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Abstract

The purpose of this study was to investigate the effects oflimdutionalpedal patterra
combination of forward and backward pedaling), on the process of fatigogcling.
Thirty-three sulgcts participated in this stud¥8 trained age 31.4+11.Years, average
9.619.7 yeardraining; 15 untrained, age 28.6+11.3 years). Subjpetsicipatedin four
sessionon different days: a maximum sustained power test, followed by three tests to
voluntary fatiguefor each oftheserandomly assigned pedal patterns (forward only,
backward only and a {directional (Bl)). Heart rate and blood lactateeasured the
intensity of exercise. Kinetic, kinematic and EMG data quantified the fatigue process.
Main resultsshow that the Bl pedal pattern delayed the onset of fatigue in untrained
subjects. Future research should explore the Bl pedal pattern alffectsutrain in
backward pedaling, as well as the optimal forward to backward pedaling ratio for the BI

pedal pattern.
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Chapter 17 Introduction

Purpose of the study

The purpose of this study is to determine the mechanicaliegity of a new
bicycle designa bidirectional bicycle. This type of bicyclglows a person to pedal in
either the forward or backward direction to create forward propulsion. Innovations in
bicycle design are generally geared toward making bicycles more efficient oingllow
thecyclistto make optimal use of their energy expémat in order to get from one place
to another, whether using the bicycle as a means of transportation or in sport. This design
is no exception. In this investigation examine both biomechanical as well as

physiological parameters that may be influenbgdhis new design.

As is generally known, most bicycles are designed such that the act of pedaling in
theforward direction causes the bicycle to move forward, while pedalitige backward
directiondoes not result in any kind of power transfer frora ttyclist to the bicycle.

Thus, because of frictional forces (excluding factors such as hills or tail winds) pedaling

in the backward direction on a traditional bicycle design will regula loss of forward
momentum. @clists on these kinds of bicyclésve to pedal in the forward direction at

some point, or they will eventually come to a stép.best, pedaling in a backward
direction might provide an opportunity fo

effectively resting them by temporarily changitheir muscle control pattern.

Other bicycles allow an individual to move forward by pedaling forwards and to
move backward by pedaling backwards. These are called-dgixad bicycles. While
pedaling in either direction, the cyclist encounters resistathe overcoming of which

generates power that is transferred into the movement of the bicycle acytlise As

1



an individual pedals on this type of bicycle, because the gear is fixed to the thieeel
bicycle will move in the direction that theder pedals (forward or backwar@nd at a
speed that is directly proportional to the speégedaling Since the wheels move as a
direct result of the pedal movemeatfixedgear bicycle is not able to coadtthe wheels
are moving, so tare the pedal$?edaling on this type of bicycle must be continuous in

order for movement to occur.

This research progt employs a new bicycle desitimt allows a cyclist to generate
forward movement of the bicycle by pedaling in either the forward or the backward
direction. Further, the design permits the cyclist to switch directions at will, seamlessly
maintaining forward propulsion of the bicycle. The goal of this research is to investigate
the efficiency of the new bicycle design with a pedal pattern whereidbae switches
between pedaling forward and backward, measuring both physiological measures as well
as biomechanical measures, to see if this new pedal pettabte to delayhe onset of
rider fatigue. To do so, Wwasnecessary to design a protocol teaaluatel the design of
the bicycle as well as the biomechanical and physiological eftégpedaling on the

rider.

In order to evaluate the mechanical effectiveness of this new bicycle design, a
preliminary study compared the efficiency of backwarddakng to that of forward
pedaling. Thepreliminary study also permitted the evaluation of the mechanical

effectiveness of the new bicycle design by comparing it to a-fipesa bicycle.

Theoretically, a fixeejear bicycle should be highly efficient withgard to energy

transfer from the cyclist to the bicycle because of its minimalistic mechanism. Using a



fixed-gear bicycleas a benchmartor comparison, | found thabn average, maximum
sustained power on the new bicycle was approximately 83% of tistdised on the

fixed-gear bicycle.

To evaluate the biomechanical and physiological effects on the rider from pedaling
forwards and backwardsubjects were asked to pedal on a bicycle mounted to an indoor
trainer until they reached voluntary fatiguBarameters measured and investigated
include: pedal force, joint angles, muscle activation levels, hear(H&g blood lactate
levels (BL), and time. These parameters were compared between three different pedal
paterns: 1) Forward only (FO), 2)a@kwad only (BO) and 3)Bi-directional (Bl), a

combnation of forward and backwagpkdaling

Significance

To date, ery little research tabeen donen backwargedaling. Thditeraturethat
| have found havenostly investigatedoackwardpedaling as a methaaf rehabilitation
for individualswho have experienced knee injuries. To the best of my knowledge, there
IS no research to date looking at the efficiency of pedaling in the backwards direction for
the purpose of generating forward momentum during cychdgitionally there has been
no researclexaminingany effects of alternating pedal direction. Additional research is

needed to examine these relationships in order to find the most efficient pedal pattern.

This study will compare the onset of muscledaé for the traditional FO pedaling
pattern to the BO and Bl pedaling patterns. This is important because delaying muscle

fatigue allovs a person to cycle for a longer period of time before exhaustion oddwes.



BO pedal patterrvas examinedn order to povide a comparisotior the backward

portion of the BI condition.

Hypothesis

I hypothesize thabidirectional pedalconfiguration(BI) of the newly designed
bicycle will permit cyclists tobettermaintain the desired pedaling cadence and level of
power outpu{PO) than for either the forward only (FO) or backward only BO) pedaling

patterns.



Chapter 27 Review of the Literature

Efficiency in cycling can be defined in a number of ways. Essentially, efficiency
refers to how effectively mechanical energy frore tider is transferred into power to
propel the bicycle forward. In a review of the literatugétemaand Loras (2009stated
that they were unable to make any firm conclusions about the efficiency of cycling
because multiple factors affect energy expenditure. In cycling, many of these factors are
inter- or codependent, so it is very difficult to pinpoint the effect o$tjone factor

(Ettema & Loras, 2009

Despite Ettemaand Lora8s concl usi on, severiady facto
researched with regard to their contribution toward the optimization of gross efficiency in
cycling. These studies provida foundation for my thesig\reas of research examining
gross efficiency can be grouped into the following categories: 1)pewunt and
ergonomics, 2) cycling technique, 3) physiological factors, and 4) physical conditions.
Although, some of the above are more relevant than others in their contribution to my
research, aspects of all have influenced my research désigerature review will be
provided for all of the categories abovéose which are most influential for my thesis
will be documented in detail while those that contribute less will be treated summarily.
Finally, the %' section of this literature review documept®cedures directly related to
my experimental designncluding 3-D motion capture as well apedal force

measurements, since they assentiatechnologies employed in this thesis.



Equipment and ergonomics

When investigating equipment that a rider uses, researchers extensively examine
the bicycle and any external gear that the rider requires, including: materials used for
construction, componentry of the bicycle, clothing, shoes and helmets. The goal of such
research typically concentrates on minimizing weight in order to decrease the force
required to move the bicycle and/or decrease the effects of ground frieaipment
weight can have dramatic effects in terms of rider fatiga¢he same time, resedr also
studies ways to maximize aerodynamic properties of both the bicycle and the rider in
order to decrease friction due to air resistaace turbulenceThe vast majority of this
research is devoted to cycling as a spbrta sporting environment, grequipment
allowing better mechanical efficiency can reduce the time to the onset of fatigue for a
cyclist. In the case of elite athletes, energy conserved by any measure can lead to

improvement in overall performan¢&. Millet, Perrey, Divert, & Foissac, 26))

In terms of minimizing the weight of bicycles, materials used to construct frames
has beera primary concern; they have changed dramatically during thec@ftury.
Steel framespopular in the first part of the century, were strong but heavy. As new
materials became available, manufacturers started making frames from aluminum
because it is aighter metal, even though it resulted in slightly weaker frames. Other
materials such as chromoly, an alloy of steel, chromium and molybdenum were used to
achieve a compromise between the strength of steel and the lightness of aluminum. Being
both strong ad light, titanium has also been used for bicycle frames. Unfortunately its
cost is prohibitive More recently, carbon fibre has been employethéconstruction of

bicycle frames. Dramatically reducing the weight of frames, carboniBhbmet as strong



as the metals identified above and is prone to critical damage when its relatively low
stress tolerances are surpasseatrently, it remains a material of choice because it has
the advantage of being easily shaped or moulded and, as a result, the fnramerea

easilybe made more aerodynamic than those constructed from traditional alloys.

Components of bicycles such as derailleurs, cis®i&, chaimings, as well as gear
and brake levers are alsabject to redesigm order to incorporate the latesichnology
to improve cycling performance. Some of the outcomes of these alterations include faster
and smoother shifting, decreased timergpin transition between geasmd reduced
mechanical friction as the rider changes gears. Theoretically, minintizengmount of
friction or other mechanical inefficiencies these contexts maximizes energy transfer

from theriderto thebicycle.

However, newer and better component tec
mechanically advantageous. A studyBsien, Habrard, Micallef, and Le Gallais (2007
compared a carbon chaimg to a standard metallic chaiimg. They found that the
carbon chaisrring did not actually deliver the anticipated mechanical advantage over the
standard metallic chaini n g . Their method involxerted asse
by measuring oxygen consumption, carbon dioxide productiorBarndvels. Compared
to the metal chahning, results from the trials using the carbon chramg showed higher
levels of oxygen consumption and carbon dioxide production, with no abtee

difference inBL. Suchresults indicaté reduced efficiency.

Aerodynamics research designed to decrease air resistahothdhe bicycle and

the rideris also used to improve efficiency in cycling. Cyclists are always looking for



ways to improve thir ability to become more aerodynamic, thus limiting the effect of air
resistancgl. E. Faria, 1992 In addition to the above mentioned use of materials as a
means to improve aerodynamics, bicycle design and geometry is another active area of
research that investigating air resistan€apelli et al. (1998 examined bicycles
specifically designed to minimize air resistance while cycling. According to their results,
when riding these bicycles, cyclists could expect a three percent improvement in

performance.

Another area of researchat influences aerodynamicsasiderd position.This has
been extensivelyresearchédd. cycl i st s posi ti on nultiplet he bi c
factors including bicycle seatp, the style of handlebars, frame geometry, tube angles,
seat height, sedtt, stem length and crank arm leng&xperiments adjusting these
parameters typically aim to |l engthen and f
aerodynamic properties while maintaining a rider posture (i.e joint angles of the limbs)
that will dlow for optimal transfer of power through the drive trdtor exampleSheel,
Lama, Potvin, Coutts, and McKenzie (19%6undenergy savingby usingaero bars
which caused riders to lengthen body position and compressand hands toward the
midline of the bicycle. In a separate study, it was observed that aerobars changed the
angle of a riderdés trunk, resulting in bot
angles for all joints of the lower extremities witlketbxception of the kng&avelberg,
Van de Port, & Willems, 2003Some of the effects observed from the use of aerobars
can equally be achieved by altering other geometric features of the bicycle, such as seat

height and placement (the horizontal movement of the seat above tpesi®at



Seat height has been investigated by a number of researBoehsgo R. Bini,
Tamborindeguy, and Mota (20LlOnvestigated the effect of seat height on lower
extremity kinematics. They found that higher seat positioning required increased
contribution from the ankle joint, while a lower seat positioning resulted in increased
contributions from the kneén turn, such motor pattern differentials affect the way the
muscles are used, which may increase chances of soft tissue injufiesther
investigation of seat heigheéportedthat a lower seat heighd resultin a lower level of
activation of the soleus and the gastrocnemius mediahs muscles that contribute
substantially to power generatig®anderson & Amoroso, 20p9Diefenthaeler, Bini,
Barcellos Karolczak, and Carpes (2D@8so investigated the effect of seat placement
adjusting the seat in three wayseight, tilt and horizontal placement (forward, middle
back). They found that minor adjustments in the plaeemof the seat influencing a

riderdés rate to fatigue by affected pedal.

Crank arm length was investigated by C. Martin and Spirduso (2001They
found that, not only wasiaximum cycling power significantly affected by crank length,
different crank lengthalsohad different optimal cadences in order to produce maximum
power output.Morris (1992 found that optimal crank arm lengik specific to the
individual (in order to naximize efficiency of cycling). Bwever, theywere not able to

correlateo pt i mal crank armengtength to subjectsodo |

Cyclists are often adjusting their position in order to feangbosition that will
optimize both aerodynamics and the efficiency of power transfer. The amount of power a
cyclist is able to generate seems to correlate with cycling suEEe®s. Faria, Parker, &

Fria, 2009. As a means of maximizing power, most cyclists use shoes that clip into

9



special pedalgtde clipg so that the pedal (and thus the crank arm) effectively function as

an additional segment of the leythough the maximum velocity of pedal rotation was

not found to be affected by the use of toe clips, maximal power output was found to be
significantly higher (Capmal & Vandewalle, 1997Capmal and Vandewallaettributed
increase in power product i omontheupwatdehaseycl i s

of the pedal stroke.

Pedals are not the only aspectdificycle that influences power in the pedal stroke.
A study byde Groot, Welbergen, Clijsen, and Clarijs (1p84nfirmed that maximum
power is influenced by body position. Notably, the position that is most aerodyramic i
not necessarily the best position to generate maximal pedaling ftarding vs. sitting
while cycling, on both flat surfaces as well as on hill climbs, was investigat&al By
Millet, Tronche, Fuster, and Candau (2D0Phey found that there were no significant
long-term differences in efficiency between the seated and standing positions for either
condition, however they did determine that greater sieomh power is produced in a
standing position. They suggested thas greater power output was a result of greater
force output during pedal revolution, but this did not affect limnegterm overall

efficiency.

Seat tube angle has also been shown to influence the power output and efficiency in
cycling (Price & Donne, 1997 Hip range of movement and maximum and minimum hip
angle were significantly less with a seat tube angle ofcB@%parel with 6&. Further
biomechanical analysis suggested that improvement in cycling efficiency observed at
steeper seat tube angles was produced in part by the resultant altered pattern of the ankle

in the pedal strokeRankin and Neptune (20)Linhvestigated the effect of seat tube angle

10



on crank power, anchéy found that the seat tube angle had little influence on crank
power, with maximal values varying at most by one percent across a wide range of seat

tube angles.

Cycling technique

Power, cadence and cycling economy have a complex relatiofi$tape does not
seem to be consensus in the literature as to how they influence or affect one another.
Cadence (or pedal rate) refers to the number of pedal revolutions occurring per minute of
pedaling. Several research projects have been devottketoping to find an optimal
cadence for cycling efficiency. |t shoul c
classified differently depending on the underlying assumptions of the researchers. For
exampl e, an energetically opinitenmeslof ememyd e nc e
conservation; conserved energy results in increased endurance of a cydiliselyA
chosen cadence (FCC) is the cadence that the cyclist chooses. Other definitions included
neuromuscular andhetabolic optimal cadencediQC andMOC resgctively). In the
paragraph immediately below a sampling of this extensive literature is provided to lay

groundwork for my experimental design.

Conflicting research results have been documented in the literature examining
optimal cadenceThis is primariy due to inconsistent definition of the term. "Optimal
cadence" has been used to describe energetic cost, muscular stress, and perception of
effort, among others. The issue of optimal cadence is further confounded by the intention
of power generatioin tha is, at higher power outputs, the optimized cadence is different
from that at lower power outpu¢dnsley & Cangley, 2000 This suggests that cadence

affects power, notyclingeconomy. In an earlier studyarsh, Martin, and Foley (2000

11



also found that cader did not significantly affect cycling efficiency. In a study
examining the relationship of cadence to power output and efficidhasg-Rodriguez

and Aguadelimenez (2006found that Gross efficiency (GE) did not differ among trials

at three different cadences (80, 100, 120 rpioo) that power output increased at a
cadence of 120 rpnThis seems to reinforce the fimgjs of Ansley & Cangley2009)

that power is actually influenced high cadence, but cadence did not necessarily influence
overall economyMarsh and Martin (1997also found that changes in power output had
little effect on the mosta@nomical cadence. In a seemingly contradictory findFags

and Hallen (2004 assertd that the most ecomoical cadence actually increased as
workload increased. This outcomassupported by findings ddamozino, Horvais, and
Hintzy (200§ where cadences producing optimal gross efficiency at different power
outputs were examined. They found that, as power output increased, gross efficiency
increasedndependently of cadence. Hence, as power output increhsesffect of the
cadence on overall efficiency in cycling is minimal. The findings of all the above appear

to agree that cadence does not actually affect the gross ecanoyajing.

