review aimed to summarize in a narrative way threer literature on the saddle pressures

and the factors that influence saddle pressunesahand off-road cyclists of both genders.

2. Methods

For this review, we searched the PubMed databagketify English-language sources
using the following terms: “saddle pressures”, §a@e mapping”, “saddle design” AND
“cycling”. We also searched the bibliographiestd tetrieved articles. We have included

only English-language articles, with no publicattone limit.

3. Saddle Pressures Measurement

With technological progress, new instruments hasenbdeveloped to optimize bicycle
fitting. The measurement of pressures distributiorihe saddle is essential because it
analyzes the points of contact of the pelvis, wiieeee are very delicate biological tissues,
on the saddle. Saddle pressures are measuredarsingtrument applied directly to the
saddle and equipped with sensors. The instrumlentsathe evaluation of the contact area,
the distribution of the contact pressures, theadis¢ between the ischial tuberosities, and

the intermittence of the contact pressures. Inildé@ contact area detects the surface of
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the saddle covered by the pelvis. The distributiihe contact pressures detects the region
with a higher or lower load on the saddle. Amongsth parameters belong the vertical
force (i.e., the integral of the pressure appliedhe saddle area frame by frame and
normalized to the cyclist’s body weight), the m@aessure (i.e., the mean of the pressure
values across all mask sensors), and the peakupeeG., the highest value among the
pressures recorded) [23]. Once the ischial tubkesshave been detected, the distance
between the ischial tuberosities, i.e., how farafheey are from each other, is measured.
The intermittence of the contact pressures reptgsbea intermittent pressures exerted by
the jerks of the pelvis on the saddle. In fact, gékieluation of the pressures in the saddle
can take place in a static or dynamic mode. Iricstaaddle pressures are recorded with
cyclists sitting on the saddle, but without pedalja4]. In dynamic, the measurement of
saddle pressures takes place while the cyclistipeda defined pedaling frequency and

intensity.

4. High Saddle Pressures and Risk of Injury

In recent years, the scientific literature has satlion the analysis of the mechanical causes
of overload injuries affecting the urogenital systén cyclists [23]. The incidence of
bicycle-related urogenital symptoms varies [9]. Toreset of some disorders is only
occasional [25,26], while others, in particularsb@ssociated with perineal compression,
are more frequent [9]. Sommer et al. (2001) repbate incidence of genital numbness of
61% and erectile dysfunction of 24% in male cyslishose weekly training exceeded 400

km [10]. Few studies have analyzed the incidenageoftal and pelvic floor symptoms in
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female cyclists [27]. Nonetheless, there is evigdahat female cyclists suffer from similar
problems as male cyclists, ranging from minor d&sions to serious conditions, such as
pain and neuropathies [27]. The cause of both glenitmbness and erectile dysfunction
appears to be compression of the pudendal nervegdpedaling [23]. Considering that
excessive pressures leads to transient hypoxentlaeaierve [28], the duration of these
compressions seems to be more relevant than taesity of the pressure itself [9,29].
Several studies in the literature show that exeegsiessures in the anterior region of the
saddle are harmful to erectile tissues comparpdassures recorded in the posterior region
of the saddle [30,31]. For this reason, reducirgdbmpressive load on soft tissues is the

main goal for the development of bicycle saddlengeimies [32].

The factors that influence the distribution of g@®s in the saddle are analyzed in the

following paragraphs and are shown in Table 1.

5. Influence of Sitting Time on the Bike on SadBlessures

Cyclists, while pedaling, are not always sittingtlwe saddle. In fact, very often cyclists
pedal standing up, and this factor is given by @ea attitudes, the characteristics of the

route, and the specialty practiced.

In fact, mountain bikers frequently find themselwesn upright position for very steep
and bumpy climbs, where it is necessary to relgesater power peaks to tackle them, and

for very long descents, where the cyclist is nititng) in the saddle to over- come obstacles.
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Conversely, road cyclists spend more time sittimthe saddle due to the regularity of their
routes and the lack of obstacles to overcome. Bsafeal road cyclists cover
approximately 30,000 to 35,000 km per year betwesning and competition, and some
races, such as the Tour de France, last 21 da@® (+bf racing), during which cyclists

cover more than 3500 km [40].

Time spent sitting in the saddle could be a faktthuencing saddle pressures and related
urogenital pathologies. A few studies in the litara have analyzed saddle pres- sures for
a long time in a sitting position. Often, pedalstgnding up and taking breaks during the
activity are good habits to reduce pressure osdlele and prevent the onset of urogenital
pathologies [39]. In this sense, off-road cyclietsre an advantage over road cyclists

because the discipline itself often invites therpedal standing up.

It could be interesting to evaluate the pressureéhan saddle over time to know the
maximum time window in which it is possible to ramsaeated in the saddle while pedaling

while maintaining comfort.

6. Influence of Pedaling Intensity on Saddle Pressu

Several studies measuring saddle pressures inardgmmode confirmed that pedal- ing

intensity could be an influencing factor.

Carpes et al. (2009) [33] evaluated the effect® different pedaling intensities (150 W
and 300 W) and 2 saddle designs (plain saddle aletllsaddle) on saddle pressure in

male and female cyclists, showing that with therptaddle, the mean pressure increased
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with increasing pedaling intensity in males. Funthere, using the holed saddle, the mean

pressure increased with increasing pedaling iftgngigardless of gender.

The study by Bressel et al. (2005) [34] investidapgessures at different pedaling

intensities (118 W and 300 £ 82.4 W) and diffetesubd positions (tops and drops) in male
and female cyclists. The authors found decreasesbpres over most regions of the saddle
at higher pedaling intensities and the drop harsitipn. This may have occurred due to a

partial weight shift from the saddle to the pedagedaling intensity is increased.

7. Influence of Pedaling Frequency on Saddle Pressu

Pedaling frequency could vary the pressure digiohun the saddle. A very high pedaling
frequency could lead to higher pressure valuebersaddle. In this case, it is advisable to

change to a higher gear [39].

8. Influence of Trunk Position and Hand PositionSadldle Pressures

The position of the cyclist’s trunk and hand colifuience the pressure distribution in the
saddle. Carpes et al. (2009) [13] analyzed thecesffef trunk position on the pressures
exerted in two saddles with different designs oreational cyclists of both genders seated
in a bicycle in static position. In the latter sfudaddle pressures were measured on two
saddle models (i.e., with and without holes) ant¢ina trunk positions (i.e., upright and
forward). The results of this study showed no digant differences in saddle pressures

between the two trunk positions in females. Insteadignificant difference was found

94



between trunk positions using the saddle with hiol@sales. In detail, the forward position

of the trunk led to lower pressure using the sadallle holes.

In contrast, the study by Potter et al. (2008) [(BiHt investigated the influence of gender
and hand position on saddle pressures showed thet wyclists pedal and move hand
position from the tops to drops, the centers oguee in all regions move forward, the
normalized force and maximum pressure on the pgostezgion decrease, and female

cyclists show an increase in normalized force aagimum pressure in the anterior region.

Bressel et al. (2003) [38] showed an undesiraldsgure to the anterior perineum when

the cyclist leans forward on the handlebar of tlogdbe.

In another study by Bressel et al. (2005) [34],abthors found that the drop hand position
decreased saddle pressures in most regions. Tl lsave occurred due to a partial shift
of the cyclists’ weight from the saddle to the Habdrs as a result of moving from the top

to drop the position of the hands on the handlebars

However, it has been suggested that body weightrigean the saddle at the level of the

ischial tuberosities is an effective strategy tmimize pressure on the perineum [32].

9. Influence of Handlebars Position on Saddle Fress

In the study by Partin et al. (2012) [37], it wasnmbnstrated that the position of the
handlebars can influence the pressures in the saitdiemale cyclists. Three different

handlebar-to-saddle heights were evaluated (atlesdelekl, lower than saddle, or higher
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than saddle), and low handlebar-to-saddle placemastassociated with greater perineal

saddle pressure.

10. Influence of Saddle Design on Saddle Pressures

Several studies have investigated the effectsdufledype on saddle pressures. Indeed, the
saddle appears to be the main risk factor for uribgle problems. This aspect has

contributed to the development of saddles with designs.

Potter et al. (2008) [31] evaluated the influenéegwn saddle designs (saddle A, i.e.,
gender-neutral; saddle B, i.e., female-specificabgpting two different hand positions in
female cyclists. Using saddle B showed a redudtiahe normalized maximum anterior
pressure with drop hand position compared to safldldo significant differences were
found between saddles in the maximum pressuretaphhand position or in the posterior

region with drop hand position.

The study by Carpes et al. (2009) [33] investigahedinfluence on pressure in 2 saddles
with different designs (plain saddle and holed $&)dat 2 pedaling intensities (150 W and
300 W) in male and female cyclists. The resultthsf study showed that the saddle design
had no effect on pressures, with the only significdifference found when the peak
pressure was compared between the holed saddlthanqdain saddle during a pedaling
intensity of 150 W in females. Higher pressures bancaused by contact with small
surfaces on the edge of the saddle hole. On tlre $daldle, the pressures were distributed
over the entire surface, while on the holed sadtilere were points of higher pressure,
which were given by the ischial tuberosities. Tlhst aspect indicates that the contact of
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the body weight was mainly on the ischial tuberesjtreducing the pressures on the

perineal area.

