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Abstract

This study examined force and repetition during simulated distance cycling with regard to how they may possibly influence
the on-set of the overuse injury at the knee called iliotibial band friction syndfdfi&gFS). A 3D motion analysis system was
used to track lower limb kinematics during cycling. Forces between the pedal and foot were collected using a pressure-
instrumented insole that slipped into the shoe. Ten recreational ati@@e+5.5 years with no known history of ITBFS
participated in the study. Foot—pedal force, knee flexion angle and crank angle were examined as they relate to the causes of
ITBFS. Specifically, foot—pedal force, repetition and impingement time were calculated and compared with the same during
running. A minimum knee flexion angle of approximately®3&curred at a crank angle of 1I'70rhe foot—pedal force at this
point was 231 N. This minimum knee flexion angle falls near the edge of the impingement zone of the iliotibidl T&hdnd
the femoral epicondyle, and is the point at which ITBFS is aggravated causing pain at the knee. The foot—pedal forces during
cycling are only 18% of those occurring during running while the ITB is in the impingement zone. Thus, repetition of the knee
in the impingement zone during cycling appears to play a more prominent role than force in the on-set of ITBFS. The results
also suggest that ITBFS may be further aggravated by improper seat pdsiiaintoo high, anatomical differences, and training
errors while cycling.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction in angle as the knee joint goes through flexion and
extension. The ITB lies anterior to the lateral femoral
lliotibial band friction syndrom&ITBFS) is a com-  epicondyle when the knee is in full extension. This

monly occurring sports related injury at the knee. ITBFS position quickly changes during knee flexion. In fact, at
is associated with overuse in long distance runners,30° of flexion, the ITB lies behind or on the lateral
cyclists, and military personnell]. It is caused by femoral epicondyld5]. Thus, the pain caused by ITBFS
friction of the iliotibial band (ITB) across the lateral occurs when the knee is flexed betweeéra@d 30, but
femoral epicondyle during sporting activiti¢®,3]. The especially at 3Q where the posterior fibers of the ITB
ITB is ‘...a thickened strip of fascia that extends from experience the greatest frictid8]. The area where the
the iliac crest to the lateral tibial tubercle and receives |TB and lateral femoral epicondyle touch is known as
part of the insertion of the tensor fascia lata and gluteus the impingement zone.
maximus [4]." Thus, the ITB reaches from the hip to Previous research related to ITBFS has focused pri-
the knee and its position relative to the femur changes marily on knee kinematics. However, it is important to
*Corresponding author. 12160 Randolph Siding Road, Jupiter, FL re,C(_)gmze t,ha_‘t ITBFS is dependent on a kmetl(’t quantity:
33478, USA. Tel/fax: +1-561-748-5552. friction. Friction is a force that acts at the interface
E-mail address: reisinge_k@popmail.firn.ed(K.D. Reisinge}. between surfaces and is oriented opposite to the direction
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of motion [6]. In addition, the magnitude of the friction 100° of crank angle during an 80 RPM cadence and
force is directly proportional to the reaction force average pedal power of 180 W.
between the surfaces. In the case of the ITBFS, the As mentioned earlier competitive cyclists routinely
reaction force is produced at the contact point betweenpractice at higher cadences of 80—90 RPM as compared
the ITB and the lateral femoral epicondyle. The reaction with non-competitive cyclists who typically ride at a
force is supplied by the tensor fascia lata and the gluteuscadence of approximately 70 RPM. This difference is
maximus. Therefore, friction force will increase with due to the fact that competitive cyclists adopt a more
increased muscular tension or decrease with a reductiorefficient style of riding that minimizes power require-
in muscular tension. ments over long distances and improves muscular and
ITBFS is most prevalent in runners and thus the cardiovascular endurance. Takaishi et [dl3] reported
majority of research has been related to running. Cavan-that to maintain a constant average power output over a
agh and LaFortung[7] found that distance runners workout, faster cadences are more efficient. Increased
produced a maximum vertical force of approximately pedal cadence requires reduced pedal torque and there-
1800 N, a maximum braking force of 600 N, and fore reduced muscular forces. Hence, riding at higher

maximum mediolateral force of 180 N for a 4.5 m's
jogging pace. Messier et a[8] reported that at 3.4

cadences minimizes muscle force and neuromuscular
fatigue. Neptune and Hil[14] developed a theoretical

m s~ !, normal healthy distance runners had a maximumendurance cycling model that suggested that pedaling

vertical ground reaction force of 1700 N while runners
with ITBFS had a maximum vertical ground reaction
force of 1580 N.

