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The purpose of fhe study was to investigate the kinematic and kinetic
parameters associafed with high-speed backward running (BR). Thirty male
subjects from two groups (15 Elite who used BR during athletic lcompetition
and 15 Athletic habitual runners) performed running trials for e;clch of the
following conditions: maximum velocity BR (BRmax), 80% of maximum BR,
60% of maximum BR, maximum velocity forward running and FR (FRmax) at
a velocity equal to BRmax. Sagittal view high speed video (200 Hz) and force
platform data (1000 Hz) were obtained and the following parameters were
evaluated: stride length, stride frequency, intrinsic support length, stance

time, trunk angle, hip, knee and ankle ranges of motion, hip, knee and ankle
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loading rate, resultant active peak, time to resultant active peak, initial
anterior-posterior (A-P) peak, and final A-P braking force. Separate repeated
measures ANOVAs were conducted to compare a) BR velocity conditions, b)
equal efforts for BR and FR, and c¢) equal velocities for BR and FR.

Results indicated that as BR velocity increased, 63% of the parameter
values increased linearly. Intrinsic support length, ankle range of motion,
knee angular velocity and impact peak time (as a percentage of stance time)
did not change; Stance time, vertical oscillations, and resultant active peak
time (as a percentage of stance time) decreased linearly. Seventy percent of
the FRmax parameter values were greater than BRmax values, with the‘
following exceptions: stride frequency, stance time, hip angular velocity at toe-
off and resultant active peak time. Inl addition, trunk angle at ground contact
and resultant active peak time (as a percentage of stance time) showed no
significant differences. Equal velocity BR and FR were fairly evenly split
between greater and lesser value parameters, with 21% of the comparisons
indicating no significant differences. For all conditions, the Elite group
averaged an 87% greater velocity than the Athletic group. Independent of
velocity, the following parameters could explain the greater Elite group
velocities: stride length, intrinsic support length, time to impact peak, loading ’
rate, resultant active peak, time to resultant active peak and initial A-P

peak.
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CHAPTERI
INTRODUCTION

With the advent of competition, humans have been looking for ways to
enhance performance and increase chances of victory. Forward running (FR)
has benefited from a great deal of investigation because, as a form of
locomdtion, it is the basis for a number of competitive sports as well as health
and fitness activities. With topics covering cardiovascular fitness to injury
mechanisms to proper mechanics for fast running, an enormous amount of
time has been poured into FR research. Backward running (BR), on the other
hand, has not received this kind of attention. It has recently been
investigated on motor control/motor learning and rehabilitation bases, but no
investigations have been conducted with sports performance in mind. Only
Bates, Morrison and Hamill (1986) have mentioned the importance of BR in
sport, noting that it was done in quick bursts on athletic fields or courts. It is
curious that BR has seen so little research, as it plays an important role in a
number of highly competitive team sports, including football, basketball,

soccer, lacrosse and other team competitions played in similar settings.




In football for example, a defensive back employing BR can keep both
the receiver and the quarterback in his field of vision. Once the defensive back
turns to run forward, he loses sight of one if not both of these players, placing
him at a disadvantage since both the quarterback and the receiver know
Where the ball is supposed to go. Sports like soccer, basketball, and lacrosse,
and other sports where a ball travels from one end of a field or court to
another and in which running is the mode of transportation are all enhanced
by BR. Superior speed at BR is an advantage for the above mentioned
fpofbail defensive back or a player in any of these sports, because with greater
speed they can keeb théir eyes on the ball, the player with the ball, and or
other surrounding players longer, allowing them to better defend attacks.

Since high level performance in the sports listed above is lucrative
business, one might think the BR aspect of sport Woﬁld be thoroughly
investigated so that athletes could reach their optimal BR performance. This
has been done for FR in sport. But és stated above, there has been no BR
research directed towards sports improvement. The topics of the limited BR
research that do exist are, kinematics of BR movement at moderate
velocities, and muscle force and joint moments. There has been no research
aimed at improving BR performance in highly skilled athletes who use BR.

The reason for this lack of BR research may be that coaches do not

separate backward running as a skill that is different from forward running.




Jim Radcliff, University of Oregon Strength Coach and former National
College Athletic Association (NCAA) defensive back says, “It’'s (BR) not
something that everybody can just automatically be good at.” He says that
BR 1s important for three reasons: (a) the ability to move while loéking down
the field, (b) recovery/rehabilitation, and (c) movement efficiency and balance.

A question that needs study is whether FR and BR have similar gait
characteristics at high speeds (maximum efforts). For example, the
characteristic of maximum stride frequency may be limited by several factors,
including length of limb, force production of the muscles, the task, the
environmental conditions, the morphology of the individual, and a running
motor program. In kinematically and kinetically comparing a maximum BR
effort to a maximum FR effort, several of these factors can be controlled for
and measured, helping to answer this question.

Winter, Pluck, and Yang (1989), in an investigation of the similarities
and differences in forward and backward walking, concluded that backward
walking was a 95% reversal of forward walking. This was true for joint
movement patterns and joint powers. Conversely, Devita and Stribling
(1991) in their investigation of lower extremity joint moment and joint muscle
power with respect to BR found that BR was not simply a reversal of FR.
Their results indicated the musculaf structure supporting the ankle and knee

reversed roles in FR and BR.
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Backward running is a learned skill and one that seems to have its own
motor program. The average individual does not spend a lot of time
performing BR. This is quite different from FR, which is developed early in
life. Lundberg (1979) studied locomotion in children and found that ninety
percent could run (forward) at 18 months, though stiffly. Normal individuals
have a strong motor program for forward running (FR). Currently, no study
has been published recording when children learn the skill of BR.

Studying how a sedentary individual performs BR may have little
value. These individuals may never pérform BR throughout their lives.
Though BR may find some uses as a balance control exercise, athletic
individuals performing some activity mainly use it. These activities may be
sports or rehabilitation related. Therefore, to better study the parameters of
high speed BR, individuals who are highly experienced in BR (elite BR users)
should be used as subjects. In choosing a control group for comparison, an
athletic population of skilled movers should be used, since athletically

unskilled individuals might have difficulty performing BR.

Purpose of the Study

The purpose of the study was to quantify the kinematic and kinetic
parameters associated with backward running. High velocity BR parameters

were then compared to: (a) BR parameters at submaximal velocities, (b) FR




parameters at maximum velocity, and (c) FR parameters at a velocity equal
to BR max. In addition, two groups were compared. One group was made up
of individuals who used BR during athletic competition while the other group
was comprised of individuals who ran as a form of exercise. The kinematic
paraméters included stride rate and stride frequency, as well as joint angles,
and velocities at the hip, knee and ankle. The kinetic parameters included

braking and propulsive forces during stance phase.

Need for the Stud

Backward locomotion has found application in sports, rehabilitation,
and motor control. Beyond this, backward locomotion is used by all ages, from
kindergarten soccer players to elderly individuals performing balance control
tests. Yet for all its wide range and variety of use, extremely little research on
BR has been conducted. This study may provide a baseline for others,
especially in determining the characteristics of high speed BR. The results of
this study might provide coaches and athletic traiﬁers with practical
knowledge of how to improve an athlete’s BR speed. Furthermore, the data
obtained duriﬁg submaximal BR can be used in rehabilitation when devising

protocols for specific muscle and joint injuries.




Delimitations

The results of this study cannot be extended beyond the limits in which
the data were collected:

1. The participants in the study were highly experienced male athletes
who used BR in their sports and athletic male college studenté. The subjects
were 18 to 28 years old. The highly experienced BR athletes were currently
training for their sport. The athletic male college students were involved in a
runningprogram.

2. Kinematic variables were obtained using two-dimensional sagittal
view videography. Two cameras were used, each set up to film a three meter
section of the runway with 50 cm of overlap.

3. Kinetic data were taken from a single foot-fall on a force platform
during the test runs.

4. All data were obtained in one testing session.

5. Submaximal running speeds were based on the subject’s maximal

BR velocity.




Limitations

The known limitations of this study are noted below:

1. Limitations of the video collection system included but were not
limited to: centroid location of the marker, coordinate error if movement
occurred out of the plane of the camera lens, marker obstruction by
extremities during motion, and possible movement of markers on the skin.

2. The joint centers of rotation during marker placement were
estimated.

3. The length of the runway in line with the force plate may not have
been long enough for subjects to reach their maximum velocity.

4. The stopping distance between the video collection area and the
crash padded wall may have caused subjects to change their footfalls and
body positions while still in the video area during FR.

5. It was understood that the results of this study would not solélsr

explain how some individuals perform BR at higher velocity than others.

Assumptions

1. Subjects performed their natural movements, unaltered by
laboratory set up and the force platform.

2. The markers placed on the subjects represented their joint centers.




3. The sampling equipment used performed reliably and the sampling
rate was sufficient to capture the critical events measured.

4. The experimental design and protocol were sufficient for the
investigation.

5. Subjects were running at their maximum effort during the FRmax
and BRmax conditions.
6. The synchronization light came on at ground contact and went off at
toe-off. '

Definitions

The following terms are found throughout this dissertation:

Anterior-posterior Force - The component of the ground reaction force
(GRF) exerted in the anterior or posterior direétion of the runner (y-
component).