However, indings by Woolford et al. (1999 emphasiseé that pedal cadence
specificity is essential when assessing cycling economy, Gimalarren and Calbet
(1999 found that the effect opedalingcadence on general economy decreased as a
linear function of power outputAbbiss, Peiffer, and Laursen (2Q08eterminedthat
lower cadences (790 rpm as opposed to 9@0 rpm) improved cycling efficiency in
ultra-endurance cycling (>4 hours) oldever they noted that cymg at a lower cadence

requireda higher gear ratio in order to produce the same amouiErgan the cycle.
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Several studies compare freely ®hilesen
differingincha ce of def i ni they found that experiencpdt ridensdended
to choose cadences close to the energetically optimal cade@@) (Brisswalter,
Hausswirth, Smith, Vercruyssen, & Vallier, 2006CC has been reported to be close to
EOC for endurance athletes, which suggests that there may be a training effect on the
muscular adaptationsThese adaptations in turn influence the FQ{&rcruyssen &
Brisswalter, 201)) Bieuzen, Vercruyssen, Hausswirth, and Brisswalter (Rfdnd that,
in submaximal cycling, EOC and NOC were significantly related to the strength of the
rider, while NGC and FCC were more closely related to endurance training, supporting

the theory of the training effect.

Some studies seem to conclude that higher cadences are more economical while
others identify lower cadences to be more econoni8=li and Hintzy (2002 foundthe
EOC to be between 90 and 110 rpm, a high cadence. Simladig et al. (2004found
that in professional cyclists, lowepedalingcadences (60 rpm) are less efficient than
higher pedalingcadences (100 rpmpantas et al. (20Q0%ound both pedaling economy
and muscle recruitment to be improved at higher cadences in both trained and untrained

cyclists.

Howe\er, Ganzit, Talpo, Fontanasottero, and Valente (199%und thecontrary
to be true. They foundptimum cadence resulting maximum powerduring aerobic
conditions to be lower than the FCC. In an investigation examining a number of different
pedal rates,Coast, Cox, and Welch (1986ound gross efficiecy, heart rate, and

perceived exertion all to be minimal at 60 or 80 rpm. Other stuatiafirm cadences
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around 80 rpm to result in a better work econoffgss & Hallen, 2004Hansen,

Andersen, Nielsen, & Sjogaard, 2002

The existence of a large variety of explanations for why one or ancddence
proves t o bdemofstrgetl byrthe follvingi selected examples of research.
Brisswalter et al. (20Q0suggestd that duration of exercisenfluences the optimal
cadenceand higher cadence etter for longer durations @edaling He explained this
shift to result from muscle fibreecruitment patterrHintzy, Belli, Grappe, and Rouillon
(1999 conducted a study looking at cadence in both maximal angnsxibnal cycling
exercises. In this studyheyfound that optimal pedal velociguringa maximal testo
be much higher than optimal pedal velocity during a submaximal power test (123.1+11.2
rpm vs. 57.0+£4.9 rpm respectively). In looking at the cadences of both endurance athletes
andexplosive athlete§participating in anaerobic exerc)sa conditions of maximal and
submaximal cycling, they concluded that distribution of muscle fibre ¢sfosv or fast
twitch) actually affects optimization of cycling. Results from other studies support these
findings muscle fibre types influencing the efency of cyling at differing pedal rates
(Abbiss et al., 2009Ansley & Cangley, 2009Hansen & Sjogaard, 200Hintzy et al.,

1999. Hansen and Sjogaard (2Q0fbund that increasing pedal rate increases power
output but is not direcgtlrelated to overall efficiency.hiey concluded that the pentage

of slow twitch muscle fibres contributes to this findimg.terms of pedaling technique
Rossato, Bini, Carpes, Diefenthaeler, & Moro, (2008estigated pedal rate by dividing
rotation into two pases; propulsion and recovery. FCC was determined to be the best
technique during the propulsive phase while lower cadences were more effective during

recovery.
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Muscle activity

Cadence has also been linked with muscle coordination and activation during the
pedal strokeMuscle contributions to pedaling have been identified as falling into three
general categorig®Neptune, 2000C. Raasch & Zajaz, 199%ing, Kautz, Brown, &
Zajac, 1999 These groups are categorized as follows: flexors & extensors (moves the
limb in flexion or extension), plantar flexion & dorsiflexion (moves the foot in plantar
flexion or dorsiflexion), and anterior & posterior movemg@noves the foot anteriorly or

posteriorly in reference to the pelvis).

Bieuzen, Vercruyssen, et al. (20G@und that cadence influenced lower extremity
muscle activation levels. They reported that, at higher cadgheeBF and RF activation
started earlier in thpedalingcycle. Sanderson, Martin, Honeyman, and KeeferOg0
investigated the effect of cadence on the soleus and gastrocnemius muscles. They found
that the activation level of the gastrocnemius increased with a higher cadence, and
cadence had no significant effect on activation levels of the soleus. The l@ddme
more plantar flexed and had a smaller range of maiR@M) and the knee was less

extended at higher cadences.

Other studies have been conducted investigating the role of the leg muscles in
cycling (Rodrigo R. Bini, Carpes, Diefenthaeler, Mota, & Guimaraes, 2D08el et al.,
201Q Morris, 1992 Sanderson et al., 20p6Each of these sources discusses muscle
contributions to phases of pedalim@prel et al. (201Pdefined four different phases: top
(330°- 30°), downstroke (30° 150°), bottom (1502 210°), and upstroke (210°330°)
where 0 is the 120 6 c¢ Ipositidn. Specific muscles dominated movement during each

phase b pedaling. Lower limb flexor muscles (biceps femoris (BF), semimembranosus
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(SM), semitendinosus (ST)) pull on the pedal during the upstroke (recovery phase) while
guadriceps (vastus lateralis (VL), vastus medialis (VM), vastus intermedius (VI), and

rectusfemoris (RF)) and gluteal muscles (gluteus maximus, gluteus medius, gluteus
minimus) are primarily responsible for the down stroke (power phase). The

gastrocnemius medialis (GM), gastrocnemius lateralis (GL) and soleus (SOL) muscles
are primarily responble for the bottom part of the stroke, while the hip flexors and

gluteal muscles are responsible for the top path®strokgsee kgurel).

Top Phase

A¢ Gluteal Muscles
vy BCQVL, VM, RF
C¢GM, GL, SOL
DqTA

E¢ ST, SM, BF

F¢ Hip Flexor Muscles

{Recovery)
’
yjossumog

Upstroke
(uois|ndouigd)

Bottom Phase

Right Leg

Figure 1 - A diagram outlining the phases of the pedal stroke leitation ofmain
acmmpanying muscle contributiondmage aapted fronBikeJames.corVilson
(2012).

Each muscle in the leg has a specific period of activation within a pedal stroke and
plays a specific role in the movement of the pedal. For example, the SOL is responsible
for the initial propulsive force (part of the bottom phase of the stroke) andLtiveofks
synergistically with the GM but places continual force on the p@adirigo R. Bini et

al., 2008 Sanderson et al., 20p6luteus maximus, SOIRF and VL are responsible for

16



placing force on the downstrok@&odrigo R. Bini et al., 2008Neptune, 2000 Hip
extensors work synergistically with the TA, while the VM, VL and hamstrings functioned
independently to accelerate the crank in the bottom plisdrigo R. Bini et al. (2008

also reported that the BF and Rie closely rel@d to the pedaling technique.

Results from another study concluded that introducing more dorsiflexion into the
pedal stroke of a trained cyclist increases muscle activity of th€O@hnon, Kolkhorst,
& Cipriani, 2007. They found that this decreased GE when compared to theetetted
pedal stroke, suggesting thbtomechanical and kinematic changes affect the muscle
recruitment pattern. This conclusion is supported by another study that altered trunk
angles. Using EM(Savelberg et al., 2003ound that altering trunk angledfected all

of the muscles that act on the hip joint with respect to timing and magnitude of activation.

Chapman, Vicenzino, Blanch, and Hodges (3G68nd muscle recruitment to vary
according to cycling experience. They sugg
recruitment patterns armore refined than those of untrained cyclists, a result due to
repetition involved during training and competition. Thégoasuggested in a later study
that differences in leg muscle recruitment between novice and elite cyclists may be
explained in partby small kinematic variations at the ankl€hapman, Vicenzino,

Blanch, & Hodges, 2009

Knowledge of muscle recruitment throughout the pedal cycle has important
implications for training and body position adjustmeffiis W. Faria et al., 2005With
this knowledge, cyclists can focus on muscle strengthening and recruitment of muscles

while they are training, which may in turn increase their power output and increase their
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efficiency. J. G. Hopker, Coleman, and W4 (2007 also found that efficiency

differences do exist between trained and untrained subjects.

Contrary to the conclusioria some of these studies, other researchers claim that
trained cyclists are actually no more efficient than untrained ones. A study investigating
preferred cadence in highly fit athletes found that cycling experience did not influence
either cadence or cyalg economy during moderate intensity cyclipdarsh & Martin,

1993. A later study conducted bvlarsh et al. (2000found that cycling efficiency was
not found to differ according to cycling experience or fitness level of the subject.
Similarly, Moseley, Achten, Martin, and Jeukendrup (200bwestigated trained world
class cyclists and@ompared their efficiency to that of recreational cyclists. They also

concluded that cycling efficiency was not dependent upon cycling experience.

Despite the disagreement of sources with regard to the effect s of training on
efficiency, certain aspectd cycling may be attributed to experienég¢kinson, Davison,
Jeukendrup, and Passfield (20@Riggested that cyclists could use pacing strategies to
conserve energy. These strategies include increasing power in headwinds aitid for h
climbing as well as decreasing power in tailwinds and for hill descending. These

experiencedependent strategies are intended to delay the onset of fatigue.

It has been reported that muscle fatigue in the lower body alters cycling motion and
muscle ativation pattern{So, Ng, & Ng, 200k Biomechanical measurements are one
means to measure muscle fatidtdaapala, Faghri, & Adams, 2008 attanzio, Petrella,
Sproule, and Fowler (1997ound knee and ankle joint ROMs to be affected by the onset

of fatigue. ContrastinglyLepers, Millet, and Maffiuletti (2004found that, despite the
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fact that muscles became fatigued, pedal control remained consistent until exhaustion was

reached.

Fatigue also affects muscle recruitment patterbsrel, Drouet, Couturier,
Champoux, and Hug (20Dp%ound that there was a forward phase shift in the GM, GL,
TA, VL, VM and RF as muscles fatigued, wdihe gluteus maximus and BF increased in
activity. They suggested this increase of activation levels to be a subconscious strategy to
compensate for fatigued muscles, specifically the VL and VM. ContradictBaglyigo

R. Bini et al. (2008found that the GM, GL or the BF were not affected by fatigue.

Physiological parameters

Two physiological parameters are often ugedtudies investigating exercise and
fatigue. Heart rate is generally used as a measure of exercise intensity. One of several
theories regarding fatigue identifies lactate buwifdin the blood system as a cause of

muscle fatigue.

A linear relationship xasts between exercise intensity and heart fatbe more
intense the exercise, the higher the heart rate. However, heart rate plateaus as fatigue is
approachedBozeman, 1998 In terms of cycling, one study concluded that cadence did
not actually have a direct influence on heart (atkavarren & Calbet, 1999A cycling
study linking heart rate to age abtbod lactate levelsound age to have more of an

effect on heart rate than lactate le@almer, Bird, Davison, & Lucia, 2008

Blood lactate leved (BL) have been successfully used as an indicator of fatigue for
many different sportsNo significant genderelated, BL differences €xpressed as a

percentage of V®max) were found in runner@owaka, Hatta, Atomi, & Miyashita,
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1998. Similar resits have been found in swimmingligher age groups, regardless of
gender, tended to have higher lactate levels, suggesting that ageteasf an effect on
lactate levels than exercisaensity.Older subjects tend to build up lactate levels quicker
(or remove lactate less efficiently) than younger subjdctsng exercisgAvlonitou,
1996. Another study looked specifically at the responseéBbfin males aged 280
(Tzankoff & Norris, 1979. They found that, as males age the ability to diffuse lactate
from their muscles decreases, resultinguidecrease iendurance and longer recovery
after exertion. They also reported that, during exercise, lactate levels increased much
more rapidly in the 70+ age group, and only slightly more fgpidthe 5870 year age
groups than for those younger than 5@almer et al. (2008 conducted a study
investigating the effect of age on cycling, and as onthe&if parametershey looked at

the blood lactate concentratiohhe two agegroupsin the studywere 28+3 years, and
5714 yearsNo significant difference in BL among these two age groupere found
Other studies have discovered that lactate is independent of cd@amzlai, Ruas, &
Figueira, 200p and that both lactate anmbtassiumare factors that relate to muscle

fatigue(Tenan, McMurray, Blackburn, McGrath, & Leppert, 2D11

Physical conditions
A number of studiegvestigatedhe effecs that different physical conditi@anhave
on cycling. The areas that | will review for the purposes of this study include gender and

age.

A studyby (Deschenes, Hillard, Wilson, Dubina, & Eason, 200&estigatecthe
gender differences in physiological properties such as heart rate, blood plasma levels,

temperature an@L found no significant differences in most physiological responses
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between untrained men and untednwomen, including heart rate. They did okisex

small difference in the recovery period for the blood lactate measures, with males
recovering from blood lactate at a faster patasuda, Gaskill, and Ruby (2008®und

that there were no gender differences in gadaconomy and efficiency in subjsotvith

similar VO, max levels and ventilatory threshold levedgmilar results were observed by

Bill aut, Giacomoni, and Falgairette (200Bheyinvestigated gender differences in both

arm crank as well as leg crapkdalingand no differences between genders were found

in either gross efficiency or delta efficiency in subjects who had siviarmaxlevels.
Another study conducted Ifcott, Shaw, and Leonard (2QC8so concluded that peak
oxygen uptake was not different between men and woRPerfiormance levels artdne

to fatigue were found to be lower in female than in male subjects. Female subjects also
reached their peak power level slower than male subjects but there was no difference
found in terms of time to recove(Billaut et al., 2003 In terms of efficiency in cycling,
somestudies have concluded that the main difference between gendegiise attributed

to body composition, specifically lean leg mé&3sHogker, Jobson, Carter, & Passfield,
201Q Latin, Berg, Tolle, Tharp, & Lahmann, 199Xeder, Nery, Andreoni, Sachs, &

Whipp, 2000.