11. Influence of Saddle Height on Saddle Pressures

The optimal saddle height is an important aspect fanctional bike fitting [4]. The effects
of changes in saddle height on the influence ahpat pressures and discomfort and pain
have not been extensively studied. The study bizd@ze et al. (2003) [41] demonstrated
that pressure distribution and muscle activatiom parameters related to discomfort.
Setting an appropriate saddle height is very ingmirto increase comfort, pre- vent
injuries, make pedaling more efficient, and impr@ezformance [36,42]. The scientific
literature reports different methods to adjustiteeght of the saddle [42]. Some of these
take into account the anthropometric measureménite @yclist, and others use 2D or 3D
kinematic analysis evaluating the range of thetjairgle [43]. Christiaans et al. (1998) [5]
suggested that the best saddle height for comfast 106% of the inseam height in men
and 107% of the inseam height in women. Anothedystoy Scoz et al. (2022) [43]
evaluated subjects with a standardized bicyclen§itprocedure based on 3D kinematic
data. The results of this study demonstrated tttegf across 15 angular ranges (minimum
ankle, maximal ankle, ankle range, ankle angle aitom, maximum knee flexion,
maximum knee extension, knee angle range, kneafdraf foot, knee forward of spindle,
knee travel tilt, knee lateral tilt, knee latenavel, hip angle closed, hip angle open, hip
angle range, hip lateral travel, back angle, stenddgle to wrist, shoulder angle to elbow)

was sufficient to produce large, long-term effemmgain, fatigue, and comfort. The study
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by Gamez et al. (2008) investigated the influeric@ different saddle heights (i.e., 684.1
mm, 709.1 mm, 734.1 mm) on comfort in cyclists. Buhors found that the 709.1 mm
high saddle was best because the peak pressuruish and lower-limb muscle

activation decreased [35]. The study by Verma.gPal16) [36] investigated the influence
of different saddle positions (neutral, upward, desard, forward, backward) on saddle
pressures dis- tribution. The authors found thatdiscomfort increased with the upward
and backward positions compared to neutral. Thenmmuim force became less negative
with the forward position compared to the neutrasipon. The degree of variability of

CoP increased in the upward and backward positions.

A recent work by Wang et al. (2020) showed that $addle height is related to increased

knee adduction moments with longer duration ineattonal cyclists [44].

Considering that a higher-than-normal saddle heightd generate higher pressures, it is
very important to adjust the saddle height andothekwardness of the saddle to prevent

urogenital pathologies and ensure greater comportyfclists.

12. Influence of Padded Shorts on Saddle Pressures

A recent study evaluated the influence of variouding padded shorts on saddle pressures

in order to preserve the perineal region and irege¢he level of comfort [23].
A total of 3 padded shorts with different densitieeye evaluated: basic (60 kg/m3),

intermediate (80 kg/m3), and resistance (80 and K@®n3). Saddle pressures were

recorded during three trials of twenty minutes eackvhich cyclists wore one of the three
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padded shorts for each trial. The authors fountithigavertical force and the mean pressure
on the saddle significantly decreased using thecbasd endurance padded shorts.
Moreover, the peak pressure on the correspondininga® area of cyclists was
significantly increased only with the use of theibgadded shorts. Further, the increase
in the length of the center of pressure of thed®lpd shorts at the end of the test suggested
that the basic material was starting to lose #stét properties due to its low foam density
(60 kg/m3). This study, in line with others in titerature, suggests that it is important to

consider cyclists’ padded shorts as a factor imitireg saddle pressures [23,45].

13. Muscle Activity and Saddle Pressures

Several studies in the literature have evaluatedctauactivity to improve pedaling
economy and efficiency [46-50]. The major muscigscally studied were the gluteus
maximus (GM), rectus femoris (RF), vastus later@li), vastus medialis (VM), biceps
femoris (BF, long head), medial gastrocnemius (M&&y tibialis anterior (TA) [48]. The
study by McDonald et al. (2021) [51] evaluated mescle activity of these muscles and
the changes in the saddle pressure mapping indeXeslteration of the effective seat
tube angle (ESTA). To vary the latter, the handiglaad the saddle were moved forwards
or backwards simultaneously by 3 cm. The main figdioncerns the muscle activity of
the BF, GM, and MG, which increased progressivedynfthe forwards to the backwards
position. In contrast, the muscle activity of TAcdeased progressively from the forwards
to the backwards position. No changes were fourtiérmuscle activity of VM, VL, and

RF across the different positions. Regarding sapldissures, a decrease in the percentage
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of frontal versus rear pressure was found whenqggaahts moved from the backwards to
the forwards saddle position. A decrease in thennpedic pressure was also found from
the backwards to the forwards position. The regiflthis study suggest that cyclists in the
back position had greater pelvic rotation, therefancreasing perineal pressure and
anterior/posterior pressure distribution to compéssThe results were opposite when the

saddle was moved forward.

14. Gender Differences on Saddle Pressures

The scientific literature shows several studies llage investigated the difference between
male and female cyclists in different aspects. @ifierence in pelvic geometry, power

output, and bike fit can influence saddle pressufesexample, the greater width between
the ischial tuberosities in female cyclists couddiuce the load on the posterior bone

structures and increase the load on the peringadng31].

The study by Potter et al. (2008) [31] analyzeddgerdifferences in the distribution of
pressures in the saddle. The main aim was to ilgastthe influence of gender, power,
and hand position on saddle pressure distributidme results confirmed a gender
difference in saddle pressures. In detail, withhtéwed in drop position, only female cyclists

showed an increase in the normalized force andmaxi pressure in the anterior region.

Similarly, Carpes et al. (2009) also found sigmifitdifferences between genders with the

same workload.
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Bressel et al. (2005) [34] showed that females,pamed with males, did not show lower

peak total, posterior, left, and right pressurethendrop position.

An interesting paper by Hermans et al. (2016) @djlored the prevalence and duration
of urogenital overuse injuries and sexual dysfuumgiin female cyclists, showing that after
at least 2 h of cycling, dysuria (8.8%), strang#ia.2%), genital numbness (34.9%), and

vulvar discomfort (40.0%) were found.

Coutant-Foulc et al. (2014) [53] reported that fer@yclists cycling long distances each

week resulted in unilateral swelling of the labiomjus.

These findings suggest that it is essential to tate@ account the gender of cyclists in

changes in saddle pressures to prevent perinealdg)

15. Road vs. Off-Road Cyclists: Difference in Saddtessures

Between the road bike and the mountain bike, tlaes substantial differences, both
structural and related to the sport, that involvdifeerence in the variation of saddle
pressures. The mountain bike does not allow diffiegeips, such as with the road bike.
For this reason, saddle pressures in mountaindyiglests cannot be influenced by different
grips. However, the off-road rough trails causecpssions in the cyclist's perineum.
Genital numbness and erectile dysfunction can rdsarh repeated perineal impacts on

the bicycle saddle (micro-trauma).

Sanford et al. (2018) [24] evaluated the relatignbletween oscillation forces and perineal

pressures among cyclists in a simulated laboraettyng by demonstrating a strong linear
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relationship between oscillation magnitude and ne&i pressure during pedaling,

mitigated by a saddle post shock absorber.

Studies in the scientific literature report thatumtain bikers have a high frequency of
extra-testicular and testicular disorders, assediatith clinical symptoms in half of the
bikers. These may be associated with a high ratepgfated micro-traumas of the scrotal
contents [54]. Indeed, mountain bikers are at &drigisk of scrotal disorders than road
cyclists [55]. Indeed, a prospective cohort stugtyDettori et al. (2004) [56], aimed at
exploring the occurrence of erectile dysfunctionewlusing a mountain bicycle/road
bicycle after a long-distance cycling event, shotird riding a mountain bicycle increases

the risk of erectile dysfunction compared to a rbaycle on a long-distance ride.

Mitterberger et al. (2008) [55] investigated thekrof scrotal disorders in mountain bikers
and on-road cyclists. The results showed that 9#f&tomntain bikers and 48% of on-road

cyclists presented with abnormal findings on atst¢natrasound.

To the best of our knowledge, there are very fewdiss that have analyzed saddle
pressures during outdoor mountain biking. In moumnibéking, there are many factors that
can influence the pressure in the saddle. Factiotsas tire pressure, shock pressure, shock
type, number of shock absorbers, terrain, climbizgd saddle contact time must be
considered. Some of these factors are difficulevaluate in the laboratory on cycle
simulators, which is why it is interesting to e\atlel the evolution of pressure in the saddle

during outdoor pedaling on a mountain bike.