Backward Running - BR - Running movement displaying a flight phase
in the dii'ection posterior to the body. |

Body Weight - (BW) Force producéd divided by the individual’s body
weight. During normal stance, an individual exerts 1 BW of force on the
ground.

BRgo - Backward running performed at 60% of the subject’s maximum

velocity.




BRgo - Backward running performed at 80% of the subject’s maximum
velocity.

BRmax - Backward running performed at the subject’s maximum
velocity.

Elite - Used in conjunction with subjects, meaning an individual who
had reached a very high level in his/her respective sport. “Very high level” for
this study meant a Division I National College Athletic Association (NCAA)
active University athlete.

Flight Phase - The period of time during the running motion when no
foot is in contact with the running surface.

Foot-off - The instant in time and position just before the foot leaves
the running surface.

Forward Running - FR - Running movement displaying a flight phase in
the direction anterior to the body.

FRequal - Forward running performed at the same velocity as the
subject’s BR maximum velocity.

FRmax - Forward running performed at the subject’s maximum
velocity.

Ground Contact - The instant in time and position when the foot

initially makes contact with the running surface.
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Ground Reaction Force - GRF - The supporting force from the ground in
reaction to the force the runner exerts on the ground.

Impact Phase - The initial portion of the support phase when the foot

impacts the running surface.

Intrinsic Support Length - The horizontal distance from the body’s
center of gravity to the toe at ground contact and toe-off.

Joint Angle - The angle defined by two adjacent segments or links.

Leg Length - Length of the shank and thigh segments combined,
measured via video data.

Loading Rate - The change in force over a change in time. The loading
rate for this study was calculated during the impact phase (first 20% of the
stance time) with units of BW+s-1,

Medial-lateral Force - The component of the GRF exerted in the
horizontal plane, perpendicular to the direction of movement (x-component).

Phase - A portion of a stride with a distinct beginning and ending.

Resultant Active Peak - The resultant active peak was recorded as the

greatest resultant vertical and A-P force between 20-100% of stance time.
Resultant Impact Peak - The resultant impact peak was recorded as
the highest resultant vertical and A-P force within the first 20% of stance

time.




Running Velocity - The average horizontal speed of the runner in the
sagittal plane.

Stride - The movement from ground contact of a specific foot to the

subsequent ground contact of the same foot.
Stride Frequency - The number of strides taken in a specific time

interval, usually one minute.

Stride Length - The horizontal distance covered during a complete

stride.

Successful Trial - A trial in which the subject landed with his entire
foot on the force platform in a normal stride for the velocity required and

maintained that velocity through the timing light system.

11

Stance Time - The portion of the stride during which a foot is in contact

with the running surface.

Swing Phase - The portion of the stride during which a foot is not in

contact with the running surface -- from toe-off the running surface until foot

on the running surface.
Target Range - Velocity plus or minus 5% of the target velocity.
Target Velocity - Velocity base?l on a percentage of the maximum BR
velocity (100%, 80% or 60%).
Trunk Stability - The absolute value of the trunk angle at ground

contact minus the trunk angle at toe-off.
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Vertical Force - The component of the GRF exerted in the direction

perpendicular to the running surface (normal, or directly upward from the
ground) (z-component).
Vertical Oscillation - The change in vertical position of the hip marker

over one stride.
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CHAPTERII
REVIEW OF LITERATURE

For early man, running was a means to aid survival. Faster running
meant a closer distance to prey or a further distance from enemies. Then
came the advent of sports. In the ancient Olympics, running was part of the
Pentathlon, a five sport event for which the winner was crowned the “greatest
athlete.” The running race in the ancient Pentathlon was approximately 200
meters. Today, fast ruﬁning is not key to human survival, but humans of all
ages compete in various sports where the ability to run swiftly is a primary
component. The competitive nature of the human race from ancient times
until today makes us continually seek methods to run faster.

The ability to run backward quickly has never been necessary for
human survival. Today BR is mainly used in sporting events. Soccer, whose
players use BR when playing defense, was invented in the Middle Ages. Most
of the sports in which players use BR, however, have only been around for the
past 125 years. Thus, any genetic traits which may make an individual excel

at BR would not have made their way into the population as they would have

for FR.
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The discussion of anatomical limitations and relevant literature
presented in this chapter will help to shed light on important aspects of fast
ER. Since there have been no studies investigating maximum velocity BR,
this review will begin with biomechanical factors that create velocity during
running, backwards or forwards, followed by an examination of the kinematics
and kinetics of sprint FR. Then the backward locomotion studies that have

been published will be reviewed, followed by a summary.

Anatomical Constraints of FR and BR

To comprehend the differences between BR and FR, one must
understand the anatomical constraints of the hip, knee and ankle joints and
how these constraints affect backward and forward running.

The hip joint is ultimately constrained in flexion by the physical
contact of the quadriceps with the chest or musculo-tendonous units spanning
the hip and the knee. In extension, the hip is constrained by the anterior
musculo-tendonous units spanning the hip joint. There is no movement in
either FR or BR that requires maximum flexion of the hip joint. However,
both FR and BR can require full extension at the hip. In FR, the hip can reach
full exteﬁsion at or 5ust after toe-off. In BR, the hip can reach full extension
just prior to ground contacf. Thus, the hip joint may constrain BR velocity by

not allowing sufficient extension at ground contact. In FR, the hip joint may
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constrain velocity by not allowing sufficient extension at toe-off. In both
directions, effective hip extension can be gained by increased trunk lean,
which decreases hip angle.

The knee is constrained in flexion by the physical contact of the
hamstrings muscle groups with the gastrocnemius. Extension of the knee is
constrained by ligaments, posterior muscles and bone. Maximum velocity of
forward running may be constrained slightly in knee flexion, however, it is
unlikely that increased knee extension would increase running velocity. The
knee does not constrain BR in flexion, but may in extension at or near toe-off.
If the knee were able to hyperextend without injury, BR ground contact time
could increase, which could potentially increase propulsive force. BR requires
muscular work as the knee reaches full extension at toe-off. Knee joint
proprioceptors éense joint extension and send neurological signals to activate
antagonistic muscles. This action avoids damage to the knee joint structﬁré,
but the antagonistic muscular force is counterproductive to BR velocity.

The ankle is constrained in flexion and extension by bone, ligaments
and musculo-tendonous units. It is unlikely that normal ankle ROM

constrains FR (reduced plantarflexion may limit the ability to produce force).

" Like the knee, the ankle is not constructed for backward locomotion. From the

standing position, ankle plantarflexion produces forward movement. BR is

thus constrained during the stance phase. In addition, as the runner moves
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backward, the ankle angle increases as oi)posed to decreasing as in FR,
lessening the amount of plantar flexion available and thus limiting
propulsive potential.

Forward and backward running differ in their utilization of major thigh
muscles during running propulsive and swing phases with respect to the hip
and knee joints. During the BR propulsive phase, the rectus femoris is
involved in hip flexion and the entire quadriceps group (rectus femoris, vastus
lateralis, medialis, and intermedius) extends the knee. During the FR
propulsive phase, the quadriceps group is responsible for knee extension only.
Additionally, hip extension is aided by the hamstring group (biceps femoris,
semitendinosus, and semimembranosus). FR’s greater muscle utilization
over BR during the propulsive phase gives FR the potential for more force
production. During swing phase, BR utilizes the same muscles as FR does
during its propulsion phase. Conversely, FR swing phase muscular
utilization is similar to the BR propulsion phase. This means that more
muscles are at work in BR than in FR during the non-propulsion or resting
phase. Thus, FR employs a greater muscular potential during propulsion and

1s muscularly more efficient during swing phase than is BR.
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Running Velocity

In running, backward or forward, velocity is equal to stride length
multiplied by stride frequency. Therefore, to increase running velocity, one
must increase either stride length or stride frequency without proportionally
decreasing the other, or increase both.

Slocum and James (1968) investigated the length of the running stride
and determined that it depended on three variables: (a) the relative leg
length of an individual with respect to the remainder of the body, (b) the force
that was exerted after the mid-stance portion of the support phase, and (c)
possible deceleration caused by over extension of the foc’)t prior to ground
impact.

Breaking down Slocum and James’ three points can give investigators
and practitioners insight into improvihg sprint performance. Referring to the
first variable, an individual’s leg length cannot be changed after the
individual has reached adulthood. Even while individuals are growing, leg
length is not a factor that can be changed. Therefore, improved performance
must be associated with thé other two variables. Improvement in the second
variable, force exerted after mid-stance, is possible. The force exerted after
mid-stance is a function of the individual’s conditioning at the specific motion.

Individuals attempt to improve this portion of their velocity through training.
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Finally, Slocum and James talk about increased stride length and possible
deceleration. An increase in stride length, which might be categorized as
overstriding, causes greater braking forces due to over extension of the foot.
Stride length increases without associated decreases in stride frequency do
increase running velocity. Therefore, an increase in stride length can be both
beneficial and detrimental. In order for a stride length increase to be
beneficial, proper technique to prevent overstriding and excess deceleration
must be employed.