As might beexpected, some factors of exercise are influenced hyRegearch has
determined thathe effects of cadenam cycling performace differs between young and
old cyclists. Older cyclists prefer to pedal at lower cadence than younger subjects, and
that it is actually more disadvantageous for older cyclists to use high cad8acebketti,
Lenti, Di Palumbo, & De Vito, 2010 Older agewasalso associated with a decrease in

exercise efficiency and an increase in the oxygenhaosxercise, which contributes to a
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decrease imxercise capacitiWoo, Derleth, Stratton, & Levy, 20D6However, a study
conducted byWyatt and M€arthy (2003 found that ventilatory capacityas not a
major contributor tdhe decrease in exercisg@derance due to agingroctor et al. (1998
determined that neither age nor gendet &aignificat impact on oxygen consumption
(which is directly assoated with metabolic efficiency) during submaximal cycling
among enduranegained individuals. This would support the claim madeNiyo et al.
(2009 that agerelated changes are reversed with exercise training, which improves
efficiency to a greater degree in the elderly than in the yoBagner et al. (2008
comparedcyclists intwo different agegroups, seniors (28+3 years) and veterans (574
yeas), in two diferent conditionsa graded aerobic testnd a 16.1 km time trial. They
discovered that overglerformance declines with age. The senior grouphigiger peak
values for power output, heart rate, cadence, oxygen uptake and ventitetronhe
veterangroup. Despite #higher levels observeaimong the younger cyclistBalmer et

al. (2008)found that pealkBL, respiratory exchange rate levels, and economy were
similar betweenage groups. This suggests thatlative economy and efficiency in
cycling doesnot vary according to age, babsolutevaluesobservedmnay differ. Ciolac,
Brech, and Greve (20)@ound that healthy older women are able to perform with the
same increasing exercise intensity as younger women suggesting thatsthest a
significant differencebetween older and younger subjects in tewhgheir ability to

participate in progressively intensive exercises.

An additional area of research where age related differences were found is in terms
of biomechanical properties. A study conducted between children and adults at a cadence

of 90rpm could be related to different anthropometric characterig@csiartin, Hautier,
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& Bedu, 2002. It would follow that as all subjects are adults, anthropometrical values
shout not play as much of a role in contributingliomechanical differences resulting

from age

Backward pedaling
One aspect of pedaling technique that has not received much attention inhresearc

the direction of pedaling.

Thorstensson (198@nvestigated the mechanics of backward walking. Forward and
backward walking mirrored each other in terms of the movement trajectories, the angular
displacements of the hip, & and ankle showed similar pattern and magnitude.
However the muscles did have a different reaction. The flexors and extensors of both the
feet and the hip switched their function in backward walking in order to prodece th
backward movement of thieg. The knee extensors shifted their activation phase and
prolonged the duration of their activation. The muscle recruitment in backward walking
was quite differenfrom that offorward walking Backward walking has also been found
to produce a greater RODin extension of the knee, thus reducing patellofemoral joint
loads (Neptune & Kautz, 2000 In the past, backward walking has been used as

rehabilitation for a number of knee injuries.

Cycling is also commonly used as eehabilitation strategy for patients suffering
from knee injuries.Backward pedaling has also recently been investigated as an
alternative to forward pedaling for rehabilitat based on discoveries made with respect
to backward walkingNeptune & Kautz, 2000 Naptune & Kautz (2000jound that

pedaling in the backward dioon reduced the load placed on the tibofemoral joint, but
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increased the load placed on the patellofemoral joint. Based on these results, it would
depend on what type of knee injury the patient experienced as to whether or not
backward pedaling would beecommendedn rehabilitation. A study conducted by
Bressel (200Lcame to a similar conclusion, that pedaling backwards actually placed
greater force on the patellofemojaint (110%). He explaiad that this greater force on

the joint resulted from a greater force on the quadriceps muscle (14880)pedaling in

the backward direction than pedaling in the forward direction. He concluded that there
was not sufficient datad conclude that backward pedaling is a good alternative to

forward pedaling in knee rehabilitation efforts.

Spinnetti (198Y investigatedthe power that can be generated from pedaling
baclkward as opposed to forwardeHliscovered that a person is able to generate more
power pedaling backward than forward. $tggygested thahis increase in poweesulted
from anincreasedorquein the backward pedal patternelduggestedhat more muscle
groupsare recruited when peliag backward A number of researchers have observed
that, unlike backward walking, backward pedaling exhibits a phase shift (180°) of only
the muscles contributing to the anteriosf®ior motion of the pedalingjl other muscle
seemed to contribute theame in the backward direction as they did in the forward
direction(Neptune & Kautz, 2000Raasch, 1997C. Raasch & Zajaz, 1999ing et al.,
1999. A muscle phase shift was observed in the biceps femoris (BF) and
semimembranosus (SM), responsifide posterior motion, as well as the rectus femoris
(RF), contributing to anterior motion.hHasing in vastus medialis (VM), tibialis anterior
(TA), gastrocnemius medialis (GM), and soleus I(p@ere unaffected by pedaling

direction, with VM and SQ contributing to extension, GM to plantar flexion, and TA to
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dorsi flexion. C. Raasch and Zajaz (199@xplained that the phase shift of the
anterior/posterior muscles occurredas a result of different limb kinematics, and

concluded thatdespite the phase shift, the muscles still peréatthe same function.

Experimental design
Measurement of Sulmaxmal power output

Submaximal (submax) power output refers ta power output that can be
sustained for a given amount of time, in order to ensure the use of the cardiovascular
system. Several studies have used differing protocols in order to determine the sub
maximal power output. The general idea is that the tgginb at a low level of resistance,
which is maintained for a specified period of time after which the resistance level is
increased in stages that must also be maintained for that same period of time. The
magnitude of thencrements vary from protocol farotocol, as does the duration of each
stage. Some testing procedures increase the resistance level -minoe stages
(Argentin et al., 2006Rodrigo R. Bini et al., 200&Iske, Hawley, Hopkins, Mujika, &
Noakes, 1998Knight-Maloney, Robergs, Gibson, & Ghiascand, 200lek, Coburn,
& Tedjasaputra, 2009Vallman, Morton, Goodman, & Grove, 2004thers usetwo or
three minute stage@rgentin et al., 2006Chen, Fan, & Peng, 198®enadai et al.,
2006 Leirdal & Ettema, 2009Loras, Ettema, & Leirdal, 2009Marcora & Staiano,
201Q McGhie & Ettema, 2011Wyatt & McCarthy, 2008 The resistancdevel at which
the testing startedlsovaried from protocol to protocol. Some protocbeganwith no
resistancgHodges, Sporer, Lane, & McKenzie, 20McGhie & Ettema, 201)1 while
others started at a resistance level of 5@Afley, Hall, Folger, & Miller, 2008Rodrigo

R. Bini et al., 2008Knight-Maloney et al., 2002Marcora & Staiano, 20310Nyatt &
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McCarthy, 2003 100W (Bieuzen, Lepers, Vercruyssen, Hausswirth, & Brisswalter,
2007 Elske et al., 1998 eirdal & Ettema, 2009Loras et al., 2009Sanderson & Black,
2003 and even 150WBentley, McNaughton, Thompson, Vleck, & Batterham, 2001
The amount that the resistance lewasincreasedat each stage of the teaso varied
from protocol to protocol, with increments ranging from 128V50W (Bailey et al.,
2008 Chen et al., 1989 eirdal & Etterra, 2009 Loras et al., 2009Marcora & Staiano,
201Q Wallman et al., 2004 The mostcommon increment cited was 25\(Argentin et

al., 2006 Rodrigo R. Bini et al.2008 McGhie & Ettema, 2011Sanderson & Black,
2003 Savelberg et al., 2003Vvallman et al., 2004 Due toequipmentimitations | am
only able to increase resistance levels in 10W increments,chose to increase the
resistance by 30W at each stage. This increment has been used in previous studies as well
(Bentley et al., 2001Bieuzen, Lepers, et al., 200Modges et al., 203Knight-Maloney

et al., 2002

Recover period

Costa, De Matos, Pertence, Martinsgd &e Lima (201) conducted a study where
they tried to reproduce a test to exhaustamthe same test dayhe two tests produced
similar results in all parameters measured, including heart rate, blood lacit@xygen
uptake, with he exception obne parametertime. The second test conducted had a
shortertime to exhaustiorthan thefirst, but physiological factors stayed the same for
both tests. There is evidence that the internal body clock plays a role in sport
perf ormance, espreaci alrl ys uwshteani nfienda XReilg& | e wor
Waterhouse, 200@nd it has been suggested that the time of day influences performance

(Elske et al., 199&Reilly & Waterhouse, 2009
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3-D motion capture

3-D motion capture enables researcherslitain kinematic inforration in three
different planessagittal, horizontal and frontal planes. It is advantageous tableeto
obtain this data in #hthree planes in order to get a more accurate picturbawsfges in
joint mechanicgluring dynamic moement.Sayers and Tweddle (20.@sed 3D motion
capture taanalyze the changes that occur in the thorax and pelvis in a high intensity ride.
Shan(2008 investigateda bicycle saver product. He used 3D motion capture to analyse
differences in joint angles (specifically of the hip, knee and ankle) as trials @ogres
giving some insight to motor control-I3 motion capture mape used t@ive us some

feedback regardinthhe correlation omuscle fatigue with loss of motor control.

Pedal forces

Among all of the studies that have investigated the complex relationship between
cadence, power and efficiency, few studies have actually analysed the three dimensional
forces exerted on the pedals throughoytealal revolution One group of researchers
(Sanderson & Black, 2002onducted a study analyzing the efficiency of force on the
pedal as the subject cyclemmparing the force distribution and the angles and moments
of the hip, knee and ankle at the beginning of an endurance ride to exhaustion to those
same measurementkém at the end. They found thaedal force efficiency inmoved
toward the end of the tedtowever they observed that the recovery phase was less
effective at the end of the sessiamd more force was requirgsroughout the remainder
of the pedal revolutianThis would presumably cause the cyclist to reach exhaustion
faster.They suggested that training the pattern of force applicatiaght be helpful in

enhancing a c yUsihgidatda cdlecteéamdonce pedatsganderson and
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Black (2003 alsofound that as the resistance level increases, therens tinoe spent
pulling than pushing, and that the push/pull force occurs at different angles of rotation at
different intersities. Korff, Romer, Mayhew, and Martin (20D@also investigated the
effect of the pull on the upstroke of the pedal pattern and discovered that mechanical
effectiveness was greater and gross efficiency was lower when subjects impldrae

pull. He concluded that ethanical effectiveness is not indicative of gross efficiency
across pedaling techniqueBhe magnitude and direction of theedalforceshas been
found to be dependent dhe intersegmentabrientation of seat tube, crank position,

upper and lower leg, and fogtde Groot et al., 994).

Summary and rationale of the study

In this project | am investigating a new bicycle design that allows a rider to pedal
either forward or backward to create forward propulsion. The goal of this study is to
determine if the ability to pedal imoth the forwardandthe backward direction increases
efficiency. In order to investigate the possibility of a muscle memory or training effect,
chose to comgretrained cyclists and untraineyclists Subjects for this study consisted
of adults aged 185 years. Anthropometric differencesyaiung subjects compared with
adults causes differences in biomechafisMartin et al., 2002 From the literature we
learn that adults younger than 70 do not respond significantly differently in terthe of
physiological parameterheart rate and blood lactatdat | chose toobserve. We also
learn, that there do not seem to be any significantly diffeyentlesrelatedphysiological
responsesor these parameters. Thuschoseto include both males and females in this

study.
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This thesis examinesidimechanical angbhysiological properties in order to gain
insight regarding the fatigue process as well as provide agrstacdding of the effects of
fatigue on muscle controlBiomechanical properties investigated include the force
exerted on the pedal and the anglethefjoints of the lower limbs. As part of the pedal
force investigation bbservedhe magnitude of the force exerted as well as the dispersion
of those forcesSeveralphysiological parameteere used t@rovide some insight to and
understanding of theafigue processand to monitor the exercise intensity. These
parameters include EMG, heart rate &1d | also monitoredhe time to fatigueThe
combination of all of these parameteatsould enhance understandiofjthe process of

fatigue and the effectsdm pedaling in the kilirectional pedal pattern on fatigue.
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Chapter 3: Methodology

In order to evaluate the efficiency of thedirectional bicycle, the investigation
included a preaest study looking at the efficiency of backward pedaling comptred
forward pedaling, as well as the efficiency of thedisectional bicycle compared to a
fixed-gear bicycle.Protocols and test procedures used in this thesis project were

approved by the Human Subject Research Committee at the University of Lethbridge.

Standardization of test conditionsi protocol setup

Prior to the beginning of this project,paeliminary study was performewith a
small group The purpose of thipreliminarystudy was twefold: to determine the ratio
of submaximal pover output wherpedaling forwardo the submaximal powe output
when pedaling backwaydand to evaluate the efficiency of the new bicycle design
compared to a fixedear bicycle. Thigpreliminary study was necessatyp estabsh
baseline data to work fromas nopreviousresearch provided agt protocothat might be

applicable in the current study.

Methodology

Eight subjects (five male, three female; ages ranged fro®32%ompleted four
different submaximal power tests on four different sessions, with a minimu24 ¢dfours
of rest between sessions. Tests wasaducted on two different bicyclea:fixed gear
road bicycle and prototype of thenew bicycle design invented by Dr. Gongbing Shan
from the University of Lethbridgeand built in conjunction with Suthern Alberta
Institute of Technology Each subject completed a soiaximal power test on both the

fixed-gear bicycle and the prototype, in two different pedal patterns (forward and
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backward) on each bicycle. Tests were conducted at the same tuag oh diffeent

daysfor each subject.

Before commencing with the swbaximal sustained power output tesiibjects
beganeach test day with a maximum fimeinute warraup on a stationary trainer with
little or no resistace Patterned after a similar test conductgdlUong and Thomas
(1993, each submaximal power output tebieganat a resistance level which produced a
power output (PO) of 50W and increased by 30W every three minutes. Subjects were
instructed to remin seated throughout the t€Eiske et al., 1998 and pedal within the
set range of cadence ¢2Q0 rpm) until they reached a state of exhaustion. Exhaustion
was detamined to occur either when subjects were no longer able to maintain a cadence
of 70 rpm(Rodrigo R. Bini et al., 20Q8r when the dpject determined that they were
exhausted andould notcontinue with the test. Vigorougerbal encouragement was

provided to each subject throughout all tests in order to facilitate their best performance.

The order of the pedal patterns (forward ordckward) were randomly assigned
to each subjecBince the two bicycles had different wheel sizes, hookipghe bicycles
on the trainer required sonagljustmentsAs a result, Idid all of the testing on the fixed
gear bicycle first, then on the-tlirectional bicycle in order to eliminate the possibility of
altered resistance levels resulting from a differenrupetind to maintain consistency with

the trainer.

Data was recorded and then analyzed using Excel. On the fixed gear bfoyrid
that the submaximal sustained PO in the backward direction was approximately 83.3%

(£9.5%) of that in the forward direction for each individual, with only one exception. On
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the bidirectional bicycle,l found that the sulmax PO in the backwardrdction was

approximately 87%+5.8%) of that in the forward direction.

Results from thispreliminary study showd that in general, pedaling in the
backward direction is less efficient than pedaling in the forward direction in terms of the
maximum sustairge power output. Thisoreliminary study also showed the relative
efficiency d the bidirectional bicycle to be simildp that ofthe fixed gear bicycle when
comparing the forward diotion to the backward direction.h& ratio of forward to
backward maximon sustained power output between the two bicycles was the same.
However, it should be noted that the maximum-swximal power output attained on the
fixed gear bicycle was higher in both directions than it was on tadédxtional bicycle
for all subjecs involved in thepreliminary study. This may result from the difference in
design of the two bicycles, the fixggar bicycle being more efficient because of the

simplistic design of the pedal mechanism.

Subject recruitment and screening

Subjects were wzruited through the Headwinds Cycling club in Lethbridge,
Alberta, Canada, as well as through the University of Lethbridge. A notice requesting
volunteers for participation in the study was posted on the Headwinds Cycling club
website, and four kinesiologglasses were visited on the University of Lethbridge
campus to recruit subjects for this study. All subjects were volunteers and were not
rewarded for their contributions. Each subject signed two consent feseasAppendix
A) informing them of the purpesof the study, and the procedures that would be
followed. One form outlined the study from a biomechanical perspective, while the

second form outlined the physiological aspects of the study.
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Prior to participating i ntyto paitigpatsweredy ,
screened using the PAR question form, which is designed to identify people who may
experience health risks when participating in physical activity. All subjects who

participated in this study passed the RARvith no major healtiboncerns identified.