Although most common in distance runners, there is
a growing number of cyclists with ITBF$3]. ITBFS
accounts for approximately 15% of all overuse injuries
at the knee in cyclind3]. The high number of revolu-
tions of the bicycle cranks and tightness of the ITB
resulting from muscular effort can result in inflammation
of the ITB during cycling. Additionally, a snapping of
the ITB may occur as it slides over the lateral femoral
epicondyle of the femur, typically when the crank is
approaching bottom centé8]. In cycling, the symptoms

rate selection is a direct outcome of minimizing neuro-
muscular fatigue related quantities, and that a cadence
of 90 RPM minimized fatigue.

The present study was undertaken to gain a better
understanding of the mechanics of cycling and ITBFS.
Distance cycling training conditions were simulated
because these cyclists, in general, are at higher risk for
the overuse injury of ITBFS. This study made use of
plantar-pressure technology to measure the foot—pedal
forces directly during the activity, thereby allowing the
subjects to wear their own footwear and eliminating the
need for developing a force instrumented pedal system.
Foot—pedal force, repetition, and impingement time in

of ITBFS often emerge as a tenderness of the ITB at a simulated distance cycling situatiOmaintaining 80—

the knee. In addition, swelling may occur over the
lateral femoral epicondyle and a stabbing or burning
pain may be experienced.
Several studies have
cycling [9-11 while others have studied causes of
ITBFS in cyclists[3,12, but none have related the foot—
pedal forces and repetition with ITBFS. Takaishi et al.
[11] calculated peak pedal force for various cycling
cadences in both competitive and noncompetitive
cyclists and determined that noncompetitive cyclists
preferred a lower cadend@0 RPM than competitive
cyclists (80—90 RPM for a moderate rate of work
intensity (150 W). This resulted in competitive cyclists
having lower peak pedal forc€800 N) than noncom-
petitive cyclists(350 N) at 200 W. Takaishi et al. also

90 RPM) were investigated to gain insight as to their
possible roles in relation to ITBFS. Furthermore, total
time of ITB contact(rubbing) over the lateral epicondyle

investigated forces during was calculated based on this experimental data and

documented values of knee flexion and ITB contact.
The findings of this study are discussed in comparison
to those previously reported by Davis and Hid],
Raasch et al[10], Takaishi et al.[11], Cavanagh and
LaFortune[7], and Messier et al[8] as they relate to
ITBFS.

2. Methods
2.1. Subjects

Six men and four womer(age: 30.6:5.5 years;

demonstrated that, in general, higher cadence resulted€ight: 177.4-6.4 cm; mass: 75415.9 kg participat-

in lower peak pedal force. Raasch et 0] examined
forces of maximum-speed start-up pedaling for cyclists

ed in this study. All participants were healthy and had
no known history of ITBFS or any other lower extremity

and documented a maximum tangential force at the disorders. Furthermore, all participants in the study were

pedal of approximately 700 N at 9&rank angle(0°
being the beginning of the down strokand a maximum
radial force of aproximately-700 N at 150. Davis and
Hull [9] reported pedal loading for an experienced
amateur cyclist and showed that a maximum vertical
force magnitude of 320 N occurred at approximately

recreational athletes working out an average of 2.5 times
per week.

2.2. Instrumentation

All data were collected at the Good Samaritan Hos-
pital Orthopaedic Research Laboratory in West Palm
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Beach, FL. A SirrugSpecialized Bicycles, Morgan Hill,
CA) bicycle mounted on a Magturbo train€inoura
USA, Hayward, CA was utilized for this study. Partic-
ipants were instructed to ramp up to a speed correspond-
ing to 80—90 RPM in a preset gear and maintain that
speed while data were collected. A bicycle computer
provided feedback on crank rotational speed.

Lower limb kinematics were obtained with a Motion
Analysis Corporation 6-camera video kinematic meas-
urement system aneva HiRes Data Acquisition Soft-
ware (Motion Analysis Corporation, Santa Rosa, LA
at a sampling rate of 180 Hz. Reflective markers were
placed on the lateral malleolus, calcaneus, thesween
second and third metatarsal hepdfateral mid-calf,
lateral knee joint line, lateral mid-thigh, and ASIS of
each leg. An additional marker was placed on the pedal
shaft. This set of markers captured the 3D kinematics
of the thigh, leg, foot, and pedal, and in particular
allowed knee flexion, hip tilt, and pedaling cadence to
be determined.