Few studies have so far analyzed the correlatibndsn pressures in the different contact

points, and knowing the pressures on the handlelvatise saddle, and in the soles of the
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shoes could give us the possibility to identify fposl anomalies of the cyclist and
inadequate or inefficient pedaling techniques amdlé¢velop protocols to make man—

bicycle interactions efficient and comfortable.

16. Conclusions

The analysis of saddle pressures is of fundamémabrtance to prevent the onset of
urogenital pathologies in cyclists and to guaratieen a greater perception of comfort.
The pressures under the perineal area of cyclisthamful, and the main objective of
bike fitting is to limit them as much as possibl&is review suggests the importance of
knowing the different factors that can influence thstribution of pressures in the saddle.
Among these, technicians should be taking into aetohe influence of (a) pedaling

intensity and frequency, (b) trunk position anddaosition, (c) handlebars position, (d)
saddle design and saddle height during a bikeofitelach cyclist. These factors are
individual and depend, among others, on gendehrepmbmetric measurements, and the
type of bike. Moreover, they should recommend tlostrsuitable type of padded shorts to
use and give advice, such as getting up from ttldlsavhile pedaling in the case of long

periods of sitting time.

Considering which factors influence pressure in shddle is useful for cycling prac-
titioners. In particular, the use of devices capatfl recording pressure in the saddle by
technicians could make pedaling more efficient emaifortable. In fact, limiting pressure

in the pubic region is the main objective to enadequate comfort for cyclists.
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All the variables that can influence pressure engaddle analyzed in this review represent
risk factors for urogenital pathologies in cyclidfghen fitting a cyclist’s bike, these factors
should be analyzed, taking into consideration off@ameters, such as the weight, age,

and level of the cyclist.

Professional bike fitters, cyclists, and traineas cise these findings to improve pedaling

[43].

Table 1. Factors influencing saddle pressure distributions.

First Author Year Measurements Main Results
Influence of pedaling on saddle pressures
Influence of 2 different pedaling intensities Thfﬂ?;i?tP1:;5:;f;ﬁ;ﬁi:si;giﬁfgf&;‘ge ie(gggng
Carpes, EP. [33] 2009 (150 W and 300 W) on saddle pressures in Y R ! &

saddle, the mean pressure increased with increasing

maleand female cyslists. pedaling intensity, regardless of gender.

Influence of different pedaling intensities
(118 W and 300 = 82.4 W) with different

The pressures decreased over most regions of the

Bressel, E. [34] 2005 hand position (tops and drops) on saddle saddle at higher pedalmg 1_ntensmea and drop hand
; 2 position.
pressures in male and female cyclists.
Influence of saddle on saddle pressures
Using the female-specific saddle, the normalized
Influence of two saddle designs maximum anterior pressure with drop hand position
Potter, ]J. [31] 2008 (gender-neutral and female-specific) with  decreased compared to the gender-neutral saddle. No
e two different hand positions in female significant differences were found between saddles in
cyclists. the maximum pressure with tops hand position or in
the posterior region with drop hand position.
Influence of 2 saddle designs (plain saddle Ihe SAdd.]E C&.s 180 héd TO/eHgerprupressures; wath the
. LT oo only significant difference found when the peak
and holed saddle) at 2 pedaling intensities
Carpes, EP. [33] 2009 i pressure was compared between the holed saddle and
(150 W and 300 W) in male and female . " _ "
y the plain saddle during a pedaling intensity of 150 W
cyclists. 3
in females.
Influence of three different saddle heights The best level of comfort was the intermediate one;
Gamez, J. [35] 2008 on comfort in cyclists (measuring saddle with this height, the peak pressure distribution and
pressures). activation of lower limb muscles decreased.

Influence of five different saddle positions 1he dls comfort increased with upward.ar.\d backward

{rieutral, upward, downward, Forward, and positions compared to neutral. The minimum force
Verma, R. [36] 2016 sapwarc, el % became less negative with forward position compared

backward) on comfort in cyclists
(measuring saddle pressures).

to neutral position. The degree of variability of CoP
increased in the upward and backward position.
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Influence of handlebars on saddle pressures

Influence of three different
handlebar-to-saddle heights (at saddle Low handlebar-to-saddle placement was associated
level, lower than saddle, or higher than with greater perineal saddle pressure.
saddle) on saddle pressures.

Partin, SN.[37] 2012

Influence of trunk position and hand position on saddle pressures

No significant differences in saddles pressures
between the two trunk positions in females. The
forward position of the trunk led to lower pressures
using the saddle with holes in males.

Effects of two trunk positions (upright and
Carpes, EP. [13] 2009 forward) on the pressures exerted in two
saddles with different designs.

From tops to drops hand position, the CoP moved
forward, the normalized force and maximum pressure
on the posterior region decreased. Only female cyclists
showed an increased normalized force and maximum

pressure in the anterior region.

Influence of two hand positions (tops and

Potter, JJ. [31] 2008 drops) on saddle pressures.

With the cyclist forward on the handlebars (drops
position), there was an undesirable anterior pressure
at the perineum.

Influence of hand position (tops and drops)

S - [38
Bressel, E. [38] 2003 on saddle pressures.

Influence of hand position (tops and drops) ~ The drops hand position decreased saddle pressures

S . [34
Bressel, E. [34] 2005 on saddle pressures. in most regions.

Influence of padded shorts on saddle pressures

The vertical force and mean pressure on the saddle

Influence of three padded shorts with significantly decreased using the basic and endurance
Marcolin, G. [23] 2015 different densities (basic, intermediate, padded shorts. The peak pressure on the perineal area
resistance) on saddle pressures. significantly increased only using the basic padded
shorts.

Influence of sitting time on the bike on saddle pressures

Often, pedaling standing up and taking breaks during
pedaling are good habits to reduce saddle pressures
and prevent the onset of urogenital pathologies.

Influence of sitting time or standing up on

Bond, R[] L5 pedals on saddle pressures.

Legend: W, Watt; CoP, Centre of Pressure.

References

1.Bassett, D.R., Jr.; Pucher, J.; Buehler, R.; Thamp®.L.; Crouter, S.E. Walking, cycling, and olpgsates in
Europe, North America, and Australih.Phys. Act. HealtRB008 5, 795-814. CrossReff[PubMeqd

2.0ja, P.; Titze, S.; Bauman, A.; de Geus, B.; KréhnReger-Nash, B.; Kohlberger, T. Health benefitsycling: A
systematic review.

Scand. J. Med. Sci. Sports 2011, 21,496-509. [CrossRef] [PubMed]

3. Impellizzeri, F.M.; Marcora, S.M. The physiology wfountain biking.Sports Med2007, 37, 59—71. CrossRef

[PubMed

4.Swart, J.; Holliday, W. Cycling Biomechanics Optaaiion—The (R) Evolution of Bicycle Fittin.urr. Sports Med.

Rep.2019 18, 490-496. CrossRef[PubMed

5. Christiaans, H.H.; Bremner, A. Comfort on bicyctesl the validity of a commercial bicycle fittingssgm. Appl.

Ergon.1998 29, 201-211. CrossReff

6.Quesada, J.I.P.; Kerr, Z.Y.; Bertucci, W.M.; Carge®. The association of bike fitting with injugomfort, and pain

during cycling: An international retrospective seyvEur. J. Sport. ScR019 19, 842-849. CrossRelf

7.Warburton, D.E.; Nicol, C.W.; Bredin, S.S. Heal#mkfits of physical activity: The evidenc@MAJ 2006 174 801—

809. [CrossRdf

8. Hillman, M. Cycling offers important health bensfénd should be encourag&#1J 1997, 315, 490. CrossRef

9. Leibovitch, I.; Mor, Y. The vicious cycling: Bicyiclg related urogenital disorderSur. Urol. 2005 47, 277-286.

[CrossRéff

10. Sommer, F.; Konig, D.; Graf, C.; Schwarzer, U.; tBen, C.; Klotz, T.; Engelmann, U. Impotence andige
numbness in cyclists.

Int. J. Sports Med. 2001, 22, 410-413. [CrossRef]

11. Dettori, N.J.; Norvell, D.C. Non-traumatic bicydtguries: A review of the literatureSports Med.2006 36, 7—
18. [CrossRef[PubMed

12. Litwinowicz, K.; Choroszy, M.; Wrobel, A. Strategior Reducing the Impact of Cycling on the Perinein
Healthy Males: Systematic Review and Meta-anal\Bperts Med2021, 51, 275-287. CrossReff[PubMeq

13. Carpes, F.P.; Dagnese, F.; Kleinpaul, J.F.; MarhB®.A.; Mota, C.B. Bicycle saddle pressure: Bffeof trunk
position and saddle design on healthy subjédtsl. Int. 2009 82, 8-11. CrossRef

14. Spears, I.R.; Cummins, N.K.; Brenchley, Z.; Dongh@Qe Turnbull, C.; Burton, S.; Macho, G.A. Theesf of

105



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.
31.
32.
33.

34.

35.

36.

37.

38.