There have been a number of studiés (Deshon & Nelson, 1964;
- Luhtanen & Komi, 1978; Mero & Komi 1986; Nelson, Dillman, Lagasse, &
Bickett, 1972; Sinning & Forsyth, 1970) that have concluded that as running
Velocify increases, stride frequency and stride length both increase. Mero,
Komi, and Gregor (1992) noted that increasing trends in both stride frequency
and stride length are linear up until around 7 m+s1. After that point, there
are small increases in stride length, and further increase in overall velocity is
predominately a factor of increasing stride frequency. Thus, these researchers
have concluded that stride frequency contributes more to maximum sprint
velocity than does stride length. Mann and Herman (1985) noted that stride
frequency can be as high as 300 strides*min-! with a stride length as high as
2.6 m. Dick (1989) observed both Ben Johnson and Carl Lewis running at

12.05 m *s'1 between the 50 and 60 meter mark of the 1988 Olympic 100
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meter final. If these two athletes had stride lengths of 2.6 m, that would put
them at 278 strides*min-l.

These studies raise interesting questions about what might be
expected during BR and what similarities there may be in FR and BR
performed by the same individual. As BR velocity increases, do stride
frequency and length both increase linearly until about 60% of the individuals
maximum velocity? Are increases in stride frequency the predominant
influence in increases in BR velocity? Also, is stride frequency for FR a good
predictor of stride frequency for BR. Do individuals have a maximum stride
frequency that they can produce regardless of stride length, and if so, does
stride frequency for maximum velocity FR equal stride frequency for

maximum velocity BR?

Biomechanics of Forward Sprint Running

One of the first individuals to investigate the kinematic aspects of
running was Amar in 1920 (Dillman, 1975). He concluded some of the
biomechanical aspects affecting sprint running were reaction time, technique,
electromyographic activity, force production, neural factors and muscle
structure, and that some external variables that affected running velocity
were shoes and running surface. All of these factors and more can be listed in

both internal and external categories today. Some, such as reaction time,
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which means time ﬁ'om the starter’s gun until movement begins, will not be
investigated in this study with respect to BR. All lthese factors play' a role in
FR and BR maximum velocity, but this study will focus mainly oﬁ techn';que,
force production, and to a lesser extent, neural factors.

Early FR studies on sprinting have shown the velocity-time curve can
be broken down into three phases: acceleration, constant velocity and
deceleration (Volkov & Lapin, 1979).' The constant velocity phase of sprinting
is where the speed of the individual is at its maximum. Variables related to
technique during maximum velocity running would include foot-plant, time
during stance phase, and braking and propulsion forces during stance phase.
Technique would also include range of motion of the hip, knee and ankle, as
well as force production and timing of that force from the involved muscles.

Kunz and Kaufmann (1981) conducted one study that had subjects
grouped in a similar manner to the present. They compared the kinematic
sprinting parameters of world class decathletes to those of world class 100
meter sprinters. Their results indicated the world class sprinters differed
from the decathletes by having: (a) both greater stride length and stride
frequency, (b) a greater angle between the shank and the ground at ground
contact, (c) a greater average thigh angular acceleration, and (d) a larger

trunk-thigh angle at foot-off.
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Mann and Hagy (1980) examined the FR kinematic differences of
individuals running at 5.3 m*s-! and the same individuals sprinting at 7.2
m-s-l. They noticed when sprinting, individuals had a lower center of gravity
than when running, which they attributed to increased knee and hip flexion
during the stance phase. Generally, as running speed increased, there was an
increase in hip flexion. Overall, the subjects exhibited 10 - 15% greater hip
flexion when sprinting than when running. It is unknown whether this same
trend will be seen duriﬁg BR. Some backward locomotion study results that
will be discussed later infer the opposite may be true for béckward
locomotion.

With respect to kinetic forces, Luhtanen and Komi (1978) reported that
contact time during the support phase decreased as running velocity
increased. They divided the stance phase into braking and propulsion phases.
During the braking phase, the body’s center of gravity moved downward, while
during the propulsion phase, the body’s center of gravity moved upward. Not
surprisingly, Cavanagh and LaFortune, (1980) found that during the braking
phase, the body’s velocity decreased, while during the acceleration phase, it
increased. Overall, the acceleration phase showed faster velocity at foot-off
than at foot down, .Which could be attributed to air resistance during the flight

phase.
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As running velocity increases, both vertical and anterior-posterior force
production increase (Mero & Komi, 1986). No medial-lateral data for sprint
running could be found, though small increases in medial-lateral forces were
seen with an increase in velocity at slow running speeds (Cavanagh &

LaFortune, 1980).
Biomechanics of Backward Locomotion

Backward locomotion studies have only been conducted for the past 15
or so years. Most of the backward walking studies have been from a motor
control perspective, attempting to determine what gait parameters and motor
- programs were used. BR studies have beén conducted primarily from an aid
to injury rehabilitation viewpoint.

The first published BR study came from Bates, Morrison, and Hamill
(1986) who compared joint angles during BR and FR in 9 female runners at
one backward and two forward running speeds. They compared equivalent
speeds for BR and FR (2.7 m+*s! FR vs. BR) and equivalent efforts (3.0 m*s!
FR vs. 2.7 m+*s'1 BR). The results are summarized in Table 1.

Table 1. Mean Knee Angles Measured at Takeoff and Landing of 9 Female
Runners. Bates, B. T., Morrison, E., & Hamill, J. (1986)

Position 2.7 FR 3.0 FR ‘2.7 BR

Landing 167° 165° 140°
Takeoff . 168° ' 169° 178°
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The study results indicated BR, when compared to FR, had lesser
ranges of motion at both the knee and hip with respect to stance phase. This
study did not measure stride rate. However, one can surmise that BR.stride

rate is greater than FR stride rate given decreased range of motion (which

- should equate to decreased stance phase time) of the 2.7 m*s! BR compared

to the 2*7m-*s! FR.

Vilensky, _Gankiewicz, and Gehlsen (1987) conducted a study that
emplqyed incremental increases in backward walking velocity. Their results
showed a d.ecrease. in the subject’'s maximum knee angle as velocity increased.
This is different than the trend seen in forward running where knee angles
increased as velocity increased (Mero & Komi, 1986).

Anothelr backward walking study was conduc;ed by Winter, Pluck, and
Yang in 1989. They found that backward walking was a 95% reversal of
forward walking when both were done at moderate walking speeds. This was
true for joint movement patterns and joint power.

Conversely, Devita and Stribling (1991), in their investigation of lower
extremity joint moment and joint muscle power with respect to BR, found
that BR was ﬁot simply a reversal of FR. Their study used five volunteer
male participants, one with experience using BR. Measurements were taken
from digitized video and combined with force plafform analysis including

ground reaction forces. Their results indicated the muscular structure
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supporting the ankle and knee reversed roles in FR and BR -- During BR, the
knee provided the primary power while the ankle plantarflexors absorbed
shock.

Threlkeld, Horn, Wojtowicz, Rooney, and Shapiro (1989) investigated
BR ground impact forces. They had an experimental group practice BR for 8
weeks as part of a daily running routine, while a control group only practiced
FR. Their study investigated BR at 3.5 m*s'1, attempting to emulate the FR
training speed of good to elite distance runners. They concluded there were
significant increases in muscular strength of the knee extensors within the
BR group as a result of BR training. They also noted that the BR stance time
was 10% shorter than FR stance time. There was a 6% lesser maximum
vertical force and a 30% lesser impulse force in BR compared to FR (at 3.5
m*s). The investigators hypothesized that the decrease in the BR group
impact forces was seen because the toe landed first in BR and allowed more
shock absorption than the heel that struck first in FR.

Flynn and Soutas-Little (1993) investigated muscle power and action
during FR and BR, analyzing the sagittal plane of the right knee. The study
compared EMG and kinetic parameters during the stance phases of FR and
BR using 6 active male subjects. Their results indicated that during the

initial stance phase of running, more work was required for FR than BR. This
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was found true especially for eccentric muscle contractions where four times
more work was required for FR than BR.

Flynn, Connery, Smutok, Zeballos, and Weisman (1994), when studying
oxygen consumption during forward and backward walking and running, found
40% of their participants were not able to complete the BR test at a relatively
slow (compared to FR) speed over a 6 minute time. The researcher’s
qualitatively observed the subjects and concluded that high fatigue and or
loss of coordination was the cause. The study also noted that the participants
who dropped out of BR were not the slowest at FR.

All the above studies can be combined for some general conclusions.
Firstly, BR and FR are not just reversals of the same movement. Secondly,
an individual who possesses skill and speed in FR may not possess them in

BR. Thirdly, high speed BR has not been investigated.

Summary

An attempt has been made to review the kinematic and kinetic sprint
literature. Stride length and frequency have been well documented, as well as
other aspects of sprint running. Still, there are literally millions of
individuals who practice to improve their running velocity with little idea of
the factors that influence running speed. With respect to forward running,

sprinting has been extensively researched, and answers on how to improve
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performance have been determined and implemented. The same cannot be
said for BR with respect to sprinting. Any BR sprinting judgments would be
guesses from FR or interpolations from BR rehabilitation research. This

dissertation aimed to answer many BR sprinting questions, as well as lay the

ground work for future BR studies.
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CHAPTERIII
PROCEDURES

The purpose of the study was to quantify the kinematic and kinetic
parameters associated with backward running. High velocity BR parameters
were then compared to: (a) BR parameters at submaximal velocities, (b) FR
parameters at maximum velocity, and (c) FR parameters at a velocity equal
to BR max. The kinematic parameters included items such as stride rate and
stride frequency, as well as joint angles, and velocities at the hip, knee and
ankle. The kinetic parameters included ground reaction forces (GRF), braking
forces, and propulsive forces as well as the time intervals associated with

these forces.