Foot—pedal forces were acquired with a portable
Datalogger(Paromed Medizintechnik, Neubeuern, Ger-
many) and an instrumented shoe insole, which can
record forces at 16 points on each foot. Preliminary
trials showed that the forces recorded at the pressure

sensors under the heel added little to the total force _. . N .
Fig. 1. Experimental set-up showing bicycle mounted on trainer, par-

under the foot. Consequently, only the 11 sensors meas'ticipant with attached reflectors, Paromed force detection equipment
uring pressure under the anterior portion of the foot (front forks of bicycle and insole of shyeand one of six cameras
were used. This allowed the open channels to be usedused for 3D motion detection.

to synchronize the kinematic and kinetic data. These

forces, representing the normal force component, were

sampled at a frequency of 180 Hz. Fig. 1 shows a (1) Reflective markers were applied over the bony

photograph of the experimental set-up. landmarks and force sensing insoles were placed in the
A single event needed to be identifiable on both shoes of each participant. _
measurement Systenﬁﬁ)rce and motion measuremént (2) Safe CyC“ng Standards d|Ctate that the Seat helght

so that the data could be synchronized. To accomplishPe adjusted so that the knee is in 15=80 flexion for
this, an additional reflective markémonitored with the ~ the pedal at bottom dead center. Thus, seat height was
motion analysis systemand an accelerometedata  determined as each subject sat on the seat with the foot
measured via the Dataloggewere attached to a flexible ~@nd pedal at bottom dead center. At this point, the knee
card at the bottom dead center of the crank. Each time@ngle was measured using a goniometer. Seat height
the crank passed bottom dead center on the down strokévas adjusted so that the knee angle was 23-8fer

(18C°) and hit the flexible card; the event was recorded Seat adjustments, subjects were asked to pedal slowly to
on each system. ensure that the seating was comfortable and there was

little or no pelvic tilt during slow cycling.

(3) Each subject was given a 2-min warm up period
followed by a 5-min stage of pedaling at a set cadence
(80—90 RPN in the gear corresponding to approxi-

Prior to participation, each subject read and signed anmately 280 W maximum power at 9Qrank angle.
informed consent agreement approved by the Institution- During this phase, five4-s duration data collections
al Review Board of the University of Florida. Experi- were obtained at 180 Hz. Two minutes were then
mental procedures were then explained to each subjeciprovided for the test subjects to cool down.
and a cycling experience questionnaire was adminis- (4) A sixth data collection was then performed with
tered. Lower extremity anthropometric measurements the participant’s legs hanging freelfeet off the pedals
were taken. Kinetic and kinematic data were then col- This data set provided the sensor forces resulting from
lected in the following steps: fastening the shoe to the foot. These forces were later

2.3. Protocol
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Fig. 2. Knee flexion angle versus crank angle for 88 RPM cycli280 W maximum power, right pedalAverage for each subject and overall
average for all 10 subjectsn bold). Zero degrees is top dead center of pedal stroke.

subtracted from the foot—pedal forces obtained during data set was normalized and then averaged across the 5
the trials. trials for each subject. Knee flexion angle and hip angle
(5) The reflective markers and insoles were removed. versus crank angle were obtained.

2.4. Data processing 3. Results

Force and acceleration data from the Datalogger were3s. /. Knee flexion angle versus crank angle
converted to spreadsheet compatible format after collec-
tion. Only the right foot data were analyzed. Data from  Fig. 2 shows knee flexion angle versus crank angle
each of the sensor channels were corrected for the statidor one complete revolutiof360°) of the bicycle crank
forces resulting from tying the shoe around the foot. for cyclists riding at 88 RPM and 280 W maximum
The true sensor forces were determined by subtractingpower. A crank angle of Orepresents top dead center
the force at each sensor associated with tying the shoeof the bicycle crank revolution. The average for each of
to the subject’s foot from the magnitude of the force at the 10 subjects is shown as well as the average for all
each sensor. Summation of the force at all 11 sensorssubjects. Maximum knee flexio6~110°) occurred for
provided the total foot—pedal force magnitude seen by crank angles between 34Gnd 0. Minimum knee
the sensors. Having calculated the total foot—pedal forceflexion angles of 30—35(32.9+7.2°) were recorded at
for each frame, the accelerometer data allowed thecrank angles from 1600 180.
bottom dead center position of the crank to be deter- During saddle height adjustment prior to the experi-
mined. Hence, the data could be separated into completanent, bottom dead center of the crank corresponded to
revolutions of the crank. Foot—pedal force data for each knee flexion angles of 25—-30During the cycling tests,
crank cycle were normalized in order to compare an the knee flexion angle only reached 30=3%urther
equal number of frames among participants. The foot— investigation indicated that lateral pelvic ti{tocking
pedal forces for the first full crank revolution of each side to side contributed approximately 5-26to this
of the 5 data setéper subject were averaged to acquire knee flexion angle increase when the crank was at
foot—pedal force as a function of crank angle for each bottom dead center. Rocking occurs during cycling and
subject. is exaggerated at higher speeds.