Due to limitations in the amount | cabibdjustthe bicycle to fit the subjectsalso
had to screen the subjects based on body measurements. The main limiting factor was the
height of participantd. wasable to make minor adjustmis to the bicycle in order to fit
it properly toall participating subjest These adjustments included seat height, seat tilt,
stem ength, and handlebar placememarie size could not be adjusted, nor could the
length of the crank arms. These limitations resultedhm disqualiication of three

volunteers fronthe subject pool

Thirty-three Caucasian subjects started the study, but due to unexpected injuries
two sibjects had to withdraw, and one subject failed to complefelwa sessions due to
scheduling conflicts. &jects were categorized into two groups; trained cyclists,
including tri-athletes (thirteen males, five females, age 31.4+11.1 years, body weight
77.2+12.3 kg, body height 177.7£5.4 cm, 9.6x9.7 average years of training) and
untrainedindividuals (eight males, seven females, age 28.6+11.3 years, body weight
67.1+11.0 kg, body height 176.4+7.9 crijyained cyclists were defined as people who
had a minmum of two years cycling experience, and were training a minimum of five
hours per week at the time of data collectidntrainedindividualswere defined aghose
who did not train for any specific sport regularly, but may have been physically active

their lives
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Equipment specifications

For this study, a Cervelo bicycle (2007) frame (size 56 inches) was used, with top
tube length measuring 20 inches. The seat height and stem length were adjusted in order
to fit the bicycle toeach subjecindividually. Each subject used the same bicycleuget

for all four of their individual trials.

The new bicycle design under investigation contained a modification to the crank
pedal systemaccommodate thérward/backwardpedal system(see Figure2 below)
The madification allowed a cyclist to pedal either forward or backward in order to propel

the bicycle in the forward direction. Thisechanismwas builtat the SounthernAlberta

Insititue of Technologynd was completed at the end of 2008.

Figure 27 Modification of bidirectional crank systerAlso included in photo is a picture

of the force pedal.
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The bicycle was mounted on a Tacx CE T1680 Flow Ergotrainer (2007) in the lab.
A special pedal (Kistler Force pedal constructed using the Ki8tleomponent force
sensor model 9251A, 2008) was used to measure the forces exerted in three separate

dimensions: vertical, medial/lateral and anterior/posterior.

Five channels of an eiglchannel wireless NORAXON (NORAXON U.S.A,, Inc.,
Arizona, U.S.A.)EMG system, capturing at a rate of 1000Hz, was used to monitor

muscle activation levels.

A twelve-camera VICON 3D motion capture system (Oxford Metrics Ltd., Oxford,
England) was used to quantitatively determine the measurements of and record the
movemensg of subjects as theyere cycling VICON softvare (Life Sciences Software
Package, 2010) was digured to capturenovementat a rate of 200 frames per second
and reconstruct the captured movements in 3D computer space. Calibration residuals

were found ol | owi ng VI CON&6s guidelines and wer e

Blood lactate was measured at two minute intergalingeach session. A drop of
blood was drawn from the subjects every two minutes using Multilet sofpereedles
and Lactate Pro blood lat¢atest stripsBL were measured using the Arkray Lactate Pro
blood lactate test meter. Heart rate was monitored using a wireless POLAR heart rate

monitor, modeFS2c
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Experimental procedures and data collection

Lab setup
The lab was set up with the bicycle under investigatienteredn the middle of
the room surrounded by 12 VICON infrared cameras positioned in a circle around the

subject(see Figura and 3b below)

V P - ¢

/r
.A& g

3b

Figures3a and ® 1 Picture(3a) and computee-construction(3b) of lab setup.

Throughouteachtrial, a fan was positioned to fatdhe subjects at an angte help
regulate their body temperature while cycling and to avoid overheisge et al.,
1998. To avoid dehydratioras they cycledsubjects were provided with choice of

eitherwater or an electrolyte solution to drin& they desired

Subject seup

For each test day, subjects were instructed to wear comfortable shestsrtaand
running shoes. Subjects were outfitted with wireless electromyography (EM@)
channels of the eiglthannel wireless EMG system were used. Surface electrodes were

placed on the following muscles of the right leg of each subject: Biceps Femoris (BF),
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Tibialis Anterior (TA), Vastus Medialis (VM), Vastus Lateralis (VLpdaGastocnemius

Medialis (GM).

Figure 41 Subject with wireless EMG

Subjects were then dressed in a stretchable black garment witlodiyllcoverage.
A set of 39 reflective markers weattached tdhe suit to indicate anatomic@ndmarks
(see Figureba and 5b below)Four markers were placed on the head; the left and right
temples, and the left and right posterior portion of the parietal bone. The markers on the
head were positioned so as to be parallel to the ground when tjeetswias facing
straight ahead. Markers placed on the upper body included the C7, T10, right back,
sternal notch, xiphoid process as well as the acromion processes, upper arm (arbitrary
placement), lateral epicondyles of the humerous, lower arm (arbpieegment), styloid
processes of both the ulna and the radius, and the third metacarpophalangeal joint on both
the left and right sides of the body. The markers on the lower body were also placed on

both the right and left sideand included the followingpcations: the anterior superior
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iliac crest, posterior superior iliac crest, upper leg (arbitrary placement), lateral condyles
of the tibia, lower leg (arbitrary placement), lateral malleolus of the fibula, calcaneal
tuberosity and the head of the halki¢-our markers werassymetricallyplaced on both

the upper and lower arms and legs to differentiate theatef right sides of the subject
and facilitate computer econstruction of ddtkarkers reflected infrared light signals that

were detected byhe motion capture VICON cameras situated around the subject.

A\ )

t"*"ﬁa

5a 5b

Figure 5a and 5B Photoof subject with suit and markers placed on anatomic positions

of the iody, and mounted on the bicycle; front view (5a) and back view (5b)

Testingprocedures
Each subject participated in four separate days of data colle¢tienduration of
eachride was to volatary fatigue. This is defined #éise point at which subjects felt they
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were no longer able to continue pedaling at the set resistantedetieeir pedal cadence

fell below 70 rpm Subjects had a minimum of 48 hours rest between data collection days
to allow for muscle recovery, and subjects were asked to refrain from heavy exercise the
day before each test so that the muscles were redtddur days of data collection for

each subjectarurred at the same time of d@siske et al., 1998Reilly & Waterhouse,

2009.

The first day of data collection started wéahbasdine submaximal graded power
output test with subjects pedaling in the forward direction on tidréctional bicycle.
Prior to cyclingon the first daythe bicycle was fitted to the individual rider adjusting the
seat position, stem length, ahdndlebar positionThe same individualized bicycle sgb
was used for all four test daySubjectswvere then asked to perform a fir@nute warm
up prior to the beginning of the test. In the graded power output test, subjects started
pedaling at a 50 Wapower output (PO). Subjects were asked to maintain an RPM of 70
110 through the duration of the testsie PO was increased by 30 Waitshreeminute
intervals until the participant was no longer able to maintain the set PO, levahe
minimum cadeoe. The PO from the last completed level was recorded as their maximum
sustained PO (SPO). This initial data was used to determine the resistance level for each

individual in subsequent lab sessions.

Days two, three and four in the lab consisted of thdg#erent pedaling
configurations: forward pedaling only (FO), backward pedaling only (BO) and bi
directional pedaling (Bl) which consisted of pedaling forward for seven minutes, then
backward for three minutes for the duration of the test. The orderesk tkhree

conditions was randomly assigned for each subldatiges et al. (203Qoncluded that
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one session would not benefit, nor hinder performancé,vgas not concerned that a
previous session would alter thata collection for subsequent sessions, but the order of

conditionswasrandomized in order to meet scientific protocol.

To the best ofmy knowledge there is no quantitative research related to a
combination of forward and backward pedaling. Since tioaid of the study was to test
the efficiency of the new bicycle design, specificalyaminingthe effect of a bi
directional pattern a ratio of forward to backward pedaling was requireded an
empirical method to determine a usable ratio for thisyst&hce backward pedaling is
an unfamiliar motion, it is not as fluid of a movement and is not as efficient as forward
pedaling, as was verified in tipgeliminarystudy. Because of this, less timas allotted
to pedaling backward than forward for tH®-directional pedal pattern. However,
sufficient time pedaling backwards is required to find a rhythm before switching to
forward pedaling. Prior to the beginning of testing, a number of singiés twere
conducted to determinthe ratio of seven minutegerward to three minutes backward
pedaling when testing the BI pedal patte®mce t was notmy intention to find an
optimal ratio, and some practice pedaling in the backward direction coaidje the feel
of the pedaling, future studies may explosdat an optimum ratio of forward to

backward pedalingight be.

After obtaining the subjedipeakforward pedalingsustained power outp(¢EPO)
resistance level for forward pedalingre set to 90% of this value. This value is based on
studies conductedy Rodrigo R. Bini et al. (2008and Hansen et al. (2002 For
backward pedaling, the resistance level was set to 87% &drthard pedaling resistance

level (SPO x 90% x 87%= 78% of SPQin order to determine the resistance level for
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backward pedaling for subsequent testing days. This percentage was chosen based on
results from thepreliminary study. The resistance level for-directional (Bl) pedaling
was adjusted according to the diation the subject was pedaling in order to obtain

comparable results in the Bl pedal pattern.

On each trial daysubjects were instructed to pedal at the resistance level which
would produce the desired Rd to maintain a cadence betweerl0 until voluntary
fatigue. This is a method that has conmhydbeen used in past reseaf€odrigo R. Bini
et al., 2008 Rodrigo R. Bini & Diefenthaeler, 201®. R. Bini, Diefenthaeler, & Mota,
2010. A subject pedaling to voluntary fatigue allows them to gauge their own effort and

performance.

On testdays two, three and four, as subjects cycled at the appropriate resistance
level, ten secorglof data was collected every two minutesing the 12 camera VICON
motion capture system. Thesapturesprovidad threedimensional coordinatpositions
of all makers. Each subject was allowed a fivenute warmup (pedaling in theattern
that they would be pedaling on that particular day of testing) pritretstart oftesting.
Each testig condition started with a tesecond dat&ollectionto be used as a Eme
Then tensecond captures were maeleery two minutes thereafter until subjects reached
voluntary fatigue, or were unable to maintaimaimum cadenceof 70 rpm, at which
time one final ten secondata collectionwas taken (even if it had not yeedn two
minutes since the lasfata collectiop BL and heart ratevere measured for each subject.
It est ed t hestingsblodd|laetate levdb provide a baselinéor comparison
Throughout the duration of each trilll. and heart rate&vere measuredind recorded in

two minute intervals, each immediately following the ten seatatd collectiorperiod,
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and a final blood lactate levahd heart rate&vasrecordedas soon as the subject stopped

pedaling.

Data analysis

Postdata processing

Data was processed using VICON sefire (Life Sciences Software Package,
version 2010). The raw data that wadlectedusing the VICON camera system was
filtered using a fivepoint smoothing fikkr (1-3-4-3-1 function). A fultbody
biomechanical model of eadubject consisting of 15 segments was constructed. These
segments include the head and neck, upper trunk, lower trunk, and right and left segments
of each of the following: upper arm, lower arm, hand, upper leg (thigh), lower leg
(shank), and feet. Frorhe coordinate data collecté@vasable to determine not only the
position of each segment and joint, but also the angles of each joint at any given period in
time. The joint coordinate data was exported using Bodybuilder (Life Sciences Software
Package, ersion 2005) into ASCII (csv) format. Microsoft Excel (version 2010) was
used to read and analyze this data. EMG data was processed and filtered using the Origin
program (version 3.0). Using this prograhas able to calculate thenedianpower
frequencyfor each muscle from the i€&conddata collectionsThis data was used to
compare muscle activation levels as each trial progressdtb see if there were any
changes in theatterns of activatiomf selectedmuscles. No posiata processing was

required for the blood lactate, heart rate, or duration of cycling time measures.

In analyzing this data, a MATLAB program (version R2011b) was designed to

extract data points that were of interest. Parameters that were exported using MATLAB
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includedthe crank armangle where the maximum pedal force in the vertical direction
was recorded on eagedalrotation (looking at both the pusbrte as well as the pull
force) andthe angles of several join{gcluding the hip in terms of flexion/extension as
well as medial/lateral positioning, the knee in flexion/extension only, and ankle in terms
of both flexion/extension and medial/lateral piosiing at those same locatignghe

time difference between the maximum push force on the pedal and the maximum net
force (the maximum of the averages of the forces in the vertical, anterior/posterior and
medial/lateral directions) that occurred for each rotation of the pedal was also
investigated.l also looked at the angle of the crank where the maximum muscle
contracton happened for each of the five muscles that were monitored (GM, BF, VM,
VL, TA). Further,| recorded the joint angle where the maximum push and pull forces

occurred for each revolution of the pedal.

The MATLAB program used for thisanbe made availablepon request.

Statistical analysis
Data was analyzed using both descriptive and analytical statistics. A combination

of ANOVA and ttests were done tdeterminesignificance
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Chapter 41 Results
Kinetics
Kinetic measures in this study include data obtained from the force pedals. This
data can be categorized into two areas: magnitude of force on the pedakeand

distributionof the maximum force in the pedal stroke.

Force magnitude

The maximum pedalingofce is expressed as a percentage of the subjects body
weight (relative comparison) in order to normalise the restitg. average amount of
force expressed as a percentage of body weight did not change significantly (p>0.05)
from the beginning to the eraf the trial for the trained group in either the push or pull

forces, both decreasing by 15.88% and 22.45% respectsedyFigire 6).
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Force (as % of body weight)
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Figure 6 - Comparison of pedal force expressed as a percentage of body fweigbth
push force ang@ull force in trained gbjects in the FO pedal pattern;

FO: Forward only.
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However for the untrained group both the push and the pull forces actually
increased from the beginning to the end of the trial by 46.44% and 43.69% respectively
(seeFigure7). The i ncrease of the push force was si

of the pull force was highly significant (

12%
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Force (as % of body weight)
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Figure 7 - Comparison of pedal force expressed as a percentage of body feeigbith
push force angull force in unrained subjects in the FO pedal pattern;
FO: Forward only.

In terms of the magnitude of theush and pullforces results fortrained and
untrained subjectaere similarin the BO and FO pedal patterrighe push forcéor the
BO pedal patterimcreased by 11.47% and the pull force increased by 12§t#te end
of thetrial as compared with the beginning of the trial for trained subjsetHgures).

The changes were not significant (p>0.05).
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Figure 8 - Comparison of pedal force expressed as a percentage of body feeigbith
push force and pull force in trained subjects in the BO pedal pattern;

BO: Backward only.

Untraired subjects had a larger changbe push force increasday 26.73% and
the pul force decreaselly 15.81%by the end of the trial (seléigure9). The change in
the push force was highly significant

not significant (p>0.05).
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Figure 9 - Comparison of pedal force exgeed as a percentage of body wefghboth
push force and pull force in untrained subjects in the BO pedal pattern

BO: Backward only.

Hi ghly significant differences (p0O0.01)
the push and pull forceer all measurements in all gal patterns foall subjects (see

Figures 6-9 above).

Forcedistribution

The force pedal data showed a consistent pedal pattern clearly indicating the
location of both the maximum push force as well as the maximum pull foreaah
revolution of the pedal crank during tbapture In the firstdata collectiorof the trial the
location of the push forces are consistently in the same locations, while the pull forces
have slightly greater distributiom the lastdata collectiorof the trial the location of the
push and pulforcevaries. InFigure10 we see thaatthe beginningf trials (quadrant 1)
the distribution of the maximum forces on the push are clumped in a very similar place,
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where the end of trial (quadrant &g can see that these points arere spread outA

similar pattern is observedith the pull points from the beginning to the end. It should
also be noted that the distribution of the push force and the pull force differ as well; the
pull force has a greateatiance than does the push force in both the beginning r@utad

1) and the end of the trial (quaaht 2) This observation was consistent among both
trained and untrained subjects. You can also see that both of these patterns were
consistent when pedaling the backward direction (see quadrants 3 and 4). When
looking at the pattern between the forward pedal pattern and the backward pedal pattern,
it should be noted that the forces in the backward pedal pattern have a much larger
distribution at both the lggnning and at the end of the trial than the forward pedal pattern

(see quad 1 vs. 3and 2 vs. 4).
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Beginning of Trial End of Trial
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Figure 10- Location of the maximum push force and pulice for each revolution in a
10-secondneasuremerdt the beginning of the triglompared to the end of a trial for
both the FO and BO pedal patterns;

FO: Forward only; BO: Backward only.