39.
40.
41.

saddle design on stresses in the perineum duritijngyMed. Sci. Sports Exer2003 35, 1620-1625.rossRéf
[PubMeqd

Breda, G.; Piazza, N.; Bernardi, V.; Lunardon@ruso, A. Development of a new geometric bicyatidée for the
maintenance of genital-perineal vascular perfusloBex. Med2005 2, 605—-611. CrossRelf

Wiegerinck, J.1.; Boyd, J.; Yoder, J.C.; Abbey, A.Nlunley, J.A.; Queen, R.M. Differences in plantzading
between training shoes and racing flats at a sddeted running speedait Posture2009 29, 514-519.
[CrossRef[PubMed

Willy, R.W.; Davis, |.S. Kinematic and kinetic comuson of running in standard and minimalist shd&sd. Sci.
Sports Exerc2014, 46,318-323. [CrossRef] [PubMed]

Dixon, S.J. Use of pressure insoles to compar@éae-$oading for modern running shod&rgonomic2008 51,
1503-1514.CrossRef

Dittmann, M.T.; Arpagaus, S.; Hungerbuhler, V.; Weupt, M.A.; Latif, S.N. “Feel the Force"—Prevaterof
Subjectively Assessed Saddle Fit Problems in SRidisig Horses and Their Association With SaddlesBuee
Measurements and Back PgirEquine Vet. Sci. 2021, 99, 103388. [CrossRef]

Feka, K.; Pomara, F.; Russo, G.; Piccione, M.Ctrueei, M.; Giustino, V.; Messina, G.; lovane, Ralma, A;;
Bianco, A. How do sports affect static baropodog®thn observational study among women living inteetn
Italy. Hum. Mov.2019 20, 9-16. CrossRdf

Lambrich, J.; Muehlbauer, T. Effect of stroke dires on plantar pressure in each foot during tirefand and
backhand stroke among healthy adult tennis plagéudifferent performance levelsBMC Sports Sci. Med.
Rehabil. 2023 15, 23. [CrossRgf[PubMeqd

Bonaventura, R.E.; Giustino, V.; Chiaramonte, GusBniani, A.; Smirni, D.; Battaglia, G.; Messin@,; Oliveri,
M. Investigating prismatic adaptation effects imdigrip strength and in plantar pressure in hedtlbjects.Gait
Posture202Qq 76, 264—-269. CrossRef[PubMed

Marcolin, G.; Petrone, N.; Reggiani, C.; Panizzdid.; Paoli, A. Biomechanical Comparison of Shdaigh
Different Pads: An Insight into the Perineum Protetissue Medicine2015 94, e1186. CrossRef[PubMed
Sanford, T.; Gadzinski, A.J.; Gaither, T.; Ostedhel.C.; Murphy, G.P.; Carroll, P.R.; Breyer, B.Effect of
Oscillation on Perineal Pressure in Cyclists: Iwgtions for Micro-TraumaSex. Med.2018 6, 239-247.
[CrossRef[PubMed

Somerhausen, N.D.S.A.; Geurde, B.; Couvreur, Yineal nodular induration: The ‘third testicle ogthyclist’,
an under- recognized pseudotumdatistopathology2003 42, 615-616. CrossReff

Solomon, S.; Cappa, K.G. Impotence and bicyclingeldlom-reported connectioRostgrad. Med1987, 81, 99—
102. [CrossRef

Trofaier, M.L.; Schneidinger, C.; Marschalek, Jartdal, E.; Umek, W. Pelvic floor symptoms in femeyelists
and possible remedies: A narrative reviéw. Urogynecol. J2016 27, 513-519. CrossReff

Guiotto, A.; Spolaor, F.; Albani, G.; Sawacha, 2u@l Proprioceptive Stimuli Change Saddle Pressaorblale
Cyclists during Different Hand Positions? An Expitmry Study of the Effect of the Equis@sDevice.Sports
2022 10, 88. [CrossRelf

Sommer, F.; Goldstein, |.; Korda, J.B. Bicycle ngliand erectile dysfunction: A reviedv.Sex. Med201Q 7, 2346—
2358. CrossRéf

Schrader, S.M.; Breitenstein, M.J.; Clark, J.C.wk¢ B.D.; Turner, T.W. Nocturnal penile tumesceaod
rigidity testing in bicycling patrol officersl. Androl.2002 23, 927-934.

Potter, J.J.; Sauer, J.L.; Weisshaar, C.L.; Thde@,; Ploeg, H.L. Gender differences in bicyclddia pressure
distribution during seated cyclinled. Sci. Sports Exer2008 40, 1126-1134.CrossRef[PubMeqd

Lowe, B.D.; Schrader, S.M.; Breitenstein, M.J. Effef bicycle saddle designs on the pressure tpehiaeum of the
bicyclist. Med. Sci. Sports Exer2004 36, 1055-1062.CrossRef[PubMed

Carpes, F.P.; Dagnese, F.; Kleinpaul, J.F.; MarthA.; Mota, C.B. Effects of workload on seat ga® while
cycling with two different saddled. Sex. Med2009 6, 2728-2735.CrossReff[PubMeq

Bressel, E.; Cronin, J. Bicycle seat interface qres Reliability, validity, and influence of hamwsition and
workload.J. Biomech2005, 38,1325-1331. [CrossRef] [PubMed]

Gamez, J.; Zarzoso, M.; Raventos, A.; Valero, Mcaftara, E.; Lopez, A.; Prat, J.; Vera, P. Deteation of the
optimal saddle height for leisure cycling (P188)g. Sport 2008 255-260.

Verma, R.; Hansen, E.A.; de Zee, M.; Madelein&ffect of seat positions on discomfort, musclevatibn, pressure
distribution and pedal force during cyclin.Electromyogr. KinesioR016 27, 78—86. CrossRef

Partin, S.N.; Connell, K.A.; Schrader, S.; LaCombgl.owe, B.; Sweeney, A.; Reutman, S.; Wang;Taennis, C.;
Melman, A.; et al. The bar sinister: Does handldbael damage the pelvic floor in female cyclisisBex. Med.
2012 9, 1367-1373.¢rossRef

Bressel, E.; Larson, B.J. Bicycle seat designstheid effect on pelvic angle, trunk angle, and catnfMed. Sci.
Sports Exerc2003 35, 327-332. [CrossRef]

Bond, R.E. Distance Bicycling May Cause Ischemiaitdpathy of PenisPhys. Sportsmedl975 3, 54-56.
[CrossRef

Lucia, A.; Hoyos, J.; Chicharro, J.L. Physiology mbfessional road cyclingSports Med2001, 31, 325-337.
[CrossRéf

de Looze, M.P.; Kuijt-Evers, L.F.; van Dieen, JttiBg comfort and discomfort and the relationshipih

106



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

objective measuresrgonomics 2003, 46,985-997. [CrossRef] [PubMed]

Bini, R.; Hume, P.A.; Croft, J.L. Effects of bicecbaddle height on knee injury risk and cyclinggrenance Sports
Med.2011,41, 463-476. CrossRef[PubMeqd

Scoz, R.D.; de Oliveira, P.R.; Santos, C.S.; Pih®,; Melo-Silva, C.A.; de Judice, A.F.T.; Mend&s,B.; Ferreira,
L.M.A.; Amorim, C.F. Long-Term Effects of a Kinematic Bikefitting Method on Pain, Comfort, and Fatigue: A
Prospective Cohort Study. Int. J. Environ. Res. Public Health 2022, 19, 12949. [CrossRef] [PubMed]

Wang, Y.; Liang, L.; Wang, D.; Tang, Y.; Wu, X.;,lLi.; Liu, Y. Cycling with Low Saddle Height is Reted to
Increased Knee Adduction Moments in Healthy Re@pat Cyclists.Eur. J. Sport Sci202Q 20, 461-467.
[CrossRef[PubMed

Mellion, M.B. Common cycling injuries. ManagementigreventionSports Med1991, 11, 52—-70. CrossRef
Baum, B.S.; Li, L. Lower extremity muscle activitigluring cycling are influenced by load and freqyerd.
Electromyogr. Kinesio003, 13, 181-190. [CrossRef]

Dorel, S.; Drouet, J.M.; Couturier, A.; Champoux,, Yug, F. Changes of pedaling technique and muscle
coordination during an exhaustive exercided. Sci. Sports Exer2009 41, 1277-1286.(rossRelf

Hug, F.; Dorel, S. Electromyographic analysis afgding: A review.J. Electromyogr. KinesioR009 19, 182-198.
[CrossRef

O'Bryan, S.J.; Brown, N.A,; Billaut, F.; Rouffet,.B. Changes in muscle coordination and power oulpuing
sprint cycling.Neurosci. Lett. 2014, 576, 11-16. [CrossRef]

Saunders, M.J.; Evans, E.M.; Arngrimsson, S.A.jsah, J.D.; Warren, G.L.; Cureton, K.J. Muscle \ation
and the slow component rise in oxygen uptake duciding. Med. Sci. Sports Exer@00Q 32, 2040-2045.
[CrossReff