Markers identifying bony landmarks were tracked
through theeva software. The 3D marker data were 3.2. Foot—pedal force versus crank angle
subsequently imported into Ortho TréMotion Analysis
Corporation, Santa Rosa, GAyait analysis software to Fig. 3 shows the foot—pedal force versus crank angle
obtain the lower limb kinematics. Specifically, knee and for one complete revolution of the bicycle crank for
ankle flexion, hip tilt and pedal cadence were calculated participants riding at an average of 88 RPM and a 280
and exported to a spreadsheet. Similar to the procedureV maximum power. Again, a crank angle of Gepre-
for force data, the first full crank revolution of each sents the top dead center of the bicycle crank revolution.



K.C. Farrell et al. / The Knee 10 (2003) 103—-109 107

Force (N

0 T T T
0 30 60 90 120 150 180 210 240 270 300 330 360
Crank Angle (deg)

Fig. 3. Foot—pedal force vs. crank angle for 88 RPM cyclig§0 W maximum power, right pedalAverage for each subject and overall average
for all 10 subjectd(in bold). Zero degrees is top dead center of pedal stroke.

The average for each of the ten subjects is shown ascadence of 88 RPM. Also depicted on the graph is the
well as the average of all 10 subjects. Of particular ITB impingement zone. It is important to note that the
importance is that, on average, the peak foot—pedalimpingement zone and the foot—pedal force as a function
force of 290.9:84.2 N occurred at a crank angle of of knee flexion will vary between individuals. Hence,
approximately 110 The crank angle and peak foot— there may be more or less overlap of the foot—pedal
pedal force are consistent with results from Davis and kinetics into the impingement zone. From these experi-
Hull [9] and Takaishi et al[11] who reported peak mental results, conclusions about the potential effects of
pedal forces of 320 and 300—350 N, respectively. Thus, force and repetition on ITBFS during cycling can be
the relation of foot—pedal force to crank angle in this discussed.

experiment is validated by results of previous research.

4. Discussion
3.3. Foot—pedal force versus knee flexion angle

The causes of ITBFS in cycling are varied. Holmes
Fig. 4 depicts the foot—pedal force as a function of et al.[3] described causes of ITBFS as anatomical: leg

the knee flexion angle for a typical distance cycling length discrepancies, varus knee alignment or excessive
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Fig. 4. Foot—pedal force vs. knee flexion angle for 88 RPM cycliz§0 W, maximum power, right pedalOverall average for 10 subjects.
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pronation, and external tibial rotation of more tharf.20 outs are equivalerid km cycled for every 1 km jogged
Most of these anatomical differences result in a tight- cyclists would experience 30—40% more ITB impinge-
ening of the ITB, and thus increased friction at the ment occasions for a given workout. Although the cyclist
impingement area. Additionally, riding position plays a experiences more impingement events, the total time
role in causing ITBFS. A seat that is too high causes spent in the impingement zone over the entire cycling
excess stretch of the ITB as can improper foot position workout (250 9 is less than the total time spent in the
on the pedal, rigid clipless pedals, and excessively toedimpingement zone during runnin@30 9.

in cleats. Furthermore, training changes in cycling, such  We suggest that repetition is the primary contributor
as sudden increases in mileage, hills, and time trials,in causing ITBFS in cycling, while force is secondary.
can contribute to ITBFS. Thus, it appears that kinematics This suggestion is justified since the magnitude of the
and kinetics play roles in ITBFS. foot—pedal force during cycling is only one-fifth the