Subjects

Thirty male volunteers served as subjects for the study and were
selected to be in either an Elite or Athletic group. The Elite group was
comprised of 15 subjects who were members of a Division I university athletic
team for which they needed to perform high velocity BR as a part of their

competition (average age 21+1.37, height 184+7 cm, weight 87+£8.66). The
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Athletic group was comprised of 15 healthy college students involved in a
running fitness program (average age 22+2.66, height 181.6+6.66 cm, weight
774+8.52). The two groups of subjects ranged in age from 18 to 28 years and
all were free of any musculoskeletal injures at the time of testing. At the
beginning of the testing session, each subject completed an Informed Consent
Form (Appendix A) approved by the Office of Human Subjects Compliance at

the University of Oregon, and a BR questionnaire (Appendix B).
Instrumentation

Kinematic, kinetic and velocity data were obtained for each subject
during five different running conditions. Kinematic data were collected using
a Motion Analysis Corporation video system. Two NEC high-speed cameras
with Augenieux Zoom Type 10 X 120A lenses were set up to view and record
sagittal plane motion at 200Hz. The cameras were set eight meters from the
force platform and perbendicular to the path of motion. The cameras were set
up beside each other with a horizontal field of view approximately 3.5 meters.
There was approximately 0.5 meters of overlap of the viewing fields, giving a
total horizontal filming distance of 6.5 meters. Each cameré was leveled
using a bubble level and set to a height of between 1.4 and 1.6 meters.

Five light markers Weré placed on selected anatomical landmarks to

help identify joint centers of rotation. These markers were placed and
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numbered as follows: (1) neck on the mastoid process, (2) greater trochanter,
(3) lateral epicondyle of the knee, (4) lateral malleolus, (5) lateral head of the

fifth metatarsal. Marker placement is shown in Figure 1.

Trunk (lean)
Angle

Thigh Angle
Knee Angle( \_

Ankle Angle

ﬁhank Angle

Figure 1. Placement of Light Markers and Joint/Segment Angles to be
Measured.

The light markers were developed by the investigator specifically for
this project. Each light was a Radio Shack model number 1166, 8.72 volt
flashlight bulb. The light bulbs were embedded in a half round Styrofoam 1.5

inch diameter ball with a plastic backing, made to contour to a specific
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landmark on the body. The bulbs were connected in series and powered by
four 9 volt alkaline batteries. The batteries were held in an elastic belt the
each subject Woré around his waist. The lights were turned on and off with a
push-button switch in the middle of the belt. The light markers can be seen in

Figure 2.

*
Figure 2. Light Set Developed for Video Capture with Two Parallel Cameras.



The marker positions were processed into planar coordinates via the

Motion Analysis VP320 video-processor interfaced to a WINTEL 80486
compﬁter system running ExpertVision™ software (Version 3.1, Motion
Analysis Corporation). Video records were obtained for between 1.5 and 2.0
seconds (300-400 frames), depending on the velocity of the subject and trial,
to include 30 frames of data prior to and following the complete stride.

A light reference frame was used to scale the kinematic data. The
reference frame consisted of three of the same lights used on the light belts
powered by two 9 volt batteries. The lights were placed one meter apart, both
horizontally and vertically. All reference data was collected prior to subject

data collection. An example of the reference frame is given in Figure 3.

Figure 3. Light Reference Frame.
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Ground reaction force data were obtained using an AMTI force platform
(Advanced Medical Technologies, Inc. Model OR6-5-1). All data were collected
at 1000 Hz on separate analog channels using the Ariel Performance Analysis
System (APAS). An AMTI signal amplifier (Model SGA6-3) was used to
amplify the analog signal prior to inputting it to the APAS. Forces were
separated into vertical (Fz), anterior-posterior (Fy) and medial-lateral (Fx)
components. In addition, the first channel (Fz) was used to synchronize the
forceplate and video system data using a foot contact activated LCD light.
The force platform was mounted flush with the hardwood floor of the
laboratory at approximately the 20 meter mark of a 30 meter runway. The
force platform was mounted on a stainless steel plate covering a concrete pier.

The total kinetic sampling period was 0.5 seconds with a pre-trigger set
at 10%. This resulted in sampling 50 data points prior to and 450 data |
points following ground contact. The pre-trigger was used to insure that the
baseline force platform data were consistent over the testing period and that
no data were lost prior to ground contact.

To time the subjects, Lafayette Performance timing lights (Lafayette
Performance Pack, Model 63520) were placed in three locations. The first
light was located in advance the force platform, the second and the third were

placed 2.5 and 5.0 meters beyond the first, respectively. The Lafayette
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system had a sampling rate of 0.001 seconds. A pictorial representation of

the equipment layout is given in Figure 4.

‘ T~
ey Timing Lights
Field of e
View — =
camera2 _ — ~ Camera?2
—_— -
— —
- — — —
o e — —
= =< F
— - \ -~ -
\.\ - -
Field of i PSR
View -
camera 1 - T
Foree nera 1 - Camera 1
Platform ~ -
p—
— - -
pa —
- >
O = t
=]
.2
3}
Qo
H
N (n]
Pl 2T
3 >< g
: B[ 3
| £ -0
& 3= R
B =
‘

Figure 4. Equipment Set-up in the University of Oregon Biomechanics
Laboratory.
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Experimental Protocol

Each subject was tested on a single day in the Biomechanics
Laboratory at the University of Oregon. The test session lasted between 1
and 2 hours. Subjects were asked to wear a dark shirt and running or lycra
shorts for testing. Upon arriving at the laboratory, subject was given an
overview of the testing procedure and the opportunity to ask questions before
completing an Informed Consent approved by the University of Oregon
Human Subjects Review Board (Appendix A). Each subject was weighed on a
scale and on the force platform and measurements were taken for overall
height. Each subject was give adequate practice time to get comfortable with
backward running and become familiar with the testing environment. To help
the subject run straight down the runway, a tape line was placed on one side
of the force platform. In addition, a full length mirror was situated so that the
subject could view himself throughout a trial. After the subject completed a
few full speed practice runs, a starting position was estimated so that the
subjects left foot would contact the force platform during the actual trial. The
su‘bject was then fitted with the light belt, with the light markers placed on
the five previously described locations on the left side of the body. Double-
sided carpet tape was placed on the plastic backing of each marker and

affixed to the specific anatomical location on the subject. Additionally,
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athletic tape was used for the toe marker and combinations of pre-wrap and
athletic tape were used for the knee marker to ensure fixed marker placement
throﬁghout the testing session. Once the markers were affixed, the subject
stood over the force platform with his left side facing the camera. The lights
were illuminated and video data obtained for a natural standing position.

A trial consisted of the subject running through the camera viewing
area and activating the force platform with the correct foot while triggering
the timing lights. Prior to each trial, the investigator armed and prepared the
force platform, the timing lights and the Motion Anallysis video system for
data collection. After each successful trial, the subject’s time was recorded,
video data and force platform data were saved and the systems were reset.

Each subject was asked to perform three successful trials at their
maximum BR velocity. A successful trial was one in which the subject landed
naturally on the force platform with the proper foot and maintained their
running velocity through the video area. After each attempt, the subject was
given a rest period of at least one minute but, longer if requested. Each
subject was given a liter of bottled water from which t.o drink during the rest
period.

After the first three successful BRmax trials, the subject’s fastest
velocity was determined (taking into account all the trials, including

unsuccessful attempts). The subject was then asked to perform three BR




36

trials at both 80% and 60% of their maximum velocity. Each trial had to be
within a target range and meet the previously mentioned successful trial
requirements. Target range was defined as £5 percent of target velocity. An

example of how target range was determined is shown in Table 2.

Table 2. Determination of Target Speed

Subject’s Max BR velocity 6.0 m/s
5% of 6.0 = .3 m/s

% of Lowrange ~ Actual value Highrange
Running Velocity (m-s?) (m-s1) (m-s)
80 % of BR max 4.56 4.80 5.04
60 % of BR max 3.42 3.60 3.78
FR equal 5.70 6.00 6.30

The timing lights provided only a close approximation of the subjects’
velocities. The actual velocities were determined from the kinematic data.
This was done by dividing the horizontal distance the hip marker traveled
over one stride by the time it took the subject to complete the stride.

After the subject completed the BR trials, the markers were removed
and the backing was replaced with new double-sided carpet tape. The
markers were then placed o.n the subject’s right side in the previously
mentioned five locations and secured with pre-wrap and athletic tape at the
toe and knee. Once the markers were affixed, the subject stood over the force
platform with his right side facing the camera. The lights were turned on and

video data were again acquired of his natural standing position. Following
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this procedure, the subject received another preparation period to practice FR
across the force platform. Once the subject expressed comfort, he performed
three successful maximum FR velocity trials. Following these trials, each
subject performed three FR trials at his average maximum BR trial velocity

(within the target range) (FRequal).