McDonald, R.; Holliday, W.; Swart, J. Muscle re¢rnént patterns and saddle pressure indexes wihatitins in
effective seat tube angl8ports Med. Health S&@022, 4, 29-37. CrossRef[PubMed

Hermans, T.J.; Wijn, R.P.; Winkens, B.; Van Keraduk, P.E. Urogenital and Sexual Complaints in Her@aib
Cyclists—A Cross-Sectional Study. Sex. Med2016 13, 40-45. CrossRef[PubMeq

Coutant-Foulc, P.; Lewis, F.M.; Berville, S.; JarssB.; Guihard, P.; Renaut, J.J.; Plantier, Floda, E.;
Moyal-Barracco, M. Unilateral vulval swelling in cysts: A report of 8 cased. Low. Genit. Tract Di014 18,
e84—e89.CrossRef[PubMed

Frauscher, F.; Klauser, A.; Hobisch, A.; Pallwdir, Stenzl, A. Subclinical microtraumatisation dietscrotal
contents in extreme mountain bikingancet2000 356, 1414. CrossRef[PubMed

Mitterberger, M.; Pinggera, G.M.; Neuwirt, H.; Gegelli, D.; Pelzer, A.; Bartsch, G.; Strasser,Giadl, J.; Pallwein,
L.; FrauscherF. Do mountain bikers have a higher risk of scrotal disorders than on-road cyclists? Clin. J. Sport
Med. 2008, 18,49-54. [CrossRef] [PubMed]

Dettori, J.R.; Koepsell, T.D.; Cummings, P.; CormaM. Erectile dysfunction after a long-distangeling event:
Associations with bicycle characteristids.Urol. 2004 172, 637—-641. CrossRef

4.2.2 Hamstring and lower back muscles flexibilityas predictor of saddle pressures

in young off-road cyclists

Domenico Savio Salvatore Vicari, Antonino Patti, Vé&erio Giustino, Giacomo

Belmonte, Giuseppe Alamia, Marco Gervasi, Eneko Feandez Pefia, Antonio Palma,

Federico Schena, Antonino Bianco and Ewan Thomas

Abstract

107



Introduction: While pedaling, cyclists rest the@lys on the saddle, generating pressures
on it. The pressures generated on the saddle flwenned by several factors. This study
aimed to evaluate whether the flexibility of harmsirand lower back muscles could be

considered a predictor of pressures in the antezgion (PAR) on the saddle.

Methods: For this study, 15 young off-road Ital@yclists (11m, 4f) aged 13-16 (ltalian
Federation categories: ES1, ES2, AL1l, AL2) wereruieed. Each participant was
administered the V sit-and-reach (VSR) to measueénamstring and lower back muscles
flexibility. Subsequently, after performing a bikiting, the saddle pressures during
pedaling at three different intensities (100, 1480 W), with participants on their own
bike installed on specific bike roller, were recmid The parameters considered for

statistical analysis were front pressure (%) arek lpgessure (%).

Results: The hamstring and lower back musclesHiktyi, as result of the VSR test, was
a predictor of saddle PAR at 100 W (R2 = 0.362,(@(348), at 140 W (R2 = 0.291, p =

0.038), and at 180 W (R2 = 0.349, p = 0.020) ofgtiad intensity.

Conclusion: Higher values of the VSR could pretbeter values of the pressures exerted
in the front region of the saddle. The hamstrind lnver back muscles flexibility may be

considered a predictor of PAR on the saddle.

KEYWORDS

biomechanics, cycling, bicycle, bike, pelvic tilto-genital pathologies

1. Introduction
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Recreational and competitive cycling is constamtkpanding and evolving around the
world (1, 2). In Italy, in the last decade, off-tbaycling has experienced an exponential
growth in popularity, thanks also to the contribatiof cycling schools sponsored by the

Italian Cycling Federation which promote this sporiong young people.

Cycling, due to the peculiar position in which atiels must remain for prolonged periods
with the trunk leaning forward and maintaining thmbar flexion to reach the handlebars
with the hands, can lead to alterations in the mmalgmy of the spine and pelvis (3). The
spine adaptations on the sagittal plane could bésdlifferent based on the discipline
practiced. In fact, Muyer et al. (2016) found thaad cyclists show greater thoracic

kyphosis than cross-country cyclists

(4). These findings could also depend on the diffepostures that cyclists adopt on bikes
with different geometries. The handlebars of thedrbike allow for different grips: low,
with greater trunk flexion to be more aerodynanaind high, with less forward trunk
flexion to be more comfortable. The mountain bi&e,the other hand, has a handlebar

with a single grip and the trunk flexion is inflied only by the bike fitting (5).

In this sport, due to the continuous stressesoit@air at the three points of contact between
the cyclist and the bike (i.e., saddle, handlebkand, pedals) (6), dysfunctions such as the

numbness of the hands, feet, or pubic region dae &).

Cross-country, the most popular mountain bikingnéves a mass start endurance
competition characterized by off-road circuits wabntinuous climbs and descents on
uneven terrains and field trails (7, 8). The higaeergy expenditure of off-road cyclists

compared to on-road cyclists could also be duledaritense and repeated isometric muscle
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contractions of upper and lower limbs, necessamgbsorb shocks and vibrations caused
by uneven terrain. Similarly, athletes require leighevels of energy expenditure to

stabilize the bicycle when crossing obstacles anchanage descents and climbs (2, 8).
The vibrations caused by the uneven terrain, intiahdto causing an increase in energy
expenditure, could cause impacts to the cycligisngum on the saddle and it would seem
that uro-genital pathologies could derive precidedyn the repeated microtraumas caused
by these continuous impacts (5). As a matter df fa€road cyclists usually use bicycles

with front or full suspension in order to reducestle stress on upper and lower limbs and

to absorb shocks on the saddle (7).

While pedaling, cyclists rest their pelvis on thddle, generating pressures on it. However,
abnormal pressures, especially in the anteriooregiould cause acute and chronic uro-
genital pathologies. The pressures generated aatlie are influenced by several factors

as analyzed in a recent review

(5). These factors include the intensity and freqyeof pedaling, the cycling discipline,

the position of the trunk, and the different anat@ihconformation of the pelvis.

As regards the different conformation of the pelvedated to the athletes’ gender, it has
already been extensively described in the sciernitrature (9, 10). However, it is also

necessary to consider the position of the pelvigiation to the sagittal plane, which can
vary from athlete to another (11). In fact, thevigektan rotate around the femoral heads,
following the bi- coxofemoral axis (12). This ardposterior rotation represents the pelvic
tilt (PT), which is the angle between the vertioa® and the line drawn from the center of

the femoral heads to the center of the upper sandglate (11, 13). When the pelvis rotates

110



backwards (retroversion) the PT increases, whilenwkhe pelvis rotates forwards
(anteversion) the PT decreases (12, 14). The gusterior orientation of the pelvis

influences the sagittal curves of the spine. Moegpreduced flexibility of the

hamstring muscles affects pelvic posture and, apresgtly, the sagittal curves of the spine.
Previous studies have shown the effects of redbaetstring flexibility on PT (15, 16). A
study by McEvoy et al. (2007) examined the comparizf mean angles of the anterior PT
and the variability of this parameter in elite ¢gtd and non-cyclists (17). The findings of
this study underlined that the mean angles of tmeremr PT of elite cyclists were
significantly greater and had significantly lessiahility in non-cyclists when tested in
prolonged sitting positions. The study by Muyoale{2016), which investigated hamstring
flexibility in cross-country cyclists and road cigts, showed that the latter had greater
hamstring flexibility than the former (4). The samesearch group, in a further study,
investigated any correlations between hamstringlfikty and spinal curves and pelvic tilt
(18). Their results showed that the hamstring nassttéxibility influence the thoracic and

pelvis postures when maximal trunk flexion with &eextended was achieved.

Considering that the hamstring muscles insert etieliel of the ischial tuberosity, these
can influence the pressures on the saddle (19}t i§h¢éhese pelvis movements on the
sagittal plane (i.e., retroversion and anteversaanild influence the distribution of saddle

pressures.

Thus, since saddle pressures can depend on skaerah and unknown factors, the aim
of this study was to evaluate whether the flexipitif hamstring and lower back muscles

could be considered a predictor of pressures irattterior region on the saddle (PAR).
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Our hypothesis was that PAR on the saddle decreasédse degree of flexibility of the

hamstring and lower back muscles increases, whitfct influences the PT.

2. Materials and methods

. Study design

This is a cross-sectional study in which we evaddhe influence of hamstring and lower

back muscles flexibility on saddle pressures inngpaff-road cyclists of both sexes.