The current study allowed the magnitude of the foot— magnitude of the ground reaction force during running
pedal forces during cycling to be analyzed with respect when the ITB is in the impingement zone. Additionally,
to knee angle and crank angle. Thus, referring to Figs. while cyclists experience more ITB impingement events
2—-4 and knowing that the impingement zo{i&B and for equivalent workouts the time per cycle and the total
lateral femoral epicondyle contads 0—30, it is clear time spent in impingement is less. Cyclists, however,
that, during cycling, the minimum knee flexion angles still suffer from ITBFS.
experienced by our riders just entered the impingement Why does ITBFS occur at all in cycling considering
zone of the ITB where rubbing occurs. The forces were the low force, decreased impingement time per cycle,
found to be 230.864.8 N at the foot—pedal interface and smooth force transitionevhen compared to jog-
in the area of the impingement zone. For comparison, ging)? As mentioned earlier, anatomical differences
Cavanagh and Laforturl&] found that the peak vertical often lead to the tightening of the ITB around the
force at 0—30 knee flexion(first 75 ms of foot contact  femoral epicondyle, causing more friction. Other causes
with ground[2]) was approximately 2.2 body weight, of ITBFS are often related to riding position and training
or approximately 1315 N for a 61-kg subject running at changes. This study emphasizes the effect these contrib-
approximately 4.5 ms* . Messier et 48] found that utors can have in the on-set of ITBFS. As a prime
a peak vertical force at 0—3®&nee flexion was approx- example, Fig. 4 shows that minimum knee flexion tends
imately 1.75< body weight, or approximately 1200 N to be approximately 30-35If seat position was set
for a 70-kg healthy runner with a pace of 3.4 mts . improperly (too high or too far back the minimum
Thus, the normal force at the foot for cycling is only knee flexion angle could easily dip much farther into
17-19% of the vertical force at the foot for aggressive the 0—30 impingement zone, thus causing increased
jogging while the ITB is in the impingement zone. The ITB rubbing. This is also the case for an anatomical
reduced force at the foot will result in lower joint and difference, such as a leg length discrepancy, that causes
muscle forces in the lower extremity. Reduced muscle the shorter leg to overextend and ITB impingement to
forces will likely be associated with reduced tension in be sustained longer. Thus, anatomical differences and
the ITB and less friction between the ITB and the lateral seat position are supported by this research as causes of
femoral epicondyle. ITBFS in cycling.

In running studies performed by Orchard et H], The results of this study can offer some clinical
results showed time spent in the impingement zone wasguidelines following knee surgery. Bicycle and cycling
approximately 75 ms during foot contact with the exercises are routinely used in order to encourage range
ground. The cycling results for this experiment found of motion (ROM) after total knee replacement surgery.
38 ms of impingement contact per revolution of the Often such exercise is used when the patient’s maximum
crank (assuming 20 of 360 revolution is in the ROM is in the range of 90-120 and is sometimes
impingement zone Thus, less impingement time accompanied by lateral knee pain. Additionally, it is
between the ITB and the femoral epicondyle occurs per routinely recommended for patients in rehabilitation
cycle in biking than in running. after knee surgery to keep the seat high so as not to

Although less impingement time per cycle occurs in force flex the knee. These patients are also encouraged
cycling than in running, the amount of cycles performed to cycle at a low resistance for a large number of
for a given work out must be noted. For an athlete repetitions. The results of the present study suggest that
jogging at 4.5 ms* and a 1-m strid® m between  such rehabilitation measures may have deleterious
right foot to right foot ground strike the athlete will effects resulting in ITBFS. For example, to obtain
hit the impingement zone on a particular ldgith continuous cycle motion with reduced ROM the seat
ground reaction force appligdoughly 4800 times for a  must be raised to accommodate the patient’s maximum
10-km jog. In comparison, a cyclist at 88 RPM on a flexion ability. Raising the seat, however, results in
1.25-h ride will hit the impingement zone approximately overextension and possible loss of contact when the
6600 times. Assuming these running and cycling work- pedal is in the bottom position. In this situation the
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patient will be spending a significantly greater amount forces during cycling are only a small fraction of the
of cycle time working with the knee in an extended ground reaction forces found during running in past
position. Thus, the ITB enters far into the impingement studies. Furthermore, it has been shown that during
zone due to the overextension and spends a greatecycling the ITB spends less per cycle time and less total
amount of time there for each revolution. The situation time in the impingement zone for similar workouts. This
is further aggravated by the fact that these patients will research supports the conclusion that force may not play
not be cycling at a high cadence, and will therefore not a role in causing ITBFS for cycling. Instead, repetition,
gain the benefit of increased lateral tilt which limits anatomical differences, improper cycle set-up, and train-
movement of the ITB into the impingement zone. For ing habits may be the more likely contributors to the
the same reasons, intentionally setting the seat too highon-set of ITBFS. Further studies of athletes with a
to prevent force flexion during rehabilitation would most history of ITBFS would serve as a strong comparison
likely stretch the ITB, on both the involved and unin- in investigating the role of force in cycling and the on-
volved sides, with possible negative side effects such asset of ITBFS.

discomfort and ITBFS. While these scenarios suggest
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