Data Preparation Process

ExpertVision™ software, version 3.1 was used to digitize the video
data. This program provided x and y data for each of the markers and for the
force platform synchronization light. University of Oregon Biomechanics
Laboratory software (Quick Basic) was used to generate continuous paths and
delete any unwanted paths. All data were smoothed using a fourth-order low
pass Butterworth filter with a selective cut-off algorithm put forward by
Jackson (1979). The cut-off frequencies were between 5 and 15 Hz. The
Laboratory software output the data in the format shown in Table 3.

Once the marker paths were smoothed and continuous, data were
placed into an investigator developed C++ program (Combine.cpp, Appendix
D) which combined the data from the two cameras, determined the initial
ground contact, the initial foot-off (toe-off) and ipsilateral ground contact. It
then restructured the data so that the position coordinates of the same frame

number would be next to each other in the order of neck, hip, knee, ankle and
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toe. The new data file was titled with subject number, condition number, and

trial number, followed by .KN3 (i.e. SIC1T1.KN3). Ground contact data
(initial ground contact, initial foot-off and ipsilateral ground contact) were
placed in the first three columns of the first row, followed by the marker

coordinates. Marker coordinate data beginning two frames prior to initial

ground contact plus the next 200 frames (1 second) of video data were placed

in the restructured data file. An example is given in Table 4.

Table 3. Example Output from Path Editing Program

Marker# Frame# Xcoordinate Y coordinate

el

G O O O T T i Wi W O COWNDN DN

CO DN P CODN = CODND P QO DN = CON = QO N

6.040
7.415
9.062
12.675
15.043
17.446
5.455
7.607
10.202
19.899
24.837
30.208
35.852
40.966
46.546
0.000
12.327
12.392

222.196
222.258
222.351
161.149
161.114
161.080
123.677
123.283
122.867
91.980
93.213
94.558
81.814
82.803
83.880
0.000
85.243
85.243
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Table 4. Combined Data from the Two Cameras Including Initial Ground
Contact (IGC), Initial Toe-Off (TO) and Ipsilateral Ground Contact (2GC)
IGC TO  2GC

2 38 124
X neck Yneck xhip yhip x knee y knee X yankle xtoe 1y toe
ankle
6.040 222.196 12.675 161.14¢ 5.456 123.677 19.899 91.980 35.852 81.815
7.416 222.258 15.043 161.114 7.608 123.284 24.838 93.214 40.967 82.804
9.062 222.352 17.446 161.08C 10.203 122.868 30.208 94.559 46.546 83.880

Once the data from both cameras were combined and placed into the
“ KNN3’ file, an investigator developed program (Kinematic.cpp, Appendix D)
calculated the foHowiﬂg parameters: velocity, stride length, stride frequency,
trunk angle at ground contact (GC), and toe-off (TO), maximum and minimum
hip angles and times of occurrence, maximum and minimum knee angles and
times of occurrence, maximum and minimum ankle angles and times of
occurrence, hip angles at GC and TO, knee anglgs at GC and TO, ankle angles
at GC and TO, hip angular velocities at GC and TO, knee angular velocities at
GC and TO, ankle angular velocities at GC and TO, change in height over one
stride, maximum horizontal velocity of the ankle, maxiﬁum horizontal swing
phase velocity of the ankle, the subject’s leg length, and the distance between
the ankle and hip at GC and TO (actual and as a percentage of leg length).

The kinetic data were exported from the APAS system and analyzed
using an investigator developed program (Kinetic.cpp, Appendix D). The

kinetic parameters output included: stance time, F1 (resultant impact peak),
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time to resultant impact peak, maximum slope to resultant impact peak, F2
(resultant active peak), time to resultant active peak, the jnitial posterior
acceleration force and final anterior braking force.

Parameters for three trials for each condition were averaged to obtain
the subject’s representative value for that condition. A flowchart

representation of data processing is displayed in Figures 5 and 6.

Combine view from two 4
cameras
Investigate inconsis-
4 tancies within data
Determine second 4
ground contact
Average subject's three
4 trials
Determine kinematic 4
parameters
Quantify kinematic
parameters

Figure 5. Data Preparation Process for the Kinematic Data.
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Take 1000 Hz force
plate data

'

Quantify kinetic

parameters

'

Average data within a
condition

Figure 6. Data Preparation Process for Kinetic Data.

Selecting Data for Analysis

All variables associated with stride (except stance time) were
computed using the kinematic data. A stride was defined as the movement
from ground contact to the subsequent grouhd contact of the same foot. Initial
ground contact was recorded via a synchronization light controlled by the force
platforﬁi output. The synchronization light illuminated when the force
platform recorded a force value greater than 20 Newtons, indicating the
subject’s foot was in “contact;’ with the force platform. Gr.ound contact was
associated with the first frame of kinematic data in which the

synchronization light appeared. Since there was no second force platform to
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record the subsequent ground contact, it was identified as the frame when the
“y” coordinate of the toe marker recorded its maximum acceleration value,
prior to the toe marker’s “x” directional stopping point. The algorithm for
identification is given in Appendix D, the Combine.cpp program in the
footDown subroutine. This program was interactive to ensure the proper
ground contact point was selected for each trial. Visual examples of

kinematic data, ground contact and stride length are given in Figure 7.
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Figure 7. BR Displaying Ground Contact, One Stride and Stride Length.




Statistical Design and Analysis

Three repeated measures analyses of variance (ANOVAs) were used to

evaluate group and dependent variable differences. The three BR conditions,
(BRmax, BRso, and BRgo) were compared to determine changes in the

kinematic and kinetic parameters as BR velocity increased. The second
comparison evaluated the differences between the two maximum velocity
conditions (BRmax to FRmax). The third compared BRmax to FRequal in
order to investigate similarities and differences between equal velocities for
BR and FR. Level of significance was set at 0.05. Actualp vglue‘s are
reported for all results between p = 0.10 and p = 0.001. Values less thanp =
0.001 are reported as p < 0.001. Correlation comparisons were made between
different dependent variables such as BRmax and FRmax velocity. The
dependent vai‘iables analyzed are given in Table 5. Data were analyzed using
SYSTAT Version 5.2.

Since the BR conditions were percentages of the subject’s maximum
backward velocity (max, 80%, 60%), it was hypothesized that each dependent
variable analyzed across the BR _conditions would show a linear trend.
Likewise, it was hypothesized that there would be a difference between the

dependent variables across the BR conditions.
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Table 5. List of Dependent Variables Analyzed for this Study

Category# Category Title

1 Velocity :
2 Maximum velocity of the foot during swing phase
3 Stride length
4 Intrinsic support length
5 Stride frequency
6 Stance time
7 Trunk angle at ground contact and toe-off
8 Hip range of motion
9 " Knee range of motion
10 Ankle range of motion
11 Hip angular velocity at toe-off
12 Knee angular velocity at toe-off
13 Ankle angular velocity at toe-off
14 Vertical oscillation
15 Resultant impact peak (F1)
16 Time to resultant impact peak
17 Maximum impact loading rate
18 Resultant active peak (F2)
19 Time to resultant active peak
20 Initial anterior-posterior (A-P) peak
21 Final A-P braking force

Statistical analysis calculates the chance that two or more groups are
different, not the chance that they are the same. This study not only sought to
contrast the kinematic and kinetic parameters associated with backward
running, but also to identify instances where parameters appeared to be
similar. Some researchers (Thomas, Salazar, & Landers, 1991; Hreljac,
1992) have used the effect size, ES, to determine whether or not the difference

between values is negligible. For this study, values being compared were
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considered similar if the effect size was 0.1 or less. ES values will be reported

for ES <0.2. The following is the equation for effect size:

ES = (Ml - M2)/SDpooled
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CHAPTER IV
RESULTS AND DISCUSSION

The purpose of the study was to quantify the kinematic and kinetic
parameters associated with backward running (BR). High velocity BR
parameters were then compared to: (a) BR parameters at submaximal
velocities, (b) forward running (FR) parameters at maximum velocity, and (c)
FR parameters at a velocity equal to BRmax (FRequal). In addition, two
groups were compared. One group was made up of individuals who used BR
during athletic competition while the other group was comprised of
individuals who ran as a form of exercise.

Results were reported on: (a) differences between dependent variables
(Table 5) across conditions, (b) differences between groups across conditions,
(c) interactions between groups and dependent variables, (d) linear trends,

and (e) interactions within the linear contrast.

Velocity

All reported condition velocities are averages of three trials. However,

FRequal, BRgo and BRego target velocities were computed using the single
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fastest BRmax trial. Because of this, those values may be slightly greater
than 100%, 80%, or 60% of the averaged BRmax. Group mean velocities for

all group - conditions are given in Table 6.

Table 6. Mean Velocity in m*s-!

Group BRmax BRso BRso FRmax FRequal
Athletic 4.711+0.38 4.06:0.31 3.18+0.33 6.81+0.44 4.801+0.48
Elite 5.42+0.30 4.62+0.31 3.55%+0.30 7.71x0.44 5.52+0.47

BRmax, BRsoand BReo velocities were found to be significantly

different, F(2, 56) = 27.620, MSe = 6.762, p < 0.001 and demonstrated a
significant linear trend, F(1, 28) = 961.082, MSe = 43.367, p < 0.001. The |
Elite group performed all BR conditions at significantly faster velocities than
the Athletic group, F(1, 28) = 27.620, MSe = 6.762, p < 0.001. FRmax
velocities were significantly faster than BRmax velocities, F(1, 28) = 678.57,
MSe =72.33, p <0.001. The Elite group recorded faster FRmax and BRmax
velocities than the Athletic group, F(1, 28) = 47.91, MSe = 9.77, p < 0.001.
There was not a statistically significant difference in velocity between the
BRmax and FRequal conditions, F(1, 28) = 2.290, p = 0.141. The Elite group
performed both BRmax and FRequal faster than the Athletic group, F(1, 28) =
26.82, MSe = 7.704, p-< 0.001.