. Participants

Fifteen young Italian cyclists (11m, 4f) aged 13 (Italian Federation categories: ES1,
ES2, AL1, AL2) were recruited from local cyclingibls. A member of the Sicilian regional
technical research and development committee oftétien Cycling Federation invited
the potential participants who were shown the dbjes of the research. To be eligible for
the study, the following inclusion criteria hadlde met: (a) be aged between 13 and 16
years; (b) practicing mountain biking for at leastears; (c) practicing mountain biking at
least 3 h/week. The exclusion criteria were théoWaihg: (a) no history of saddle sores;
(b) no history of skin irritations in the perineatea, perineal nodules, or perineal
numbness; (c) no musculoskeletal injuries in trevipus 6 months. The participation of
the cyclists was voluntary and, as minors, theairetewas also presented to their parents
who, by completing and signing the informed consagteed to include their children in

the study. The study, in accordance with the ppilesi of the Declaration of Helsinki for
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the use of people in research, was approved bBitiethics Committee of the University

of Palermo, Italy (n. 132/2023).

. Procedure

Each participant was administered the V sit-andh€® SR) to measure the hamstring and
lower back muscles flexibility and, moreover, thedle pressures during pedaling at three

different intensities (100, 140, 180 W) were reeatd

The test session took place in the laboratory f&60 to 6:00 PM during the winter

preparation, a period in which there is no comjuetit

For the VSR test, each participant was seated efldbr with the lower limbs extended,

feet spaced 30 cm apart, and the plantar surfaeadaf foot touching a box to keep the
ankle joints in a neutral position, forming a V-pRaleg position (20, 21). Then, each
participant was asked to keep their upper limbsreded, flex their trunk, and reach as far
as possible sliding the hands along the floor. &lnals were performed, and the distance
reached (cm) in the third trial was measured. Betwtgials, the participants rested for 1

min.

Subsequently, the saddle pressures during pedalithgee different intensities (100, 140,
180 W) were recorded. In detail, each participaas evaluated on their own bike installed
on specific bike roller (MagneticDays; Foiano dé€laiana, Arezzo, Italy) after performing
a bike fitting (22—-25). The bike fitting was penfioed with the aim of optimizing the
posture and joint functions of each participant)(26&nce, each participant was asked to
warm-up for 10-min at a self-selected pedaling nadeand intensity. Then, a flexible mat,
composed of resistive sensors capable of recordadylle pressures (W-Saddle Pro,
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LetSense Group; Castel Maggiore, Bologna, Ital\gswlaced on a sex- neutral saddle
(saddle A, Selle Italia S1; Casella d’Asolo, Treyi#talia). The resistive sensors of the
flexible mat are divided into three regions: puiagion (anterior), left back region, and
right back region (Figure 1). Saddle pressures weosrded at 3 different pedaling
intensities (100, 140, 180 W) with a pedalling aazkeof 90 rpm. Each trial lasted 30 s and
a 3-min rest between trials was scheduled. Thés tatathe different pedaling intensities
were carried out in the following block order: 90 W; (I1) 140 W; (lIl) 180 W. The
parameters considered for statistical analysis virerg pressure (%) and back pressure

(%).

. Statistical analysis

A descriptive analysis of all variables (means atahdard deviations) was performed.

Then, the Shapiro-Wilk’s test was carried out teathdata distribution.

Given the normal distribution of data, a predictimedel was constructed using a linear
regression analysis with the PAR on the saddle,(180, 180 W) as dependent variable

and the muscles flexibility scoring as independemiable.

Statistical significance level was set at p < 0Ab.statistical analyses were performed

using Jamovi software package (version 2.3.28) (27)

3. Results

The characteristics of the participants are shawhable 1. Table 2 shows the scores of

muscles flexibility of the VSR test,
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and the values of saddle PAR recorded at the 8rdift pedaling intensities (100, 140, 180
W). The linear regression analysis showed that teagiexibility was predictive of saddle

PAR at 100 W (R2 = 0.362, p = 0.018), at 140 W €R®2291, p = 0.038),

and at 180 W (R2 = 0.349, p = 0.020) of pedalingnasity, as shown in Figures 2—4

respectively.

FIGURE 1

TABLE 1 Characteristics of the participants.

L Male Femac

n 11 4
Age (years) 135+1.1 145+05
Height (cm) 160.3+11.1 1623+
4.11
Weight (kg) 526 +12.6 53.2 +£3.58
Body fat (%) 21.36+6.82 25.6 £0.79

Values are reported as mean #* SD.

TABLE 2 Descriptive analysis of the performances of muscle flexibility and front pressure on the saddle.

VSR test (cm) -4.93+15.0
PAR (%) at 100 W 27.2+14.2
PAR (%) at 140 W 27.2+16.2
PAR (%) at 180 W 30.6 £24.1
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4, Discussion

The aim of this study was to evaluate whether lgvalility of hamstring and lower back
muscles could be considered a predictor of PARhensaddle. Our hypothesis was a

decrease in PAR on the saddle as the degree abifigxof hamstring and lower back
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muscles increases. Our results confirmed our hygsighin fact, as the level of muscles

flexibility increases, lower pressures were recdrittethe anterior region of the saddle.

Studies on biomechanics are of crucial importanc@feventing injuries (28), and due to
the nature of cross-country races, that take paagneven terrain, vibrations and impacts
on the saddle could lead to repeated microtrauntasansequent uro-genital pathologies.
Knowing the attributes related to saddle presswadd prevent the onset of these
pathologies. Indeed, the practice of one disciplatber than another can lead, over time,

to different adaptations in the cyclist’'s postu (

A recent study analysed the effects of practiciogdrand cross- country discipline on
sagittal spine curves, on pelvic tilt, and truikghowing that road cyclists have a greater
thoracic kyphosis and a greater forward torsothi#n cross-country cyclists (4). These
adaptations could be due to the different postdiegpted. In fact, road cyclists have a
greater saddle-handlebar height difference thassecountry cyclists. The same research
group investigated the difference of road and comasitry cyclists on the extensibility of

the hamstring muscles. Authors detected that roaists have a greater hamstring

extensibility than cross- country cyclists (4). $adindings could be explained by the
different trunk position in these disciplines iniatha greater trunk flexion is required in

road cyclists. Previous studies have confirmed réHationship between the degree of

muscle flexibility and pelvic position in the sagltplane.

A study by Muyor et al. (2012) reported that thévigerotates forward after hamstring
stretching (16). Similarly, Feland et al.(2001) toned that pelvic mobility in the sagittal

plane increases after hamstring stretching in Blgieople (29). Indeed, previous research
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groups showed that a greater hamstring musclebiléyiallow to reach a higher anterior

PT than cyclists with a lower hamstring muscleifidity (4, 30).

These studies are in line with our results, undenj that the pelvic position plays a key
role in the distribution of pressures on the sadthe present study showed that off-road
cyclists who had a greater flexibility of hamstriaugd lower back muscles reported a lower

saddle pressure in the anterior region.

These findings seem to be in contrast with moghefexisting literature. Moreover, in

cross-country cycling, to promote forward movementthe saddle especially on steep
climbs and to avoid lower back pain, the saddfmstioned with the nose tilted down few
degrees, this would allow the pelvis to rotate fardv The latter, together with the greater
capacity to extend the hamstring muscles, wouldnpte the anterior PT with a greater
possibility of PAR on the saddle. However, our iiptetation for the results found are in
line with the abovementioned studies as these coeldxplained by the fact that these
cyclists are better able to manage PT on the samudliigared to those with less muscles

flexibility.

A recent review describes the factors that infleesmddle pressures in order to prevent the
related pathologies (5). As a matter of fact, s@tuelies in the scientific literature have
analysed the relationship between the use of diffesaddles and PT. The study by Bressel
et al. (2003) examined the PT, trunk angle, anctemyography in 20 female cyclists (10
experienced and 10 novice) while pedaling on gstatip cycle ergometers on three
different saddles (without cutout, with partial @ut, with a complete cutout) (31). The

authors’ results showed that saddles with cutouthi front promote a forward PT.
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Promoting a forward PT and trunk may help distbaigreater percentage of body weight
over the handlebars, reducing the load on the saatl spine (32). Indeed, it seems that
the anterior tilt of the pelvis and trunk can reeldbe incidence of low back pain (33).
However, there are further studies that agree authfindings confirming that a forward
PT increases the pressure exerted on the anteniorepm (31). The study by McEvoy et
al. (2007) found greater anterior PT in elite cstslithan non-cyclists when sitting on the

floor with knees extended

(17). This difference could be related to greatamstring flexibility in cyclists.

Furthermore, authors stated that an increasedi@ntT facilitates the aerodynamics of
competitive road cyclists. Therefore, greater ity of the hamstring and lower back
muscles could increase the anterior PT and, coeslgu facilitate the aerodynamic

position of the cyclists.

Based on our results, the flexibility of the hanmgfrand lower back muscles could be a
factor that can influence the distribution of prees in the saddle. It should be noted that
excessive pressure on the anterior region of tidlsacan lead to hypoxia of the nerve,
especially if this pressure is prolonged over tiRrevious studies showed that an excessive
pressure in the anterior region of the saddletisrdental to the erectile tissues (9, 34). For
this reason, reducing the compressive load ontssfies is the main objective of bike

fitting in order to prevent these pathologies.