Trained subjects showed a 68% increase in range pbsition(ROP of the crank
at the point where the maximum push force occurred from the hegitoithe end of the
trial in the FO pedal pattern, with a standard deviation increasing by 185.73%

(16.317.45° at the beginning comparevith 27.15+£21.30%) (seéigure 11). The push
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force saw a gradual increase in ROM. At the beginning, the range antile of the

crank was 16.31+7.45°, 20.31+21.43° after the first quarter, 24.69+21.79°at theafalf
point, 26.77+24.87° after the third quarter, and a range of 27.15+21.30° at the end of the
trial. The increase of the range of the angle for the puste flitom the beginningp the

end of the trial was significant (pO0.05).

For trained subjectshé range of the crank angle for the maximum pull force
showed a different pattern than that of the push. The pull force saw a decrease by 28.86%
(this was notignificant (p>0.05))¥rom the beginning to the end, but an overall change of
52.53%. The standard deviation of the range of the pull force decreased by 61.83% from
the beginning to the end of the trial (31.04° compared with 11.85° respectively) for the
trained subjects ithe FO pedal pattern (s€egurell). At the beginning, the range in the
angle of the crank was 35.25+£31.04°, 24.31+16.12° after the first quarter, 37.08+28.19°at
the haltway point, 25.46+11.86° after the third quarter, and a ran@5.68+11.85° at

the end of the trial.

There was a significant difference (pOO.
forces at the beginning of the trial for the trained subjects in the forward pedal pattern,
but there were no significant differencgs>0.05) between the push and pull forces

throughoutheremainder of the trial.
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Figure 11 - Comparison of the RPof the crank angle between push and pull forces in
trained subjects for the FO pedal pattern;

ROP. Range ofosition FO: Forward only.

Trained subjectpedalingin the FO pedal pattern started with an average pull rate
of 89.56%, and gradually increased to a pull rat®&f9% at the end of the trian

increased pull rate of 9.64%.

Untrained subjectshowedan increasef 128.386 from the beginning of the trial
to the end of the trialyith anincrease 0f.50.69% in the standard deviatidrhis shows
an even greater variation than the trained subjects in this pedal pattern. This increase was
hi ghly si gniSubjectastarted (vith @ avérae of 21.78+9.41°, then after
the first quarter saw a range of 33.00+25.78°, 42.73+33.27° and 38.33£26.95° at-the half
way point and after the third quarter respectively, and a range of 49.93+23.59° at the end

of the trial.

51



Untrained subjectaverage crank angle for the pull force in the FO pedal pattern
had an increase of 36.83% from the beginning to the end of the trial, but an overall
increase of 192.28% throughout the trail. The increase was not significant (p>0.05). At
the beginning, the angle at which the greatest pull force occurred had a range of
24.00£17.82°, then 27.45+17.42° and 21.53+13.85° after the first quarter and atthe half
way point respectively, 24.92+17.35° after the third quarter, and 20.31+7.87° atdthe en
of the trial. The difference between the range of the push and pull forces for untrained

subjects was not significant (p>0.05).
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Figure 12 - Comparison of the RBPof the crank angle between push and pull forces in
untrained subjects for the FO pedal pattern;

ROP: Range ofosition FO: Forward only.

Untrained subjectpedalingin the FO pedal pattern stagtevith an average pull
rate 0f79.39% and ended at 93.74%épresenting an increase of 18.07% throughout the

trial.
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There was a significant difference (pOO.
subjects in the FO pedal pattern for R@Pfor the push forces at the beginning and at
the middle of the trial, and the differenc
Figure13). No significant differences (p>0.05) were found between trained and untrained

groups in the range of thpaill forces in the FO pedal pattern.
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Figure 13- Comparison of the RO®f the crank angle between trained and untrained
subjects where the maximum push force occurred in the FO pedal pattern;;

ROP. Range ofosition FO: Forward only.

Trained subjects showed a decrease of 5.16% in ROP of the crank where the
maximumpush force inoccurred in the BO pedal pattern from the beginning to the end
of the trial. This change was not signific§pt0.05) nor did the standard deviation vary
significantly (p>0.05) amonglata collection$6.13% decrease in SD). At the beginning,

the range in the angle of the crank was 48.42+29.75°, 46.40+27.84° after the first quarter,
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41.36+35.21°at the halfay point, 36.30+£21.93° after the third quarter, andreeaof

45.92+27.93° at the end of the trial.

For trained subjectsthe pull force in the BO pedal pattern showed an overall
decrease in range by 39.44%, with a decrease of 21.92% in the SD from the beginning to
the end, but an overall change of 134.80% hamong subjects. The pull force started at
a range of 50.78+21.63°, 38.70+39.66° after the first quarter, 48.20+20.96°at the half
way point, 39.80£21.69° after the third quarter, and a range of 30.75+16.89° at the end of
the trial. The change in rangé the pull force from the beginning to the end of the trial

was highly significant (pOO0.01).

The difference between the ranges of the push and pull forces for the backward

pedal pattern was not significant (p>0.05).
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Figure 14 - Comparison of ROBf crank angle where maximum push and pull forces in
the BO pedal pattern for trained subjects

ROP: Range ofosition BO: Backward only.
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Trained subjects in the BO pedal pattern increased their pull rate from 72.88% to

92.91% from he beginning to the end of the trial; a 27.47% increase.

In untrained subjectghe range of the BO push force incretbg 28.40% from the
beginning of the trial to the end of the trial, but an overall increase of 67.90%. Subjects
started with an averagef 40.50+15.04°, then after the first quarter saw a range of
68.00+21.41°, 50.17+33.79° and 47.50+£26.17° at theviayf point and after the third

quarter respectively, and a range of 52.00+31.99° at the end of the trial.

Untrained subjectaverage crankangle for the pull force in the BO pedal patter
increased byl0.3®% from the beginning to the end of the trial, but oveitailhcrease
24.13% throughout the trial. At the beginning, the angle at which the greatest pull force
occurred had a range of 43.10£24.57°, then 47.00+27.07° and 46.27+32.19° after the first
guarter and at the halfay point respectively, 53.50+23.68° after the thquéarter, and

47.55+16.26° at the end of the trial.

Neither of the changes in range for the push or the pull forces were significant
(p>0.05) for the untrained subjects in the backward pedal pattern. Nor were there any
significant (p>0.05) differences tveeen the R® of the maximum push or the maximum

pull forces throughout the duration of the trial.
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Figure 15- Comparison of ROBf crank angle where maximum push and pull forces in
the BO pedal pattern for untrained subjgcts

ROP. Range ofosition BO: Backward only.

I n the backward pedal pattern, hi ghly
trained and untrained subjects were observed in the first quarter of the trial on the range
of the maximum push forces (sEmgure 16), and at theend of the maximum pull forces

in the BO pedal pattern (séggurel?).
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Figure 16 - Comparison of R® between trained and untrained subjects of maximum
push force of the BO pedal pattern

ROP. Range ofosition BO: Backward only.
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Figure 17 - Comparison of ROBetween trained and untrained subjects of maximum pull
force of the BO pedal pattern

ROP. Range ofPosition BO: Backward only.
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Trained subjectshadhghl y si gni ficant dif fROP&nces (
the maximum push force in tHO and BO pedal patterns, with a significant difference

(pO0.05) found atFigurel®). end of the trial (se
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Figure 18- Comparison of the RO®&f the crank angle in the FO and BO pedal patterns
for the maximum push force for trained subjects;

ROP: Range ofosition FO : Forward only; BO: Backward only.

Trained subjectalsoshowed highly signii ant ( pOO0. 01) althd f er en
beginningo f the trial, and a significant di ffe

quarter of the trialgor the maximum pull forceseeFigure19).
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Figure 19 - Comparison of the RO®&f the crank angle in the FO and BO pedal patterns
for the maximum pull force for trained subjects;

ROP. Range ofosition FO : Forward only; BO: Backward only.

Untrained subject®iad smilar differences in the ROBf maximum push forces

between FO and BO pedal patteasswe saw inrained subjectghe first half of the trial

saw highly significant ROPbffthe maximanefercegip OO0 .

the FO and BO pedal patterns.
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Figure 20- Comparison of the RO®&f the crank angle in the FO and BO pedal patterns
for the maximum push force for untrained subjects;

ROP. Range ofosition FO : Forward only; BO: Backward only.

Untrained subjectsshowed significant differences { O0 . 05) i nof t he
maximum pull forces when comparing the FO and BO pedal patterns at the beginning of

the trial and at the third quarter.
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Figure 21- Comparison of the RO#&f the crank angle in the FO and BO pedal patterns
for the maximum push force fantrained subjects;

ROP. Range ofPosition FO : Forward only; BO: Backward only.

Kinematics
Kinematic measwments included measurementgarige of motionROM) of the

hip, knee, horizontal and vertical ankle joints.

In trained subjects in the FO pegttern, he ROM of the maximumpush force of
theknee had an increase of 0.21% from the beginning to the end of th&heat was a
ROM of 9.28+7.48° at the beginning of the trial, then after the first quarter the \R&V
6.731£6.08°, then 9.19+7.%%t the halfway point, then 11.43+11.21° aftemnet third

guarter, and 9.30+8.64t the end of the trial.

The ROM of the ankle in the horizontal direction had an overall increase of 22.34%
from the beginning to the end of the tridlhere was aROM of 10.24+7.07° at the

beginning of the trial, then after the first quarter the ROMswWL0.05£9.16°, then
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11.74+8.73 at the halway point, then 12.62+8.66° after eththird quarter, and

12.5249.92 at the end of the trial.

The ROM of the ankle in the xtgcal direction had an overall increase of 46.43%
from the beginning to the end of the tridlhere was aROM of 4.95+4.81° at the
beginning of the trial, then after the first quarter the R@Ms 5.12+5.76°, then
5.49+4.69 at the haHway point, then 74+6.78° afterhe third quarter, and 7.25+8%2
at the end of the trial. None of the changes in the ROM for the joint angles below were

significant (p>0.05).
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Figure 22 - Comparison of ROM of joint angles for the knee and ankle in the haoaizon
(x) and vertical direction (y) at the maximum push force of trained subjects FO pedal
pattern;

ROM: Range of Motion; FO: Forward only.

In trained subjects in the FO pedal pattern, the ROM ofrtaeimumpull force of

theknee had a decrease of 16.81% from the beginning to the end of thEheiad.was a
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ROM of 12.71+7.54° at the beginning of the trial, then after the first quarter the ROM
was 11.78+7.63°, then 13.10£7.07° at the-haly point, then 12.04+8.84° aftertthird

guarter, and 10.58+6.29° at the end of the trial.

The ankle in thehorizontaldirection had an overall increase of 9.15% from the
beginning to the endf the trial. There was &OM of 11.49+7.74° at the beginning of the
trial, then after the fitsquarter the ROM as 10.26%6.22°, then 10.65x62 74 the hal

way point, then 12.25+7.13° afteetthird quarter, and 12.54+6 %4t the end of the trial.

The ankle in thevertical direction had an overall increase of 7.43% from the
beginning to themd of the trial. There was &OM of 3.80+4.02° at the beginning of the
trial, then after the first quarter tHROM 3.14+3.12°, then 2.86+2 %52t the haHvay
point, then 3.95+2.96° aftelnd third quarter, and 4.08+3%at the end of the trial. None

of the changes in the ROM for the joint angles below were significant (p>0.05).
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Figure 23 - Comparison of ROM of joint angles for the knee and ankle in the horizontal
(x) and vertical direction (y) at the maximum pull force of trained subjects FO pedal
pattern;
ROM: Range of Motion; FO: Forwd only.

In untrained subjects in the FO pedal patt the ROM of the push force of the
knee had an increase of 62.93% from the beginning to thefete trial. There was a
ROM of 8.44+6.01° at the beginning of the trial, then after the first quarter the R&&M w
10.70+£5.99°, then 13.69+88@t the haHway point, then 13.51+8.58° afterethhird

guarter, and 13.75+9.1@t the end of the trial.

The ankle in thénorizontaldirection had an overall increase of 87.27% from the
beginrning to the end of the trial.lere was &OM of 8.60+5.28° at the begimg of the
trial, then after the first quarter the ROMagv10.77+5.29°, then 11.67+7°48 the half

way point, then 11.07+£5.29° after the third quartend 16.10+10.29at the end of the

trial.
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The ankle in thevertical direction had an overall increaf 127.74% from the

beginning to the endf the trial. There was &OM of 4.08+5.15° at the beginning of the

trial, then after the first quarter the ROMas 4.89+4.74°, then 5.61+6%4# the halwvay

point, then 6.09+£5.63° afteratihird quarter, anfl.30+£10.77 at the end of the trial.

The change in the ROIslt the end of the trial compared to the beginning of the trial

of theknee joint was significar(t p O 0, th® chgnge in the ROM of tla@kle joint in the

horizontal direction was highly signitmt @ O 0 . @nd the change in the ROM of the

ankle joint in the vertical direction
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Figure 24 - Comparison of ROM of joint angles for the knee and ankle in the horizontal

(x) and vertical direction (y) as the maximum pusité of untrained subjects FO pedal

In untrained subjects in the FO pedal pattern, the ROM of the pull force kndee

pattern;

ROM: Range of Motion; FO: Forward only.

had an increase of 42.96% from the beginning to the end of theTtiale was &OM
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of 8.92+6.52° at the beginning of the trial, then after the first quarter the ROM was
9.61+6.35° then 12.30+8.59° at the hadfy point, then 11.87+8.63° after the third

quarter, and 12.75+7.63° at the end of the trial.

The ankle in thénorizontaldirection had an overall increase of 39.82% from the
beginning to the endf the trial. There was &OM of 8.43+7.74° at the beginning of the
trial, then after the first quarter the ROM was 11.25+4.10°, 13eP6+8.52 at the hal

way point, then 11.14+4 .84ftter the third quarter, and 11.79+5%34t the end of the trial.

The ankle in thevertical direction had an overall decrease of 13.59% from the
beginning to the end of the triaThere was &OM of 4.82+6.96° at the beginning of the
trial, then after th first quarter the ROM was 4.85+3.62°, then 5.90+7.20 ° at the half
way point, then 4.63+2.90° aftdret third quarter, and 4.17+2%at the end of the trial.

None of the changes in the ROM for the joint angles below were significant (p>0.05).
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Figure 25- Comparison of ROM of joint angles for the knee and ankle in the horizontal
(x) and vertical direction (y) of the maximum pull force of untrained subjects FO pedal
pattern;

ROM: Range of Motion; FO: Forward only.

In trained subjects in the BGegal pattern, the ROM of the push force of kinee
had an increase of 6.70% in ROM from the beginning to the end of th&treak was a
ROM of 24.68+13.13° at the beginning of the trial, then after the first quarter the ROM
was 21.80+10.66°, then 19£15.58 © at the halvay point, then 15.14+9.90° after the

third quarter, and 26.33+£16.49 ° at the end of the trial.