The BR condition comparisons indicated two important findings: (a)

the individuals who used BR during athletic competition were faster at BR
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than the athletically active individuals, and (b) the testing protocol
successfully created different linear BR conditions. It was hypothesized that
the Elite group athletes would be more skilled at BR and would therefore
perform BR faster than the Athletic group. The Elite group subjects were not
only faster at BRmax, however, but at FRmax also. Comparing both groups’
percentages of BR to FR velocity using an ANOVA showed no significant
group differences, F(1, 28) =0.346, p = 0.561. Overall, the Elite group’s BR
velocity was 70.4% of their FR velocity, whereas the Athletic group’s waé
69.3%. The highest BR to FR percentage was 79%, recorded by an individual
inA the Elite group. The lowest was 60%, recorded by a subject in the Athletic
group. The concept that previous BR training by the Elite group. would make
them faster at BR may not be valid. It may have been the Elite group’s sheer
ability to run faster, forward or backward, that made them faster at BR.
Given a varied sample such as the entire population, FR velocity is
likely a good predictor of BR velocity. Within select groups of trained
individuals, such as the two groups examined in this study, however, FR
velocity was not highly correlated with BR velocity. The R2 for the Athletic
and Elite groups were 0.196 and 0.031, respectively. Neither value explained
a statistically significant portion of the variance. This point is important
because the entire population does not need to become faster at BR, nor for

that matter, does the Athlepic group in this study. BR training would likely
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be for an elite group of athletes whose correlation of FR to BR would be small
to non-existent.

There was no significant difference between BRmax and FRequal
velocities. This statistical test did not indicate that the velocities were the
same, but for the comparisons in this study, these two condition velocities

(BRmax and FRequal) were considered equal.

Maximum Velocity of the Foot During Swing Phase

Maximum velocity of the foot during swing phase is an interesting
parameter when comparing BR to FR. Values for this category indicate the
fastest horizontal velocity recorded during each subject’s swing phase. This
can also be thought of as how fast the subject moved his foot forward to take
the next step. This swing phase foot velocity was thought to be important
because one of the limitations for running velocity regardless of direction
might be the abﬂity to move the foot forward fast enough to take the next

stride. Maximum horizontal foot velocities are reported in Table 7.

Table 7. Maximum Foot Velocity in m *s-!

Group BRmax BRso . BReo FRmax FRequal

Athletic 9.71+£.0.91 8.34+0.70 6.64+0.58 12.05£1.49 8.39%0.74
Elite 11.26+£0.60 9.56+0.70  7.78+0.84  12.92+0.94 10.26%1.03
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Results showed significant increases in foot velocity as BR velocity
increased, F(2, 56) = 424, MSe = 80.45, p < .001 and a linear trend,

F(@1, 28) = 563, MSe = 160, p < 0.001. The Elite group had consistently faster
BR foot velocities than the Athletic group, F(1, 28) = 31.08, MSe = 38.3, p <
0.001. The FRmax condition showed a greater maximum swing phase foot
velocity than the BRmax condition, F(1, 28) = 91.508, MSe = 60.10, p < 0.001.
The Elite group had faster swing phase foot velocities than the Athletic group,
F(1, 28) = 14.689, MSe = 22.02, p = 0.001. Maximum foot velocities during
swing phase of the FRequal condition were less than those for the BRmax
condition, F(1, 28) = 80.466, MSe = 20.22, p < 0.001. The Elite group had
greater swing phase foot velocities than the Athletic group, F(1, 28) = 43.84,
MSe = 38.11, p < 0.001.

The hypothesis that swing phase foot velocity is a limiting factor in a
subject’s overall velocity would predict that the maximum foot velocities of
FRmax and BRmax would be similar. This was not found to be the case.
Swing phase foot velocity did not appear to limit maximum velocity. An
alternate possibility, that foot velocities between BRmax and FRequal would
be similar was also refuted.

Overall, swing phase foot velocity was a better predictor of BR velocity

than it was of FR velocity. It was also a better predictor of the Athletic
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group’s velocity than the Elite group’s. Correlation results of swing phase foot

velocity to BRmax and FRmax are given in Table 8.

Table 8. RZ Values of Swing Phase Foot
Velocity to Running Speed

Group BRmax FRmax
Athletic 0.848 0.603
Elite 0.729 0.512

Stride Length

Stride length was calculated by measuring the horizontal change in hip
marker position between two sequential ground contacts of the designated
foot (Figure 7). There is published literature on stride length for fast velocity
FR conditions, but no research on BR stride length at fast velocities. Because
of this, the maximum length of a BR stride was unknown. Table 9 contains

group stride length means for all conditions.

Table 9. Stride Length Means in cm

Group BRmax BRso BReo FRmax FRequal
Athletic 2391+28.7 228259  2111+26.3 388132.8 360+27.5
Elite 2611+33.9 260+33.5  223+27.8 402122.1 379420.9

Results showed significant increases in BR stride length as velocity
increased, F(2, 56) = 44.3, MSe = 8861, p <.001 and a linear trend,

F(1, 28) = 56, MSe = 15609, p <0.001. The Elite group had consistently




longer BR stride lengths than the Athletic group, F(1, 28) = 4.855, MSe =

10776, p = .036. A significant interaction was seen between groups, F(2, 56) =
3.698, MSe = 744.2, p = 0.031.

FRmax stride length was significantly longer than BRmax stride
length, F(1, 28) = 508, MSe = 317286, p < 0.001. The Elite group
demonstrated a tendency towards longer stride length across the maximum
velocity conditions, (F(1, 28) = 4.076, MSe = 4678, p =0.053). The Elite group
showed an 8.0% greater stride length for the BRmax condition, but only a
3.4% greater stride length for the FRmax condition. FRequal stride length
was longer than BRmax stride length, F(1, 28) = 311, MSe = 216,052, p <
0.001. The Elite group had significantly longer stride lengths than the
Athletic group across the equal velocity conditions, F(1, 28) = 6.94, MSe =
6200, p =.014.

The Elite group’s stride length did not change significantly between the
BRmax and BRsgo conditions. The Athletic group’s did. The Elite group’s
results were similar to reported FR findings (Mero, Komi & Gregor, 1992),
whose authors noted that in FR, stride length increased until velocity
approached 7 m*s-1, after which increases in stride length were small. The
Elite group in this study displayed this stride length plateauing. At exactly
what percent of maximum velocity this occurred was beyond the scope of this

study, though results indicate the Elite group’s stride length plateaued at
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between 60 and 80 percent of maximum velocity. It is not known why the
Athletic group did not display this same trend, but instead continued to
increase stride length as velocity increased. The Athletic group might not
have reached the anatomical limit to their stride length at the speeds they
were able to produce.

Group stride length differences were greater in BR than FR. This
result was expected since the Athletic group was equally experienced af FR

while the Elite group was uniquely experienced at BR.

Intrinsic Support Length (IS1.)

Intrinsic support length (ISL) was calculated by summing the
horizontal distances from the body’s center of gravity to thé toe at ground
contact (GC) and toe-off (TO) (Nilsson, Thorstensson, & Halbertsma, 1985).
In this study, the hip marker was used to represent the center bf gravity.
Examples of how hip to toe measurements were obtained for BR and FR are
shown in Figure 8.

Data between subjects of different heights and leg lengths were
normalized and reportéd as a percent of total leg length. Mean values for
horizontal distances between toe and hip markers for ground contact and toe-

off across all conditions are reported in Table 10.
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Table 10. Horizontal Distance Between Toe and Hip during
Ground Contact (GC) and Toe-Off (TO) and Total ISL (in % Leg Length)

Group BRmax BRso BReo FRmax FRequal

Athletic GC 28.8+8.70 28.0+7.37 27.619.15 41.3+5.51 43.615.45
Elite GC 22.0+7.43 28.4+8.58 25.1+9.75 38.8£5.92 41.9+4.88
Athletic TO 43.1+4.73 42.0+4.88 42.5+3.93 54.4+9.74 46.917.95
Elite TO 48.4+5.52 47.1+6.97 47.6%8.45 54.5+9.77 47.5+9.98
Athletic ISL.  72.0£7.74 70.0%7.49 70.1£11.2 95.8+12.1 90.5%7.52
Elite ISL 70.5+8.48 75.4+5.48 72.7+9.17 93.3+11.8 89.5+10.8

Backward Running Forward Running

: :

A *Toe to hip |
I Toe to hip , , at toe-off
WI at toe-off Hip to toe
at ground
Hip to toe congtract
at ground
contact

Figure 8. Intrinsic Support Length Measurements at Ground Contact and
Toe-Off During BR and FR.