5. Conclusions

The flexibility of hamstring and lower back musclesuld be considered a predictor of

pressure on the anterior region of the saddleattiqular, lower values from the VSR test
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could be indicative of higher values of PAR on #aeldle. Coaches and cyclists should

consider assessing the flexibility of hamstringd sower back muscles to manage PAR.

This assessment could be useful to optimise ciglsition and, eventually, to plan a

stretching training program.
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Giuseppe Alamia, Antonio Palma, Castillo-Lozano Romaldo, Ewan Thomas and

Antonino Bianco

Abstract

Background: Padel has spread rapidly in severaitceg around the world. Although this
racket sport seems to have several health bergiEs)umber of scientific papers on this
sport is still very few. This scoping review aimedsys- tematically map the evidence
regarding injuries in Padel players by identifyisgnthesizing, and assessing the studies

cur- rently existing in the scientific literature.

Methods: This scoping review was conducted follgyihe guidelines provided by the
Preferred Reporting Items for Systematic reviews &fheta-Analyses extension for
Scoping Reviews and the Population, Concept, Cofitamnework was adopted. Articles

were collected from PubMed, Web of Science, ang8s0

Results: A total of seven studies were includethis review. The most frequent injury
location is in the elbow, followed by shoulder, dod/ back. As for lower limbs, knee
represents the most affected body region. Althaugihall the studies included described

the type of injuries, tendon, joint, and muscletaeebody structure most injured.

Conclusion: This scoping review can aid in a bettenprehension of the location and type
of injuries that occur in Padel players. Howeveérsiworth noting that all the studies

existing concerns nonprofessional athletes. Hettoese findings could be useful to
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coaches as they add knowledge on the risk of injupadel that can allow the planning of

suitable training programs for amateur and reaseatiplayers in order to prevent injuries.

Keywords

Elbow, musculoskeletal, paddle tennis, racket sptdulder

Introduction

Padel, initially called Paddle or Paddle Tennig rmcket sport born in Mexico in 1962.1
This sport has spread rapidly in Spain over theféag decades and is now becoming one
of the most popular sports in several countriesirgdothe world.2 As a matter of fact,
currently more than 60 federations have been fodilathel recognized all over the world.3
The growing interest in this sport is also accetatddy the great popularity that national
and international circuits for professional athéetee gaining (first of all the World Padel
Tour). Padel is played in doubles on a court witle ®f 20 m in length and 10 m in width
and on a ground surface that can be composed ibialtgrass, synthetic material, or
cement. The court is enclosed by metal fences esittes and glass walls at the end and
at the corners of the court. The rules are alnfessame as tennis with the difference that
it is possible to play the ball after it bouncekfehces or walls. Additionally, in padel is
used a shorter racket with an unstrung but flabhsaforated by cylindrical holes and
made of foam, fiberglass, or carbon fiber and &edént shape (i.e., diamond, drop, and

round).
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Padel is a high-intensity intermittent sport whicbmbines high-frequency and low-
intensity athletic actions and requires specifiggatal demands, similar to tennis, as well
as related technical—tactical characteristics taiokihe highest performance possible and
to prevent the risk of injury.5-8 However, compatedennis as neither high physical
fitness level nor high technical-tactical skille aequired to start playing padel. A recent
narrative review reported that the physiologicamdads to which Padel players are
subjected during a match are lower than tennis gogayshowing a mean oxygen
consumption (VO2) of approximately 40-50% of the2/@ax and a mean heart rate (HR)
of between 140 and 160 beats/min (70—-80% of thertd). However, the authors pointed
out that different intensity patterns may existelgging on the level of players.9 Moreover,
the long length of rallies makes the practice afgp&njoyable.10,11 As a result, this racket
sport is widely practiced also in amateur and &weal form, and it seems to have several
health benefits.12-14 For example, middle-agedaturhen who practice padel regularly
show greater physical fithess conditions than sealgmnd better physical characteristics
such as lower waist and hip circumferences andvaridhigh skinfold.12 However, the
risk of injury is, per se, intrinsic to sports piiee at any level and it is influenced by several
factors such as physical fitness and the leveladtfioners. As a consequence, the risk of
injury can be higher in recreational contexts amamgteur players, especially with a low
experience of practice. In itself, the repetitidrunilateral gestures, typical of padel, could
lead to asymmetries or overuse injuries.9 Moreouteseems that there is a higher
incidence of injuries in those amateur players wbmot perform joint mobility exercises,
stretching, or specific strength exercises.15 Aeméverview of the literature, which

summarized some aspects of padel, suggested tRatel players most injuries affect the
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lower limbs (ankle sprains are the most commorrie§) followed by upper limb injuries
(shoulder and elbow are the most affected regiatisratator cuff syndrome, subacromial
impingement, bursitis, and epicondylitis as the nomenmon injuries).5 Of interest, the
association between some risk factors such assehefypadel-specific footwear or the type
of racket and the risk of injury is not well undexsd.16,17 The growing interest in padel
has led some research groups to conduct studiesdar to better understand different
aspects of this sport including performance,8,1j8ry16,17 biomechanics,19 match
analysis,11,20 and physical, physiological, andcheiogical profile of players.14,21,22
Since this sport has become very popular firstpaig to date most of the research has
been developed in this country and some of thestest are in Spanish language.23-25
However, the number of scientific papers on thisrspcience area is still very few, and
based on these premises, the following researchtiQnewas formulated: what are the
scientific knowledge on injuries in Padel playek#nhce, this scoping review aimed to
systematically map the evidence regarding injufi@sation and type) in Padel players by
identifying, synthesizing, and assessing the studigrently existing in the scientific
literature. This scoping review could be usefutd@aches in order to prevent injury in this

emerging racket sport.

Materials and methods

This scoping review was conducted following thedguilines provided by the Preferred
Reporting Items for Systematic Reviews and Metalfses extension for Scoping

Reviews (PRISMA-ScR).26
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Eligibility criteria

The Population, Concept, Context (PCC) framework a@dopted to select the studies for

this scoping review.27,28 In particular, the follag eligibility criteria were used:

(1) Padel players as population; (2) any informmation injury in Padel players
(incidence/frequency of injury, type of injury, Etoon of injury, risk of factors) as concept;

and (3) Padel players of any level/age/gender ategb

Studies were eligible if they were original artEheritten in English and published from
inception to January 2023. Studies were excluddgtey were reviews, meta-analyses,

conference proceedings, opinion pieces, letteireals, commentaries, and books.

Search strategy

The databases searched to identify potentiallyasie studies were PubMed, Web of
Science, and Scopus using the search field “titteéach database. The search strategy
matched the terms “padel” and “paddle tennis” wité term “injur*” using the Boolean

operator “AND.” In detall, “padel” AND “injur*”, “paddle tennis” AND “injur*.”

Study selection

The list of studies from each database was expdriex EndNote X8 software for

removing all duplicate records. Then, two independevestigators worked independently
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for screening records by title and abstract. Hestigies were examined by full text to
assess their eligibility for inclu- sion. In cadedssagreement on study selection between

the investigators, a third investigator was invdlveneeded.

Data extraction

Data regarding “first author and year of publicatiaim of the study, sample size, number
of males and females, participants’ age, partidgidevel, participants’ practice/ week,
participants’ experience, methods for injury dadé tection, and main outcomes” were
extracted by one reviewer and inserted into a MiafioExcel (Microsoft Corp, Redmond,
Washington) spreadsheet. Data extracted were sin#iteand presented as a “map” in a

table and a descrip- tive narrative synthesis veasl tio discuss the results.

Results

Study identification

A total of 31 records were identified through séarg multiple databases and after
duplicates removed a total of 16 records were ifiedt Based on title and abstract
screening, three records were excluded (two of thvare reviews and one because it
investigates injury in padel coaches). Hence, 1Btdéut articles were retrieved and
assessed for eligibility. Of these, six were exellidor the following reasons: two were
conference proceedings and four were articleshiardanguages (i.e., three in Spanish and

one in Sweden). The remaining seven studies wehaded in this review (Figure 1).
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Study characteristics

Characteristics of the studies included in thisewvare reported in a table (Table 1).
Among the studies identified, n = 5 were epidengalal, observational, descriptive,
retrospective crosssectional studies,16,29-32 wasla cases report,33 and n = 1 adopted

an empirical methodology.17

Studies considered represented data from 215Qipanits (male = 1690, female = 460)
ranging from junior to senior (age range from 1b5@oyears). Across studies, participants’
level was amateur/recreational/nonprofessionathénstudies by Castillo-Lozano et al.,
details about recreational players were providedcifying that participants included

beginner, intermediate, advanced, and professiopkayers.29-31 Participants’

practice/week and participants’ experience weraeworted in all the studies considered.
Apart from the study by Catalfamo et al. which v@asase report,33 all studies employed

the use of questionnaires to collect informatioawdbnjuries.
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Identification of studies via databases and registers 1
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Figure 1. PRISMA 2020 flow diagram for new systéenatviews which included searches of databases and
registers only. From: Page MJ, McKenzie JE, Bos&Wt Boutron I, Hoffmann TC, Mulrow CD, et al. The
PRISMA 2020 statement: an updated guideline foorntapy systematic reviews. BMJ 2021;372:n71. doi:

10.1136/bmj.n71. For more information, visit: hifpiww.prisma-statement.org/.
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Study outcomes

Injury location. In all, almost all studies suggemstt the most frequent injuries were located
in the elbow. In detail, the study by Castillo-Lapeet al. showed that injuries fre- quency
in the elbow was the 74.4% in a sample of n = 1p8n&h recreational Padel players
followed by low back pain (20.2%).31 Similar resultere found by the same authors in
another research in which the most frequent muskaletal injuries in senior recreational

Padel players were located in the elbow (29.8%pWd by low back pain (27.5%).30

This trend is confirmed by another work involvediise and junior recreational Padel

players in which the authors reported that the rfresjuent body region injured was the
elbow (36.7%), followed by knee sprain (20%), aond Iback pain (13.3%) in senior

players; low back pain (23.3%), followed by elboyuries (10%), and knee sprain (10%)
in junior players.29 Similarly, Munoz et al. foutitat the frequency of injuries in the elbow
has been reported in 35% of male amateur Pade¢slasepresenting the most frequent
body region injured followed by shoulder injuri@3(8%); the reverse order of location of
injury for female amateur Padel players was detesi®wing shoulder as the most injured
body region and elbow as second, although the pemtage difference was almost
equivalent (37.3% and 35.6%, respectively).17 Bdiglh et al. reported that the most
frequent of injuries were located in upper limbtfwthe majority of them referred to elbow

followed by shoul- der) and lower limb injuries bgiafter with the knee as the most
affected body part.32 Contrarily, the only studgsittfound results not in consistent with
the previous studies was that of Priego Quesadh et which authors found in the lower

limbs the highest percentage of injuries followgdttose in the upper limbs (53.1% and

37.5%, respectively), although details on upperlaner limbs regions are not reported.16
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As for the study by Catalfamo et al., regarding ithatacial injuries in Padel players,
authors reported n = 5 cases of skin wounds amd7npar- ticipants with anterior

dentoalveolar fractures.33

Injury type. Although not all the studies includ@elscribed the type of injuries, Munoz et
al. reported tendinous and muscular were the megtiént in both male and female players
(48.7% and 34% vs. 44.1% and 28.8%, respect- idaly$imilarly, Priego Quesada et al.
found the same results with the joint as anothdylstructure most injured (tendon 43.8%,
joint 28.1%, muscle 28.1%).16 Tagliafico et al.agpd the epicondylitis as the most fre-

guent diagnosis (20.5%).32

Injury factors. Only two studies examined the agg@n between extrinsic and intrinsic
risk factors and injuries in Padel players. Pri€geesada et al. found that intrinsic factors
such as sex, age, practice/week, and experieneengeassociated with injury and, among
the extrinsic factors, footwear was the only assted with injury.16 Particularly, the
authors found the highest frequency of injuriePadel players wearing padel-specific
footwear than those who wore another kind of spdoistwear (50% vs. 23.3%,
respectively). Moreover, the authors detected tiattype of racket used was not a risk
factor for injury. This last outcome is in disagresnt with the study by Munoz et al. in
which authors found differences in frequency ofifigs according to racket shape (round
25.1%, tear 39.8%, diamond 35.1%), type of coré &h9%, hard 58.1%), racket weight
(<350 g 17%2>350 g 83%), number of over grips (none/l 54.6%,026™5.4%), and
composition (glass fiber 9.5%, carbon fiber 71.8#tknown 18.7%).17 Furthermore, the
authors deter- mined differences on frequency joiries according to practice/week (<3

26.8%, 3—6 48.5%, >6 24.7%) and experience (<5sy@@%o>5 years 40%).
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Discussion

Considering the rapidly growing popularity of padbke aim of this scoping review was to
systematically map the evidence regarding locagiosh type of injuries in players of this
sport. In fact, as with other racket sports, paaleb seems to have several health
benefits.12—-14 However, since padel is a relativetently born sport, there is a need to

understand the epidemiology of the type and looatianjuries that occur in padel.

The first important evidence to highlight is thagte are no studies that have examined the
injuries that occur in professional Padel playarg] this suggests that it is not possible to

have complete knowledge about injuries in this spor

Moreover, it should be noted that considering &é tstudies, the percentage of
amateur/recreational/nonprofessional female plajemuch lower than that of males,
limiting the possibility of defining specific genddifferences on injuries in padel because

female players cannot be completely representative.

Other aspects to be noted are that most of théestade retrospective cross-sectional, one
study is a case report, and one study adopted airieah methodology. This means that
no experimental studies have been conducted orl Plagters for investigating injury but,
to date, only observational studies exist. Furtteeanexcept for that of Catalfamo et al.,33
all the studies used a questionnaire to collech ddout injuries increasing the risk of
reporting bias. Indeed, the study by Catalfamd.etported case reports on maxillofacial
injuries that occurred during padel matches oning.33 The authors indicate that these
injuries occurred due to the impact of the rackatrizing against the glass wall of the
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padel court. Indeed, during the game, the boung¢hkeofacket occurs mainly because the

players try to hit the ball close to the glass wall

In all, evidence suggests that the most frequgatyidocation is in the elbow (mainly
epicondylitis). Results of the present review iakcthat also in padel, as with other racket
sports, the elbow represents the most affectedyifpgation.34 This finding is in line with
several studies conducted in tennis, where it le&s lfound that epicondylitis (or tennis
elbow) is the main overuse injury of the upper lantue to the repetitive forces, loads,
and motions to which the elbow is subjected whilayipg tennis, particularly in
recreational players.35,36 Lateral epi- condyl{tisnnis elbow) is seven times more
frequent than medial epicondylitis (golfers elboav)d up to 50% of all regular tennis
players suffer from this overuse injury.37 This wrsc because of, in biomechanical
analysis, the elbow plays a central role in theettchain of the strokes in racket sports
linking the body with the racket.35 In fact, it@dls the transfer of kinetic energy from the

body to the racket.35

Subsequently, the other frequent injuries in Padters are located in the shoulder. In
padel, this is particu- larly emphasized in poweskes, which are overhead (e.g., smash
and tray).18 The shoulder is particularly involeating the strokes in all the overhead
sports such as in tennis.38 Indeed, among thefgptminis injur- ies, the prevalence of

shoulder injuries is also common due to repetitise, as occurs for the elbow injuries.34
As reported in the review by Abrams et al., it se¢hat shoul- der injuries are related to a
subtle instability in younger players while theatotr cuff injuries are more common in

older player.34 In a recent review, a researchgfound that the rotator cuff injuries are
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caused by micro- trauma and internal impingemeryoimnger players leading to tearing

in older players.38

Based on the studies included in this review, othjeries in Padel players are in the low
back and, as for the lower limbs, the knee (makmnige sprain) is the most affected body
region. Also, for analyzing these injuries, thenishkinetic chains associated with the
repetitive strokes should be taken into accourfadh there are two types of kinetic chains
in tennis which, in our opinion, given the similzature of these two sports, can also be
transposed to padel. These are related to theelffestrategies of body segments coord-
ination used according to the strokes.39 In deitaibower strokes and groundstrokes, a
higher number of body seg- ments are required tobedinated in order to produce a high
racket speed at impact.39 In particular, this kinehain required leg drive and trunk
rotations. Contrarily, in precision strokes suchttesvolley at the net, a lower number of
body segments are required.39 Moreover, knee @gun padel could be explained by the
sudden running inversions, rotation, and stopph@ bccur at a high frequency in this
racket sport.16 Moreover, it should be mentionext the ground surface, which can be
composed of artificial grass, syn- thetic mate@alcement, can influence on these types

of injuries.

Conclusion

This scoping review systematically mapped the ewderegarding injuries in Padel
players. Results suggest that the most frequaniasjwere located in the elbow fol- lowed

by shoulder and low back. As for lower limbs, knmepresents the most affected body
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region. As for the type of injuries, tendons, jeinand muscles seem that are the body

structures most injured.

Strengths and limitations

The main strength is that, to the best of our kieolge, this is the first scoping review that

systematically mapped the evidence regarding iegun Padel players.

It is worth noting that all the studies existingdancluded in this scoping review concern
nonprofessional athletes and that the percentafgadle players is much lower than that
of males. These aspects limit the possibility talyre in depth and determine specific
level and gender differences in injuries in patidreover, it should be noted that most of
the studies included are retrospective cross-sedfione study is a case report, and one
study adopted an empirical methodology. Furthedietushould, therefore, focus on these

aspects as the literature is lacking.

Practical implications

Since this racket sport is widely practiced in anatand recreational form, the results of
this scoping review could be useful to coachefieg add knowledge on the risk of injury
in padel that can allow the planning of suitablainy ing programs for amateur and

recreational players in order to prevent injuries.
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