The ROM of the ankle in thieorizontaldirection had an overall increase of 11.73%
from the beginning to the endf the trial. There wasa ROM of 12.16+9.32° at the
beginning of the trial, then after the first quarter the ROM was 14.22+8.25°, then
9.77+4.61 ° at the halflay point, then 9.35+4.02° after the third quarter, and 13.58+6.62

° at the end of the trial.
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The ROM of the ankle inhe vertical direction had an overall increase of 47.11%
from the beginning to the end of the tridlhere was aROM of 5.31+6.84° at the
beginning of the trial, then after the first quarter the ROM was 5.11+5.63°, then

5.06+4.99 © at the halfiay point, tlen 4.58+3.77° after the third quarter, and 7.81+6.60 °

at the end of the trial.
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Figure 26 - Comparison of ROM of joint angles for the knee and ankle in the horizontal
(x) and vertical direction (y) at the maximum push force of trained subjects BO pedal
pattern;

ROM: Range of Motion; BO: Backward only.

In trained subjects in the BO pedal pattehe ROM of the pull force of thenee
had a decrease of 16.22%R©®M from the beginning to the end of the triihere was a
ROM of 17.95+14.70° at the beginning of the trial, then after the first quarter the ROM
was 15.95+13.27°, then 22.17+16.31t thee halfway point, then 17.15+8.98° after the

third quarter, and 15.04+9.86 ° at the end of the trial.
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The ROM of the ankle in the horizontal direction had an overall increase of 6.34%
from the beginning to the end of the tridlhere was aEROM of 1336+9.18° at the
beginning of the trial, then after the first quarter the ROM was 13.73+9.41°, then
15.14+6.43 ©° at the halfay point, then 11.86+9.34° after the third quarter, and

14.20+10.16 © at the end of the trial.

The ROM of the ankle in the versitdirection had an overall increase of 45.88%
from the beginning to the end of the tridlhere was aROM of 5.25+6.50° at the
beginning of the trial, then after the first quarter the ROM was 5.89+9.95°, then
8.22+6.85 © at the halfray point, then 6.38+26° after the third quarter, and 7.66+£9.24 °

at the end of the trial. None of the changes in the ROM for the joint angles below were

significant (p>0.05).
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Figure 27 - Comparison of ROM of joint angles for the knee and ankle in the horizontal
(x) andvertical direction (y) at the maximum pull force of trained subjects BO pedal
pattern;

ROM: Range of Motion; BO: Backward only.
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In untrained subjects in the BO pedal pattern, the ROM of the push force of the
knee had a decrease of 9.64% in ROM from the beginning to the end of th€heiad.
was aROM of 16.59+11.07° at the beginning of the trial, then after the first quarter the
ROM was 11.88+7.21°, then 19.80+15.15 © at thewwalf point, then 15.07+13.0hfter

the third quarter, and 14.99+£11.60 ° at the end of the trial.

The ROM of the ankle in the horizontal direction had an overall decrease of 8.14%
from the beginning to the end of the tridlhere was éROM of 13.05+4.89° at the
beginning of the trial, then after the first quarter the ROM was 26.84+7.36°, then
13.34+7.47 ° at the halfay point, then 14.21+5.37° after the third quarter, and

11.9945.38 © at the end of the trial.

The ROM of the ankle in theertical direction had an overall increase of 17.14%
from the beginning to the end of the tridlhere was aROM of 5.74+5.50° at the
beginning of the trial, then after the first quarter the ROM was 16.69+4.66°, then
6.22+5.35 © at the halfay point, therb.11+3.30° after the third quarter, and 6.72+4.12 °
at the end of the trial. None of the changes in the ROM for the joint angles below were

significant (p>0.05).
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Figure 28 - Comparison of ROM of joint angles for the knee and ankle in the horizontal
(x) and vertical direction (y) of the maximum push force of untrained subjects BO pedal
pattern;

ROM: Range of Motion; BO: Backward only.

In untrained subjects in the BO pedal pattern, the ROM of the pull force kféee
had a decrease of 15.90%R©®M from the beginning to the end of the triihere was a
ROM of 16.28+15.20° at the beginning of the trial, then after the first quarter the ROM
was 7.70+5.74°, then 13.46+£13.60 ° at the-waly point, then 14.29+12.95° after the

third quarter, and 13.698106 ° at the end of the trial.

The ROM of the ankle in the horizontal direction had an overall increase of 6.27%
from the beginning to the end of the tridlhere was éROM of 13.04+10.58° at the
beginning of the trial, then after the first quarter R®OM was 16.85£12.39°, then
10.71+£7.01° at the halfay point, then 12.46+7.36° after the third quarter, and

13.86+5.81° at the end of the trial.
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The ROM of the ankle in the vertical direction had an overall decrease of 31.86%
from the beginning to the dnof the trial. There was &ROM of 7.87+10.17° at the
beginning of the trial, then after the first quarter the ROM was 9.69+1.85°, then
5.82+3.59° at the halfray point, then 7.68+4.48° after the third quarter, and 5.36+2.64°
at the end of the trial. None of the changes in the ROMhi@ijdint angles below were

significant (p>0.05).
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Figure 29 - Comparison of ROM of joint angles for the knee and ankle in the horizontal
(x) and vertical direction (y) at the maximum pull force of untrained subjects BO pedal
pattern;

ROM: Range of Motin; BO: Backward only.

The hip ROM followed a different trend in trainembmpared withuntrained
subjects for both FO and BO pedal patterns, in both the push and the pull on each pedal

pattern.
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In the FO pedal pattern for the push forces, the ROM ohipaliffered between
trained and untrained subjects. Trained subjects had an overall decrease in hip ROM by
25.43%, whereas untrained subjects had an overall increase of 45.20% in hip ROM. In
the beginning of the trial, trained and untrained subjectsah&%.30% difference in
ROM, trained subjects having a greater ROM, and ended at a 45.45% difference with

untrained subjects having the greater ROM.
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Figure 30- Comparison of ROM of hip joint between trainaad untrained subjects at
maximum push force of the FO pedal pattern;

ROM: range of motion; FO: Forward only.

In the FO pedal pattern for the pull forces, the ROM of the hip differed between
trained and untrained subjects. Trained subjects had an odecaiase in hip ROM by
30.78%, whereas untrained subjects had an overall increase of 12.76% in hip ROM. In
the beginning of the trial, trained and untrained subjects had a 6.09% difference in ROM,

untrained subjects having a greater ROM, and ended at.8&1%Z2difference with
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untrained subjects still having the greater ROM. These differences were highly

significant (pOO0.01).
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Figure 31 - Comparison of ROM of hip joint between trained and untrained subjects at
maximum pull force of the FO pedal pattern;

ROM: range of motion; FO: Forward only.

In the BO pedal pattern for the push forces, the ROM of the hip differed between
trained and untrained subjects. Trained subjects had an overall decrease in hip ROM by
21.86%, whereas untrained subjects had an bvamease of 42.31% in hip ROM. In
the beginning of the trial, trained and untrained subjects had a 41.67% difference in
ROM, trained subjects having a greater ROM, and ended at a 6.23% difference with

untrained subjects having the greater ROM.
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Figure 32- Comparison of ROM of hip joint between trained and untrained subjects at
maximum push force of the BO pedal pattern;

ROM: range of motion; BO: Backward only.

In the BO pedal pattern for the pull forces, the ROM of the hip differed between
trained ad untrained subjects. Trained subjects had an overall decrease in hip ROM by
41.08%, whereas untrained subjects had an overall increase of 36.94% in hip ROM. In
the beginning of the trial, trained and untrained subjects had a 33.65% difference in
ROM, traned subjects having a greater ROM, and ended at a 54.20% difference with

untrained subjects having the greater ROM.
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Figure 33 - Comparison of ROM of hip joint between trained anttained subjects at
maximum pullforce of the BO pedal pattern;

ROM: range of motion; BO: backward only.

The ROM for the hip reacted opposite in trained compared to untrained subjects for
both the push and the pull of the BO pedal pattern. These differences in ROM were not

significant (p>0.05).

When comparing the ROM ofnkee and ankle joints of trained and untrained
subjects between the FO and BO pedal patt e
were observed at the beginning, the first quarter, and at the end points for only the knee
joint in the push portion oftheevol uti on. The middl e point v
(seeFigure 34). All other differences observed in the knee and ankle joints were not
significant (p>0.05) for both trained and untrained subjects. However, the other joints for
both trained and ntrained showed a similar pattern in that as the ROM increases or
decreases for one pedal pattern, it has the opposite effect for the other pedal pattern (see
Figure34).
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Figure 34 - Comparison of the ROM of the knee joint angle at the maximum push force
between FO and BO pedal patterns for trained subjects;

ROM: Range of Motion; FO: Forward only; BO: Backward only.
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Figure 35- Comparison of the ROM of the horizontal ankle jangle at the maximum
push force between FO and BO pedal patterns for trained subjects;

ROM: Range of Motion; FO: Forward only; BO: Backward only.
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Muscle activity
Data collected from the EMG, including theedian power frequency (MPF)
values as well asthe relative muscle activation levels as compared to the activation

levels at the beginning of the triglave us insight to muscle activity

EMG
There weresomesurprising observations in thelues observed from the EMG.
MPF did not show any significant (p>0.05) resuitsm the beginning to the end of the

trial.

Muscle activation levels

The GM and the TA showed the greatest change in activation levels among both
untrained and trained subjects. Both muscles decreasediripéineentage of activation
levels throughout the trial as compared to the beginning of the trial in all pedal patterns,
then inceased at the end of the triakésTablel below). Values are expressed as a
percentage of the first measurement in the tiiaé VL and VM also showed a decrease
in activation levels, however it was not significant (p>0.05). The BF did not show any
significant change (p>0.05) through the duration of the trial, and in some subjects it

actually showed a small increase in activatievels.

78



Tablel - A comparison of the relative activation levels based on the percentage of the
activation level at the beginning of the trial of the GM and TA; G M:

gastrocmedialis; TA: tibialis anterior

FO GM-T |GM-UT |TA-T TA -UT
Start 100.00%| 100.00% | 100.00%| 100.02%
1st

quarter | 79.18% | 78.27% 85.52% | 80.79%

Middle | 74.51% | 91.69% | 38.65% | 70.61%

3rd

Quarter | 85.45% | 67.48% 46.18% | 63.42%
End 90.22% | 105.23% | 78.71% | 92.12%
BO GM-T |GM-UT |TA-T TA -UT
Start 100.00%| 100.00% | 100.00%]| 100.00%
1st

quarter | 104.82%| 101.88% | 68.38% | 78.84%

Middle | 66.93% | 84.48% 51.24% | 61.07%

3rd
Quarter | 50.16% | 62.30% 45.75% | 86.34%
End 68.48% | 95.39% 61.88% | 128.92%

Physiological response

Physiological responses include the heart rate dat8and

Heart rate

Subj ect s & indreased &s subjaedisepedaled and peaked at fatigue, as
expected. No surprising results were observed. There was a large increase during the first
guarter since ubjects started from rest, and the following three quarters saw minimal

increasegseeFigures 36-37).

Subjectds heart rate saw similar results
rate was measured in beats per minute (bpm). Average values alirtisee pedal

patterns followed a similar pattern and no significant differences (p>0.05) were observed
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among trained subjects. Average values obtained are as follows: resting heart rate of
78.98+13.92 beats per minute (bpm), and 163.55+17.33 bpm, 5¥#8%.46 bpm,
174.84+11.10 bpm and 176.20+13.33 bpm after the first, second, third and fourth
guarters respectively. These represent increases of 107.08%, 3.42%, 3.36% and 0.78%

respectively; an overall increase of 123.09% (see Figure 36).
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Figure 3 - Comparison of heart rate for trained subjects in all three pedal patterns;
FO: Forward only; BO: Backward only; BI: Hiirectional.

Untrained subjects heart rate in all three pedal patterns follow a similar pattern.
With all three pedal patterns avgeal together, untrained subjects started with a resting
heart rate of 74.58+14.45 bpm. The average heart rate increased to 160.15+12.74 bpm,
165.54+£12.71 bpm, 169.28+13.15 bpm and 171.98+12.67 bpm after the first, second,
third and fourth quarters respealy. Increases of 114.74%, 3.37%, 2.27% and 1.59%
after each quarter were observed, showing an overall increase of 130.60%. There were no
significant differences (p>0.05) between the heart rate among the three pedal patterns

(pbOO0.05) (see Figure 37).
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Figure 37 - Comparison of heart rate for untrained subjects in all three pedal patterns;

FO: Forward only; BO: Backward onl\Bl: Bi-directional.

Blood lactate
As expected, for both trained and untrained subjectBlthiecreased as each trial

progressed.

Trained subjects saw a delayed accumulation of lactate in the Bl pedal pattern,
however the FO and BO pedal patterns were sindeeFigure 38). The end levels of
lactate in all three pedal patterns were similarthe FO pedal patterBL started at
2.79+1.54 mmol/L, after the first quarter levels rose to 6.56+1.94 mmol/L, at the half
way point levels were 8.67+£1.80 mmol/L, after three quarters levels were at 10.55+2.46
mmol/L and levels peaked at 13.06£3.50 mmadjith increases of 135.41%, 32.22%,
21.59% and 23.78% respectivelyhe BO pedal pattern started with lactate levels of
2.04+0.46 mmol/L, increasing to 6.78+2.08 mmol/L after the first quarter, then to
8.39£2.23 mmol/L at the end of the second quarter,531.D5 mmol/L after the third

and reaching fatigue at 11.13+2.46 mmol/L. These are increases by 232.92%, 23.64%,
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21.02% and 9.67% in the first, second, third and fourth quarters respectively. The Bl
pedal pattern saw lactate levels of 2.01+Or@éhol/L at te beginning, 6.81+2.20

mmol/L and 9.58+2.78 mmol/L after the first and second quarters (an increase of
239.27% and 40.70%) respectively, however after the third quadiernot see a very

large increase with levels at 9.87+2.44, a 3.10% increase, ahldwris at 12.37+3.73

mmol/L at the end, a 25.27% increase. In trained subjBttsn the FO and BI pedal
patterns were higher, FO | actate | evels be
11.12% respectively) at fatigue than were the lactate lewdlse BO pedal patterBL

for the Bl pedal pattern increased quicker, then seamed to plateau before a final increase
preceding the state of fatigue. At the middle measurement, the difference betwBén the

for t he BI pedal pattern and the FO pedal
difference between thBL between the Bl pedal pattern and the BO pedal pattern at the

mi ddl e measur ement wer e hi ghly significar
signf i cant di ff e Bleattheend of theQral. Thé Jifferenne between the

end blood lactate level for the FO and the BO pedal pattern was highly significant

( p OO0 BLOirlthe,BO pedal pattern being lower than those in the FO pedal pattern.
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Figure 38- Comparison of averadglL for trained subjects for all three pedal patterns;
FO: Fomward only; BO: Backward onl\BI: Bi-directional.

A similar trend was observed for all three pedal patterns for untrained sulsgets
Figure39). All three pedal patterns for untrained subjects had an average of 2.25+1.06
mmol/L to start, then after the first quarter of the duration levels jumped to an average of
6.51+2.47 mmol/L, at the middle they were 7.87+2.36 mmol/L, at 75% duration they
were at 9.67+2.80 mmol/L and levels peaked at the end at 11.67+2.87 mmol/L at which
point subjects were fatigued. We can see that the increase is not linear. The first quarter
saw a 192.40% increase from restBlg through the first quarter of their duratiofhe
second quarter saw a 20.91% increase, and the third and fourth quarters had similar
increases of 19.1% and 19.8% respectively; almost a linear pattern in the last three
guarters. There were no significant differences (p>0.05) betBeesimong these tke

pedal patterns in untrained subjects (poO0.
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Figure 39- Comparison of averad®L for untrained subjects in all three pedal patterns;
FO: Foward only; BO: Backward onl\BlI: Bi-directional.
BL for trained subjects were 11.86% higher thatrained subjects at the end of

the FO pedal pattern. This was not significant (p>0.05).
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Figure 40 - Comparison of averagglL between trained and untrained subjects in the FO
pedal pattern;

FO: Forward only.
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BL at time of fatigue in trained compt with untrained subjects in the BO pedal

pattern were similar; no significant differences (p>0.05) were observed.
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Figure 41 - Comparison of averagglL between trained and untrained subjects in the BO
pedal pattern;

BO: Backward only.