Hip to toe distances at ground contact and toe off were investigated for

the BR conditions. There were no significant condition or group differences at
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ground contact. There was a group interaction in percent lengths across the
three conditions, F(2, 56) = 3.913, MSe = 97.910, p = 0.026, along with a
quadratic trend, with the BRgop values longer than the other BR conditions,

F(1, 28) = 8.326, MSe = 105.310, p = 0.007. This interaction was further
evaluated, revealing significantly shorter hip to toe ground contact distances,
F(1, 28) = 5. 345, MSe = 349, p = 0.028 f;or the Elite group.

There were no significant condition differences in the hip to toe
distances at toe-off for the BR conditions. There was a group difference, with
the Elite group prodﬁcing longer distances than the Athletic group, F(1, 28) =
6.573, MSe = 590.951, p = 0.016. When the hip to toe distances at ground
contact and toe-off were combined to form the intrinsic support length, BR
showed no statistical differences betwéen conditions.

The comparison of hip to toe distances at ground contact between
FRmax and BRmax revealed shorter distances for the Elite group, F(1, 28) =
5.94, MSe = 329.9, p'= 0.021. FRmax distances were greater than BRmax
distances, F(1, 28) = 74.75, MSe = 3186, p < 0.001. The comparison of hip to
toe distances at toe-off showed no significant group differences, however, a
condition difference was observed, with FRmax distance values being greater,
F(1, 28) = 19.8, MSe = 1133, p < 0.001.

The comparison of hip to toe distances at ground contact for FRequal

and BRmax revealed significantly longer FRequal distances, F(1,28) = 125,




56

MSe = 4478, p < 0.001. Again, the Elite group distances were shorter than the
Athletic group distances, F(1, 28) = 4.737, MSe = 267.2, p =0.038. The
comparison of hip to toe distances at toe-off showed no group or condition
differences, suggesting fhat this variable might be related more to velocity
than direction.

These BR intrinsic support length findings demonstrate two points.
First, there was a clear difference between groups. The Elite group had a
shorter BRmax distance at ground contact and a longer BRmax distance at
toe-off than the Athletic group (all Elite distances were greater than the
greatest Athletic distance). A shorter hip to toe distance at ground contact
could mean less braking force a_nd indicate a more active ground contact.
Previous research supports thisidea. Kunz and Kaufmann (1981) found that
elite sprinters had shorter hip to toe distances at ground contact than a group
of elite decathletes. On the other end, a greater distance from hip to toe at
toe-off could allow for greater force generation during push-off. These
observed differenqes between the Elite and Athletic groups for these variables
are therefore consistent with the increased velocity of the Elite group and
might be a teachable teéhnique to increase BR velocity.

Second, there was no significant change in intrinsic support length
(ISL) with increased velocity. This is contrary to reported FR results. A

Nilsson, Thorstensson, and Halbertsma (1985) study of ten niale subjects
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showed increasing ISL as running velocity increased from 1 to 8 m*s-1.
Increases in velocity are often accompanied by increases in stride length
(Mero et al., 1992). Results in this study indicate that BR stride length was
not increased (from 60% to 100% of maximum velocity) ;ria an increased ISL,
however, suggesting that stride length and ISL were not closely related in BR
and that subjects were able to increase their stride length via some other
method, such as increased horizontal force generation.

The hip to toe distance at toe-off findings for both FRmax and BRmax
suggest a “longer suf)port--greater velocity” relationship. Since a runner can
only produce force while his foot is in contact with the ground, it is logically
assumed that a greater velocity can be generated from a longer hip to toe
distance at toe-off (longer ISL TO). This concept is also supported by Nilsson
et al. (1985). In this study, the FRmax condition exhibited longer distances
and faster velocities than the BRmax condition, and the Elite group displayed
longer distances and faster velocities than the Athletic group, while at equal
velocities, hip to toe distances at toe-off were not statistically different. One
ISL constancy between BR and FR was that faster running coincided with a

slightly shortened distance between hip and ground contact (at least from

60% through maximum velocity).
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Stride Frequency

Stride frequency is the number of strides taken per unit of time. Stride
frequency was determined by measuring the time from first foot contact with
the force platform to the subsequent contact of the same foot. This number
was converted to strides per minute. The mean stride frequencies for all
group - conditions are given in Table 11.

Table 11. Stride Frequency Means (in Strides per Minute)

Group BRmax BRso BRso FRmax FRequal
Athletic 120.8414.3 108.9+11.5 91.6£8.92 106.9311.3 83.414.97
Elite 127.8414.5 109.4+14.8 97.2412.5 116.6£9.82 93.7+8.76

Stride frequency significantly increased with BR velocity, F(2, 56) =
172.3,VMSe = 6701, p <0.001. This increase produced a significant linear
trend, F(1, 28) = 123.576 MSe = 20633, p < 0.001. There were no stride
frequency group differences for BR, F(1, 28) = 1.011, p = 0.323.

BRmax stride frequency was significantly greater than FRmax stride
frequency, F(1, 28) = 25.313, MSe = 2397.682, p < 0.001. The Elite group
exhibited greater stride frequencies than the Athletic group, F(1, 28) = 4.699,.
MSe = 1055.8, p = 0.039. BRmax stride frequency was also greater than
FRequal stride frequency, F(1, 28) = 182, MSe = 18132, p < 0.001. Again, the
Elite group showed greater stride frequencies than the Athletic group, F(1, 28)

=8.712, MSe = 1385.9, p = 0.006.
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Contrary to the researcher’s expectation there were no group differences
in BR stride frequencies. The observed group difference between BR and FR,
therefore, could have been an anatomical and not a training effect. The Elite
group consisted of sprinters (likely having predominately fast twitch fibers)
that were also performing an anaerobic task protocol, leading to the
hypothesis that the Elite group would have greater stride frequencies. This
was only the case, however, when the FR data was factoredl into the analysis.
Velocity is comprised of stride length times stride frequeney. The Elite group
had significantly faster BR velocities and longer stride lengths, but not
greater stride frequencies. These results indicate that it was predominately
stride length that differentiated between the velocities of the two groups.

Prior to this study, it was not known whether stride frequencies
differed between backward and forward maximum velocities. This
researcher’s hypothesis was that each person had a maximum stride
frequency capability, a quasi-motor program for stride frequency, whether
running backward or forward. The results fromlthis study do not support this
hypothesis, since stride frequency was statistically different for BRmax

versus FRmax and BRmax versus FRequal.
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Stance Time

Stance time is the portion of the stride during which the foot is in
contact with the running surface. It is during this portion of the stride that :
force :';s produced and velocity is attained. Stance time was determined using
force platform data and defined as the time during which a force greater than
20 N was being generated. Stance time is a portion of stride time. In order to
compare stance time across different stride times, stance time was reported

as a percentage of stride time. Group stance times for all conditions are given

1in Table 12.

Table 12. Stance Time Means as a Percentage of Stride Time

- Group BRmax BRsgo BReo FRmax FRequal
Athletic 31.9+42.91  33.3%2.79 37.443.25  27.0+2.73  27.1+1.67
Elite 29.5+2.67 30.743.35 34.744.68 25.942.85 26.1+2.25

BR stance time as a percentage of stride time significantly decreased
as velocity increased, F(2, 56) = 56.64, MSe = 0.023, P <0.001. The BR trend
was linear, F(1, 28) = 70.96, MSe = 0.043, p < 0.001. The Elite group had
significantly shorter stance times than the Athletic group, F(1, 28) = 5.890,
MSe = 0.015, p = 0.022. BRmax stance time as a percentage of stride time
was significantly greater than FRmax stance time, F(1, 28) = 43.48, MSe =

0.026, p <.001. The Elite group’s maximum velocity stance times were
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significantly less than the Athletic group’s, F(1, 28) = 5.552, MSe = 0.005, p =
0.026. FRequal stance time as a percentage of stride time was less than
BRmax stance time, F(1, 28) = 38.07, MSe = 0.024, p < 0.001, and the Elite
group had a significantly less time than the Athletic group, F(1, 28) = 9.922,
MSe = 0.005, p = 0.004.

BR stance time as a percentage of stride time decreased as velocity
increased. FR stance time, however, did not appear to change across the two
velocities (FRmax and FRequal). An effect size analysis was conducted, E-S =
0.05, confirming there was no stance time (as a percentage of stride time)
change. Therefore, this is a clear difference between BR and FR. Threlkeld et
al. (1989) determined that actual stance time for BR was 10% shorter than
for FR. This study’s results indicate that actual BRmax stance time was 18%
shorter than FRequal. The BR to FR velocities of this study and the
Threlkeld et al. study were different, and given the tendencies seen in both FR
and BR stance time as velocity increases, the Threlkeld et al. results appear
to be consistent with this study’s results. Overdll, the results indicate the
runners spent a greater percentage of time on the ground per stride during BR
compared to FR.

The Elite group had significantly shorter stance times as percentages of

stride times than the Athletic group across all comparisons. The group
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differences may have been due to the differences in velocity between the two

groups.

Trunk Angle

Trunk angles were measured between the trunk and the vertical axis.
Trunk angles to the left of the vertical axis are given as negative values (i.e.
-5° instead of 355°). Examples of BR and FR trunk angles are shown in

Figure 9.

Direction of Movement ————————p
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Trunk angle
Trunk angl at ground
at ground | contact Trunk angle
contact at toe-off

Backward Running Forward Running

Figure 9. Trunk Angle Measurements For BR and FR.