BL for trained subjects were 15.33% higher than untrained subjects at the end of
t he BI pedal pattern. This was significant
BL for trained subjects were found to be 21.87% higher than those found intrhiedih

subjectsa hi ghly significant difference (pOO0. 0"
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Figure 42 - Comparison of averadgglL between trained and untrained subjects in the Bl
pedal pattern;

Bi: Bi-directional

Duration
Duration of ride to voluntary exhaustion in all three pedal patterns were compared

using the FO pedal pattern as a baseline t

On average, trained subjects were able to cycle for an average of (expressed in
min:sectSD) 20:47+£12:53, 14:22+11:19, and 19:52+11:37 in FO, BO and BI pedal
patterns respectively. Subjects in the trained group were able to ride in the FO pedal
pattern longer than both the BO and the Bl pedal pattern. Trained subjects were able to
cycle 30.89% less time in the BO pedal pattern, and 4.44% less time in the Bl pedal
pattern as compared to FO pedal patt@ime differences in duration to fatigue for the

trained group weraotfound to be significant (p>0.05).
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Figure 43 - Comparson of average time to fatigue for trained subjects in all three pedal
patterns;
FO: Forward only; BO: Backward onlyBI: Bi-directional
Untrained subjects were able to cycle 10:26+3:14, 6:32+1:37, and 12:58+2:35 in
the FO, BO and BI pedal patterns resfively. The untrained group exhibited different
results. Compared to the FO pedal pattern, untrained subjects were able to pedal in the
backward pedal pattern for 36. 75% | ess ti
Untrained subjects, however, werbleato cycle in the Bl pedal pattern significantly

l onger (pO0.05) than t elongeOdunaterdtafatigue thant er n ,

the FO pedal pattern.
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Figure 44 - Comparison of average time to fatigue for untrained subjects in all three
pedal patterns;
FO: Forward only; BO: Backward onh\BI: Bi-directional

To summarize, expressed as a percentage of the length compared to the FO pedal
pattern, trained subjectsene able to cycle 30.89% shorter duration and untrained
subjects were able to cycle 36.75% shorter duration in the BO pedal pattern. Trained
subjects were able to cycle 4.44% LESS time in the Bl pedal pattern compared to the FO
pedal pattern. However, uatned subjects were able to cycle 25.50% longer in Bl pedal
pattern as compared to the FO pedal pattern.

Subjects in the trained group, on average, were able to cycle longer in all pedal
patterns as compared to the subjects in the untrained group, 1A1L2%f%6, and 53.2%
longer in FO, BO and BI pedal patterns respectively (Sgere 45). The difference
between the two groups on the FO and BO pedal patterns were highly significant

(pOOand)the difference in the Bl pedal pat
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Chapter 57 Discussion

The results from this study providepicsfor discussion that can be divided into
threedifferent categories: 1) insights to the process of fatigue; 2) technique of trained in
comparison withthat of untrained groups; and e effect of the bdirectional pedal

pattern in comparison to the forward pedal pattern.

The process of fatigue

The results of this study give several points of discussion toward the process of
fatigue. | will discussdur areas fronmy results that can monitor and provide feedback
regarding fatigue in cycling. These areas include force pedals, joint kinematics, muscle
activation levels, and physiological parametésill briefly discuss each of thedeelow.
An additional area that provides insight to fatigue is duration of cycling, or time to

fatigue. | will discuss this in further detail in a later section of the discussion.

Force magnitude

Data resulting from force pedal measurements provided the magnitudefofdde
in three dimensions: medial/lateral, anterior/posterior, and vertical. The vertical forces
(both push and pull forces) provided the most applicable feedback for the purposes of this

study so | evaluated them in detail.

Results from the FO pedal petn for trained subjects showed a clear pattern,
significantly decreasing (pO0.05) in both
the relative pull force decreasing more than the push force (15.88% compared to 22.45%
in the push and pull forceespectively). However, the magnitude of the pedal push force

for the wuntrained subjects increased sign
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magni tude of the pull f o r This pheremendm imgyhoe y
explained as follows:sathe musclgin trained subjectfatigue, they are unable to put as
much force into the pedal stroke in either the push or pull, while as muscles of untrained
subjects fatigue, they focus more of their efforts on the push and start to use more of a

pull in order to continue the pedal revolutions.

In the BO pedal pattern the magnitude of both the push and the pull force increased
for trained subjects, although neither were significant. It is not surprising that the
magnitude of the forces for the trainedbgects responded similarly to those of the
untrained subjects in the FO pedal pattern, since it is not a trained condition for either
group. However, in the untrained group, the push force increased while the pull force
decreased. Two explanations coutd@unt for this: undeveloped cycling technique in the
untrained group, or by weak muscles required to pull while pedaling in the backward
pedal pattern. The increase in forces at the end of the trial may result from an innate
strategy that muscles use asy fatigue. In order to continue the pedaling when muscles
start to fatigue the leg increases the amount of vertical force placed on the pedals, in
either a push or a pull configuration. This theory is supported by the increase of force in
both the pushrad pull for most of the conditions. This finding is consistent to findings by

Bini (2008) where the force toward the end of the trial increased.

The magnitude of force for the untrained group in the BO pedal pattern showed an
interesting pattern where, #%e push force increases, the pull force decreases and vice
versa (sed-igure 9). This might suggest that there is a compensation strategy used by
untrained subjects in this particular condition. When muscles are fatigued and unable to

push, they compensate by pulling more on the pedal to complete the pedal revolution.
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When they ar¢oo tired to pull, they rely more on the push to complete the pedal stroke.
The FO condition for the untrained subjects showed a similar patterii(gee 7), but
the pattern was not as defined in the FO condition. This might be because the forward

pedalpattern is a familiar action, even for untrained subjects.

Force dspersion

At the beginning of the FO trial the location of the maximum push force for each
revolution was concentrated in a small area, and at the end of the trial the location of the
maximum push force is more spread out (Biggire 10, quad 1 and 2). We see a dami
pattern with the pull force in this FO pedal pattern. We also see the same pattern of an
increased dispersal of the maximum forces at the end of the trial in both the push and pull
directions in the BO pedal pattern (comparing quad 3 and 4). This shatas muscles
fatigue the control pattern for the location of the maximum push or pull is affected. Bini
(2010) found that joint moments increased as fatigue set in and explained it as an attempt
to overcome decreased muscle contractions. This suppoytdindings with the

dispersement of the maximum pedal force increasing as muscles fatigue.

Kinematics

In my discussion of kinematics | will specifically be referring to angles of lower
limb joints. Looking at the joint angles for the knee, ankle in the horizontal direction, and
ankle in the vertical direction we can see some common trends. In general, we can see
that the ROM of the three joints follow a similar pattern at the beginning of the ttilal un
just before the end (séggures22-29). At the end of the trials we see that, as the ROM
for the knee decreases, the ROM of the ankle in both horizontal and vertical directions

increase. This suggests that the ankle joint is compensating for lessiiR@®igl knee
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joint as muscles fatigue. This trend holds true for both trained and untrained subjects, and
in both the push and pull on the pedal, but is most pronounced in the trained pull
conditions for both the FO and BO pedal pattéris also clear tat in both forward and
backward pedaling among trained and untrained groups, the ankle joint responds
similarly in terms of ROM for both horizontal (x) and vertical (y) directions. From this,
we can generalize that, as muscles fatigue, the ROM of the @ikleincreases,
compensating for the decreased ROM of the knee joattanzio et al. (1997/ound that

the knee and ankle joints changed as muscles fati§esails from Dingwell (2008glso
support my findings. In their study they found that muscle fatigue does indeed alter
kinematics. They reported that the greatest changes occurred in the trunk, hip and ankle.
From my results we see that the knee also changed,thm changes were not as
pronounced as those found in the anKi@e change in the ROM of the knee was
comparable to that of the ankle in the horizontal direction, while the ROM of the ankle in
the vertical direction was much smaller than both the ankle in the horizontal direction and
the knee, although it fluctuated acding to the ankle in the horizontal directidvy
observations of changes in the hip, knee and ankle joint toward the end of the trial, and
increased changes in kinematics of the ankle joint are consistent with findings by Bini

(2008).

Chapman (2009)ound that kinematics were not different between trained and
untrained cyclists, which supporntsy findings for the knee and ankle joints. Howeuer,
saw significant differences (pO0.05) in
subjects (seé&igures30-33). | did find that the ROM of the hip did change in trained

subjects, but the change in the ROM of the hip was greater in untrained subjects,
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especially as fatigue set in. McEvoy (2008) reported that the pelvic angle has less
variability in ROM in elie cyclists than in neayclists. As part of a kinetic chain, the

pelvic angle will affect the hip angle. Since | did not measure the pelvic angle in this
study, | can suggest that the hip angle will respond similarly to the pelvic angle, thus

supportingmy findings.

EMG
This finding in and of itself is important. The literature suggests that median value
frequency is a good indicator of fatigue. Howevesults indicatd that forthi s st udy 6 s

dynamic trials, this was not the case.

One of the morapplicable findings from my study included the results observed
from the EMG data. When analyzing the median power frequency data, | did not observe
any differences from the beginning to the end of the trials. This finding contradicts much
of the researchyhich concludes that median power frequency is indeed a good indicator
of fatigue (A, 199Q M, 1994 Soderberg & Knutson, 20p0 can conclude that median
power frequency may be a good indicator of fatigue in statiking patternsbut not in
dynamic working patterns Macdonald, Farina, and Marcora (2008plained that in
fatiguing exercise, learning effects could influence EMG results. This provides an
explanation as to why the median power frequency dhffers between static and

dynamic exercise.

Activation levels of the muscles monitored decreased throughout the duration of the
trial (expressed as a percentage of the initial activation level), until the end when they

increasedThis can beexplainedas a psychol ogi cal Afinal ef
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fatigue, subjects knowing it is the final push to the end are able to use the muscles at a
greater intensity at the very end. | saw this phenomenon in each of the five muscles that |
investigatel; GM, BF, VM, VL, and TA (see @blel). Dingwell (2008) reported that the
muscles affected most by fatigue were the BF, GM, GL, and SOL, which agreeuywith
results. However| found thatGM and TA showed a gréa decrease in activation levels
suggesting that they wemsoreaffected byfatiguethan the VL and VMThe BF did not

have nuch change in activation leveBorel et al. (200Palso saw decreased activation
levels in the GM and TA in their study, and they explained that the BF and gluteus
maximus actually increase in activation levels in order to compensate for the decreased
activity of the GM and TA. They also found smaller decreases in the VM and VL
muscles.This identifies the GMand TA as main contributing muscles, where VM and

VL are supporting muscles in the pedal stroke.

Physiology

Physiological parameters that were measured also provided relevant feedback
regarding the fatigue process. As expected, heart rate increased significantly from resting
heart rate to exercise heart rate, then slowly increased until subjects reached ywoluntar
fatigue. | did not observe surprising results between trained and untrained subjects or

between the three pedal patterns.

BLshowed a similar trend as heart rat e
rest to the start of exercise, then a graduatease in levels until fatigue. However,
trained subjects showed a couple of interesting results. One interesting result observed
was that the end BL levels for the trained subjects in the BO condition were slightly

lower than the end BL levels for the ethtwo conditions, 14.74% lower than the levels
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for the FO condition and 10.01% lower than the levels for the Bl condition. Cyclists had
a lower tolerance level for blood lactate when pedaling backwards, as they declared they
were fatigued with BL levelséing significantly lower than in the FO condition. This
point leads to question if the trained subjects actually pushed themselves as hard in the
BO condition as compared to the FO condition in a physiological sense. It is possible that
the fatigue in theBO direction for this group was influenced by psychological factors.
Since the BO condition is not a trained ddion, it may be perceived as more difficult

and cause cyclists to perceive their body as fatigued prematurely from a physiological
standpoint Perception of effort has beahow to influencehe central motor command

(de Morree, Klein, & Marcora, 20)2

In the BO pedal pattern,theeBdwer e signi ficantly | ower
the FO pedal pattern. Two explanations exist; trained subjects had a lower tolerance for
lactate buildup in the BO pedal pattern, or it is possible that subjects quit beaafu
psychological fatigue as opposed to physiological fatigue, or fatigue due to perceived
exertion. Toward the middle of the test, we can see that the average BL increased
significantly (pO0.01), then pl atrielgseeed bef
figure 38). Since in the BI condition, subjects were alternating between forward and
backward pedaling, the plateau could be a
the lactate builh p during the Arest p enr df pedading.o f t h
Eventually the lactate becomes more concentrated and continues to build up again,
contributing to muscle fatigue. Although it was not significant, the Bhdor the BI

pedal pattern were lower than those in the FO pedal pattern. Thiggpoarisistent with
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the theory of a psychological aspect to the perception of fatigue as discussedtgegard

the BO pedal pattenm trained subjects

Technique / trainging effect

Chapman et al. (2008ound that the main difference between highly trained
cyclists and untrained cyclists is that untrained cyclists have a greater variance. Muscle
recruitmentin untrained cyclists is less refined than in trained cyclists, likely resulting
from a trained effect. This is certainly supportedrby findings, and can explain the
differences saebetween trained and untrained subjects in the ROM of the maximum
push ad pull forces (se€iguresl3and16). Untrained subjects have significantly higher
(pO0. 05) ROM for the push forces than tra
Figure13). Not only is the ROM higher in untrained subjects, but it does not follow any
general pattern. This shows a lack of motor control in untrained subjects. However, the
pull force does not show any significant differences between traamed untrained
subjects Also, referring to Fjure 10 we can see that at the beginning of the trials the pull
force is more spread out than the push force (see quad 1). This dispersion of forces shows
that the pull force is not as refined as the push force. These resuleststigg trained
subjects may not have a refined technique and the sporadic nature of the graph also
suggests a lack of motor control in the pull portion of the cycle. Peihapsid have

seen different results from professional or elite cyclists.

In trained subjects comparing the forward and backward pedal pattern showed
opposing effects orhe ROM of the push forces (seglire 18), but the same effects on
the ROM of the pull forces (sdégure 19). Untrained subjects saw the opposite to be

true, withsimilar effects on the push force between FO and BO pedal patterisdsez
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20), and opposing effects on the pull force between the FO and BO pedal patterns (see
Figure21). For both the push and the pull forces we see that the FO pedal pattern has a
smaller ROM than the BO pedal pattern, which is to be expected since the FO pedal
pattern is familiar. We would expect to see a greater range in the BO pedal pattern since
it is an unfamiliar motion. We also see an interesting pattern happening in the isompar

of FO and BO pedal patterns for the trained subjects in both the push and the pull. In the
BO pedal pattern, the ROM of the push force gradually decreases until a sudden increase
at the end of the trial. The BO pedal pattern being unfamiliar, theybmadgarning and
adapting their technique as the trial progresses (MacDonald, 2008). The increased ROM
at the end of the trial likely resulted from muscle fatigue. The ROM for the FO pedal
pattern in trained subjects gradually increased from the begitmitige end of the trial.

This supports the theory of ROM increasing as muscles become fatigued.

When comparing forward pedaling to backward pedaling, we can see that both the
push and pull forces are widely dispersed in backward pedaling~{gee= 10 quad 1
compared with quad 3). This shows less refined motor control pedaling in the backward
direction, most likely because it is a new skill and subjects have not had an opportunity to
train in that area. It is likely that, with some training, the |laratf the forces in the
backward pedaling pattern may be more concentrated in the same location. We may even
see a similar dispersement as seen in forward pedaling. Weedrom kgures14 and
15 that in the backward direction, the range of the locafmorthe maximum force does
not follow a gradual pattern for either trained or untrained subjects in the BO pedal
pattern.The ROM in the BO pedal pattern was similar for both trained and untrained

subjects (se€igure16). This is not a surprising resudince neither trained nor untrained
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subjects are experienced in backward pedaBogh groups show a lack of motor control
when pedaling backward$raining in backward pedaling may reduce, or even eliminate
this difference. Based on the findings abdvean conclude that force pedals can give us

insight into pedaling technique.

The data from the force pedals coincides with observations in the joint angle data as
well. | saw some interesting results when comparing the ROM of joint angles between
FO andBO pedal pattem (see Figure34-35). The increases and decreases in ROM for
each of the joints seemed to follow an opposite pattern, suggesting a phase shift of not
only muscle recruitmenfNeptune & Kautz, 20Q0Raasch, 1997C. Raasch & Zajaz,
1999 Ting et al., 1999 but a phase shift in joint responses, possibly as a result of the
phase shift of muscle activation$he results fromChapman et al. (2008can be
extended in the joint angles to explain the differentesaw between trained and
untrained subjects in the ROM of the hip, knee, and ankle joints til@emaximum push
and pull forces occurred. Untrained subjects have significantly hige©0 . 05) ROM f
both the push and pull forces (in some pla
than trained subjestin the FO pedal pattern (seigufes1l and 12 However, the joint
angles observed in the BO pedal pattern do not show that either trained or untrained
subjects had better motor control, or better tepmnthan the other group (seigures16
and17). The ROM in the BO pedal pattern fortbdrained and untrained groups show
clearly that this is an untrained pedal pattern for both groups and that there is a lack of
motor control when pedaling in the backward direction. Since backward pedaling is not a
trained condition, and there is stroagidence suggesting that there is a lack of motor

control when pedaling backwards, cyclists would not be at their maximum efficiency
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when pedaling in the backward direction. It would be interesting to explore backward
pedaling after subjects have had ard®ato train in the backward direction to see if these

motor control patterns improve.
Bi-directional influences

Time

The most relevant result observed relating to the purpose of this study was the time
to voluntary fatigue in the three different pegltterns. Trained subjects showed no
significant differences inheeir times to fatigue. Howeverntrained subjects were able to
cycle significantly (pO0.05) less time in
longer in the BI pedal pattern, agnapared to the FO pedal pattéseeFigure44). This
result suggests that pedaling in the BO peddtepn is not very efficient. Despite the
inefficiency of backward pedaling, there was a delayed onset of fatigue for untrained
subjects in the Bl pedal fiarn, allowing them to cycle 25.50% longer in the Bl pedal
pattern as compared to the FO pedal pat®knin the Bl pedal pattern for the untrained
group were not significantly different (p>0.05) than those found in the other two pedal

patterns, suggesij that they truly did cycle to physiological fatigue in the Bl condition.

Resultsfor trained subjects differed from the results observed withutiteained
group. Time to voluntary fatigue in the trained group in the Bl pedal pattern was 4.44%
less tharthe time to voluntary fatigue in the FO pedal patiseeFigure43). The results
in the Bl pedal pattern could be attributed to a psychological explanation for fatigue.
Marcora (2010) suggested that exercise tolerance in highly motivated subjectserd lim

by their perception of effort. In other words, if a subject perceives that a task is more
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difficult, they tend to reach a state of fatigue more quickly. Trained subjects perceived the
BO pedal pattern to be more difficult. It appears that pedalirthenBO direction for
trained subjects hindered their performance. In the Bl condition, subjects were required to
pedal backwards for short periods through the trial, and their fatigue may have reflected
their perceived exertion. Although the time to faéigun the Bl pedal pattern for the
trained group was not significantly different compared to that of the FO pedal pattern, the
results indicated that trained subjects had significantly lower BL levels in the BI
condition. This suggests that they may noteéhaegtually cycled to the same physiological
state of fatigue in the Bl pedal pattern as they did in the FO pedal pattern. Had they
continued cycling to the same physiological state of fatigue as they had in the FO pedal
pattern, their time to fatigue ine¢hBl pedal pattern might have been significantly longer

than that of the FO pedal pattern.

Limitations and delimitations

Limitations

There were a few limitations in this study, most of them related to the equipment
used. The trainer where the bicycle was mounted on in the lab did have the capability of
adjusting resistance levels in order to attain a desired power output level. Hoiwever,
could only be adjusted in teivatt increments. This meant thatvas limited to setting
the resistance level for subjects to the nearesWatt value, differenced ranging from
four Watts lower to five Watts higher than the calculated resistances |lé»elboth
forward and backward pedaling. Another limitation was the bicycle frame itself. The
prototype was built on one bicycle, meaningad only one size of frame to use. In order

to overcome this limitatiohfit the bicycle to subjects as bestlauld by making minor
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adjustments to the seat height and tilt, stem length, and handle bar placement. Despite
these adjustmentswere able to makd, had to screen subjects based on their height as
well. Becausd was measuring forces exerted on the pedahad special force pedals
attached to the bike. This resulted in the inability for subjects to use pedal that had toe
clips. To try to compensate for the lack of toe clipgd toe straps to strap the foot to the
pedal; but these were not as effectagetoe clips. This may have affected the technique

of some of the cyclists as they were not able to pull as forcefullyegsrnormally would

when cycling. In this study surface EMG was used to monitor muscle activation levels.
This limited the muscles uedinvestigation to surface musclésvasnot able to monitor

the activation levels of muscles such as the soleus and the glutedésnuduch are

some of the main contributing muscles in cycliAgfinal limitation that | will mention

here is the ratiaused for the Bl pedal pattern. This study did not investigate what the
optimal ratio of forward to backward pedaling would be fodgieg in the Bl pedal

pattern.l chose a ratio based on an empirical method as previously described.

Delimitations

Delimitations of this study include the target population. There were two target
populations used in this study; trained cyclists (including triathletes) and untrained
individuals. The untrained group consisted of people who may have been active, but did
not reaularly train for any sport. Trained cyclists were defined as cyclists who had at least
two years of cycling experience and trained a minimum of five hours a week at the time
of the studyAnother delimitation of this study was the cadence of the rldasked the

riders to maintain a cadence between 70 rpm and 110 rpm. As soon as riders were unable
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to maintain a cadence above 70 rpistopped the trial, otherwise the trial was stopped

when the subject themselves determined that they were unable to continue due to fatigue.
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Chapter 6 - Conclusion
From the results of this studycan conclude four nmar things. Firstkinetic force
pedal) andkinematic(joint angle dataare good indicators of fatigue. Secokihetic and
kinematic dataare able to provide insight to cycling technique and an understanding of
muscle control patterns. Third, while median value frequency values obtaomedEMG
data may be an indicator of fatigue in static exercise, they are not a good indicator of
fatigue in dynamic exercise. Fourth, pedaling in a Bl pedal pattern appears to delay the

onset of fatigue in untrained subjects.

Recommendations for future wok

The main purpose of this study was to investigate the efficiency of a Bl pedal
pattern, and results have shown that the Bl pedal pattern did delay the onset of fatigue for
untrained subjects. Considering the results from this study there appears riedagize
influence of a training effect on trained subjects in the Bl pedal pattern. It would be of
great importance to conduct another study similar to this one with trained cyclists
pedaling to voluntary fatigue after they have had an opportunity ito imabackward
pedaling so that they are accustomed to the motion. This would eliminate the training

effect, and any negative influences of muscle memory for the trained group.

A second area that needs to be explored is the Bl pedaling itself. An iatestig
on finding the optimal forward to backward ratio would be necessary to determine if the
Bl pedal pattern really is more efficient than the traditional FO pedal pattern. Subjects
should have plenty of practice pedaling in the backward direction prior to an
investigaton of an optimal ratio to ensure that the backward pedal direction is a familiar

motion.
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APPENDICES
A. Subjectconsenforms

Letter of Information and Informed Consent

Name:
Last first middle initial
Address:
Phone Number: (Home) -malt:
(Mobile)
(Work)

You are invited to participate in a research study investigating the efficiency of a new
bicycle design; a kdlirectional pedaling bike. The purposes of this study are to test if this
new bicycle design is both physiologically and biomechanically moreietfti than the
traditional forward only pedaling bicycle design.

This study will require you to come into the lab for four sessions on four different days.
Each session will take approximately 70 minutes for a total time commitment of 240
minutes. This wl allow for 10 minutes to get set up, and warmed up prior to the testing

session. The first day of testing we will be conducting a maximum power output test in
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order to provide us with baseline data to work with on the sessions to follow. The first
sessio will also be used as a familiarization session for the backward pedaling motion.
Each consecutive testing day will consist of one of three different methods of pedaling
the bicycle; forward, backward, anddirectional. These will be clearly explainexdytou

at the beginning of each session. The order of these sessions will be randomly selected.

Each test day will start with a collection of blood lactate levels. This collection will be
repeated in ten minute intervals. You will be asked to pedal inngteucted pedaling
pattern for as long as you feel you are able, up to a maximum of 60 minutes. If at any
stage in the trial you feel you are not able to continue the trial, please inform the
investigator. The trial will be terminated immediately.

It shoud be noted that there may be some slight discomfort when we conduct the blood
lactate test as it requires a finger prick with a sterile lancet in order to obtain a small drop
of blood. We will be sure to clean and disinfect the finger prior to the @mukwe will
ensure that the conditions are completely sterile. This discomfort will only be momentary
and there should be no lasting effects. There is a slight risk of infection due to the finger
prick but this will be minimized by using completely stegtnditions.

The bicycle seat and handlebars will also be sterilized between users to help us to
maintain a sterile environment. We will also be wiping down the frame after each use.

All information obtained for the purposes of this study will be kepfidential and will

not be released without your permission. All research assistants will be signing a
confidentiality agreement in order to maintain your privacy, and we will be assigning a
unique code to each participant to use for further identificatimur name or other
information will not be used in connection with the data collection. Your personal
information will only be available to the investigator directly involved with this project
and her supervisor.

We will be taking a digital vidececordirg to help us synchronize all of the data readings

in the collection process. We will only use this recording for educational purposes, and
only if you give us permission. In the event that this digital recording is used for
educational purposes, we will slayour identity in order to maintain your anonymity. If
you would be willing to grant us permission to use this digital recording for educational
purposes only, please indicate below by placing your initials next to the appropriate
response:

There is no blect benefit to you for your participation in this study. If you wish to receive

the results from the study, you can request your personal and/or a copy of the aggregate
results of this study to be sent to you at the completion of the study. Plezsiéthe
researcher or the davestigator (please seamail addresses below) with your request.
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Data collected will be used as part of a thesis and will be submitted for publication in a
journal. The results of this study may also be presented at an acanerig@cence in the
future.

Your participation in this study is voluntary. If at any stage you choose to withdraw
yourself from the study for whatever reason, please inform the investigator. Be assured
that the decision to withdraw will not affect your red@ship with the University of
Lethbridge or the Department of Kinesiology and Physical Education in the future.

If you have any questions about the research at any time please do not hesitate to ask.
You can contact Sarah Crowesafah.crowe@uleth.ca(403)3324037 - Primary
investigate) or Dr. Gongbing Shan, Ph.DProfessor, Department of Kinesiology and
Physical Edud#on, University of Lethbridggg.shan@uleth.ca4038329-2683. Please

inform the investigator if you would like a copy of this letter to keep for your records.
Questions regarding your rights as a participant in this research may be addressed to the
Office of Research Services, University of Lethbridge (Rhd033292747 or Email:
research.services@uleth.ca).

We appreciate your interest in participating in this research project.

Consent:
In signing this | agree that:

o |am in good health and there is no reason that | should not be able to participate
in this study for medical reasons.

o | have read and understand the procedures of this study and the expectations of
myself as a subject.

o All of my questions have been answered to my satisfaction.

o | am a willing participant in this study.

o |recognize that | haveolunteered for this and | understand that | can withdraw at
any stage of the testing if | so choose.

o lunderstand that | will not be compensated for my patrticipation in this study.

PrintName Signature of Participant

Date Signature of Investigator
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Biomechanics Laboratory

Informed Consent
Biomechanical Evaluation of an Innovative Bidirection-Pedaling Bicycle

Bicycle Project

Biomechanics Laboratory
University of Lethbridge

We invite you to participate in a study that aims to reduce soft tissue injuries
(vocational or recreational). Such injuries affect a significant portion of Canada's population,
creating both health and social problems. Due to our lack of understanding of biomechanics,
much of the professional equipment designed for biological enhancement of repetitive
physical capabilities leaves much to be desired. This project will explore etxtavnal
loading on the limbs during a variety of repetitive physicdivdies translates to internal
load levels in major joints and muscles of these extremilibe information obtained will
guide future design and engineering of equipment miaimncrease human performance
efficiency and to reduce physical injuries such as Overyadr8me. A reduced rate of soft
tissue injuries will definitely benefit people involved as wsllaar health and social system.

This study focuses on revealing teffect of alternative equipment sign on internaload.

To answer this question, the project examines here bicycling, a common equipment
dependentrepetitive movement. Based on previous research, changing the direction of
pedaling to backward pedalingnes loading patterns and loading conditions for the lower
extremities; thus it is possible that a combination of forward and backward pedaling could
prove beneficial for repetitive injury reduction. To test this hypothesis, the Pl has designed a
forward-and-backwardpedalingpowergeneration bicycle for use in this test. The
equipment generates forwapdo we r for t he bi ke irrespectiyv
direction. The study will compare the internal load of three pedaling patterns: forward,
backwardand forwardbackward.

The experiment takes about 60 minutes. You will be asked to wear a black garment
made of stretchable material, which covers the upper and lower body. Affixed to the garment
will be 42 reflective markers, each with a diameter ohBrBefore the test, you will be
allowed to perform a sufficient number of waup eercises to get used to the test
environment. After waraup you will be asked to perform thieree type pedalings at low or
high cycling speed. During each pedaling, the kiagen(3D motion), kinetic (pedaling
force) and muscle activity (EMG) data will bellectedsimutaneously. For collecting EMG,
we will put electrodes on your skin of both legs. These thadelectrical activity in the
selected leg muscles. The electrodeguire good contact with the skim some cases, this
may require the shaving of hair in a small area (2xcBham) to ensure clear signals. The
shaving will be done using disposable razors to ensure:uinjecs one razor. The tests are
natural and damot use any sort of medication. They arechilike your performance and/or
practice; therefore, there should b® sk for you during the testhe information gathered
from you during this study is considered confidential.nfaximize your confidentialt you
will be assigned a code, ankig code will be used insteanf your name at all times. All
personal information (body wgit, body height, age, yearstaodining and practice hours per
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week) can only be accessed by researchers involved isttlidgand will not be disclosed
without your permission. We may, however, wish to use ytata measurements for a
research presentation or education purposes in the future. iMentity will be kept
confidential. It should be mentioned that the 3D motionwapsystenwill not in any way
videotape the subject's faces, so that subjects truly do remain anonymous.

Your participation in this study is entirely voliary and you may withdraw from
participating at any time. Should you decide not to participatki$ study, your relationship
with the Biomechanics Lab or any other department of thgddsity of Lethbridge will not
be affected in any way. If you wish to see your performamadysis, we will supply you a
CD containing your 3D dynamic analysis aafFor any further questions about ttesearch,
please feel free to contact Dr. Gongbing Shan, at (4032883. If you have any further
guestions regarding your rights as a participant pleaseatdhta University of Lethbridge
Office of Research Sepes at (403) 322747.

Your signature below indicates that you have raad understood the information
provided above, and that any and all questions you naigihthave been answered to your
satisfaction. Your signature also indicates that you willirggjyee to participate in this study,
and that you understand you may withdraw from this experiment at any time.

| have read the attached Informed Consent form and | consent to participate in the

AiBi omechani cal Ev al| u-diredtiomRedrol fi nagn B incnyocvlaet di vree sB
study.

Printed Name: Date:

Signature:

Witnessed by: Date:
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B. ParQ questionnaire
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