Trunk angles were recorded at ground contact and toe-off. Changesin

trunk angle between ground contact and toe-off were calculated for
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comparisons of BR and FR trunk stability (less change meaning greater
stability) and determination of within groups differences. Absolute values of
BRmax trunk angles were compared to FRmax and FRequal trunk angles.

Mean trunk angles for all group - conditions are given in Table 13.

Table 13. Trunk Angle in Degrees at Ground Contact (GC) and Toe-Off (TO)

Group BRmax BRago BReo FRmax  FRequal
Athletic GC -13.73£12.3 -7.90+8.32 -4.05+7.31 14.6515.86 9.1245.16
Elite GC -18.563+10.6 -14.99+11.4 -12.49+12.7 19.551+4.08 14.7714.75
Athletic TO -11.70+£11.1  -6.6617.29 -4.0516.39 16.7615.15 13.39+5.05
Elite TO -15.25+11.1 -12.46x11.5 -9.37£12.5 17.74+4.05 15.2743.79
Athletic GC-TO 3.4912.52 2.8512.06 2.0914.81 3.3411.89 4.47+2.81
Elite GC-TO 3.27+1.78 2.63£1.87 3.121+2.68 2.61£1.81 2.39+1.90

Significant increases in trunk angle (larger absolute values) were
observed as BR velocity increased at both ground contact, ( F(2, 56) = 21.37,
MSe = 469.268, p < 0.001) and toe-off, ( F(2,.56) = 25.47, MSe = 346.55, p <
0.001. These increases were linear at both ground contact, ( F(1, 28) = 23.97,
MSe = 927.166, p < 0.001) and toe-off, ( F(1, 28) = 34.324, MSe = 687.358, p <
0.001). The Elite group demonstrated a tendency toward greater trunk angles
at ground contact, F(1, 28) = 3.49, MSe =1034.3, p = 0.072, but not at toe-off,
F(1, 28) = 1.829, p = 0.187, compared to the Athletic group.

There v;ras a statistically similar (ES < 0.1) anterior trunk angle in the
BRmax and FRmax conditions at ground contact, (1, 28) = 0.087, p = 0.770,

ES =0.07. The Elite group demonstrated a tendency towards greater trunk
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angles at ground contact, F(1,28) = 4.001, MSe = 306, p = 0.055. There were
no maximum velocity condition or group differences at toe-off.

BRmax produced significantly greater anterior trunk angles than
FRequal at ground contact, F(1,28) = 4.342, MSe = 305, p = 0.046. The Elite
group exhibited a significantly greater trunk angle than the Athletic group,
F(1, 28) = 4.718, MSe = 359, p = 0.038. BRmax and FRequal trunk angles at
toe-off were near identical, F(1, 28) <0.001, p =0.998, ES < 0.001. The two
groups’ BRmax and FRequal trunk angles were not statistically different at
toe-off.

Subjects demonstrated a tendency towards greater trunk angle change
as BR velocity increased, F(2, 56) = 2.995, p = 0.058. This tendency neared
significance, F(1, 28) = 3.726, p = 0.064. The groups were similar in trunk
angle change over one stride, F(1,28) = 0.086, ES = 0.092.

BRmax and FRmax demonstrated no significant condition or group
differences in trunk angle change over the stance phase. BRmax and FRequal
trunk angle changes appeared similar, F(1,28) = 0.007, ES = 0.019. The Elite
group exhibited less trunk angle change between FRequal ground contact and
toe-off than the Athletic group, F(1, 28) = 5.686, p = 0.024.

Kunz and Kaufmann (1981) found that elite sprinters exhibited greater
trunk angles than decathletes. In this study, the Elite group was therefore

expected to have a greater trunk angle during FR than the Athletic group.
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Furthermore, during BR, the Elite group was (_exp'ected to have a greater body
lean due to a training difference. Most of the Elite group were defensive backs
in football that had been taught to lean to facilitafe quick changes in
direction.

Since the Elite group showed both greater BR velocity and greater
trunk angle than the Athletic group, one might conclude that increased trunk
angle in BR aided in increasing BR velocity. It is possible, though, that
increased body lean is a natural phenomenon that occurs as BR velocity
increases. The mean values from the FR condition‘ indicafe that body lean
increased with FR velocity as well, suggesting a similarity between the two
directions of running. However, body lean during FR was in the direction of
movement, while during BR, it was away from the direction of movement.

Trunk angles appeared to undergo greater changes between ground
contact and toe-off during the higher velocity conditions. The Elite group
tended to change trunk angle less during a stride than the Athletic group,
though moétly during the FR conditions. Overall, there was little difference in

stance phase trunk angle change between FR and BR.
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Hip Range of Motion

Hip range of motion was measured from the hip’s position of maximum
extension to its position of maximum flexion during the stride. Hip ROM

data are given in Table 14.

Table 14. Hip ROM in Degrees

Group BRmax BRso BRso FRmax FRequal
Athletic  41.75+8.58 38.80+6.91 39.41+7.80 68.3616.05 60.50+4.43
Elite 41.87£10.80 39.42+8.33 38.35+7.47 70.15+3.28 64.91+5.32

"There was a significant increase in hip ROM as BR velocity increased,
F(2, 56) = 3.320, MSe = 79.7, p = 0.043, with similar values for both groups
F(1, 28) = 0.002, ES = 0.013. The data showed a tendency toward a linear
trend, F(1, 28) = 3.28, p = 0.081. Hip ROM was significantly greater during
FRmax than BRmr«;lx, F(1, 28) = 195, MSe = 11298, p < 0.001, with no
difference between the groups, F(1, 28) =0.222, ES =0.06. Hip ROM was
greater for FRequal compared to BRmax., F(1, 28) = 117.5, MSe = 6545, p <
0.001. BRmax to FRequal group comparisons showed no significant
differences.

This iﬁvestigator expected increases in hip ROM with increases in BR
velocity because of the longer stride lengths often associated with increased

velocity. Hip ROM did increase with velocity, most changes occurring between




67

the 80% and maximum BR conditions. While the Elite group showed a linear
trend, the Athletic group did not. Thus, there was no overall linear trend.

A reason behind testing both BR and FR was to evaluate similarities
and differences, especially in joint movements. Hip ROM during high speed
BR and FR is visually different. Therefore, the findings of a greater ROM in
both FRmax and FRequal than BRmax was expected. Overall, hip ROMs
were 166% and 133% greater in FRmax and FRequal than BRmax,
respectively.

Along with maximum and minimum hip angles, this study also
determined when during the stride these angles occurred. In BR, maximum
hip extension occﬁrred just prior to ground contact and maximum hip flexion
occurred prior to the swing phase midpoint. The relative times that
maximums and minimums occurred did not change as the subject’s velocity
changed.

The groups were similar in hip ROM for the BR and FR conditions, and
especially so throughout the different velocities of BR. Hip ROM did increase
slightly with BR effort, but did not appear to be a reason the Elite group

performed at faster velocities than the Athletic group.
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Knee ROM

Knee range of motion was measured from the knee’s position of
maximum extension to its position of maximum flexion during one stride.

Knee ROM data are given in Table 15.

Table 15. Knee ROM in degrees

Group BRmax BRso BReo FRmax FRequal

Athletic 79.64+12.5 76.32£12.3 76.10+13.1 120.4+15.7 117.3+11.1

Elite 86.54+11.8 83.17+14.9 81.70+£15.2 114.1+12.7 120.1+13.2

There was a significant increase in BR knee ROM as velocity increased,
F(2, 56) = 4.16, MSe = 147.67, p = 0.21. This increase was linear, F(1, 28) =
4.680, MSe = 263, p = 0.039. No group differences were found.

There was a significantly greater knee ROM in the FRmax condition
than the BRmax condition, F(1, 28) = 105.581, MSe = 17532, p < 0.001.
Group differences were hidden in the significant interaction between the
groups and conditions, F(1, 28) = 4.001, MSe = 664.402, p = 0.05. The Elite
group demonstrated a greater knee ROM during BRmax than the Athletic
group, while the Athletic group showed a greater knee ROM during FRmax
than the Elite group.

There was a significantly greater knee ROM during FRequal than

during BRmax, F(1, 28) = 159.03, MSe = 18974, p < 0.001. The group
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differences approached significance, with the Elite group showing greater knee
ROM than the Athletic group, F(1, 28) = 3.102, p = 0.089.

- Along with maximum anld minimum angles, this sfudy also determined
when during the stride these angles occurred. In BR, maximum knee
extension occurred at toe-off and maximum knee flexion occurred near the
swing phase midpoint. The relative times that maximums and minimums
occurred did not change as the subject’s velocity changed. Both group’s knee
ROMs increased as BR velocity increased, indicating that ROM of the knee is
an important factor in increasing BR velocity. Interestingly, though, while the
Elite group’s BR knee ROM shqwed a linear increase with velocity, their
stride length topped off at BRgo. This could indicate that knee ROM during
BR is not a factor of increased stride length at the faster velocities.

The Athletic group had a greater FRmax knee ROM than the Elite
group, (120° vs. 114°). This was unexpected, since the Elite group had both a
longer FRmax stride length and a faster FRmax velocity. This could indicate

the knee ROM is not indicative of increased stride length in FR either.

Ankle ROM

Ankle ROM was measured from the ankle’s position of maximum
extension to its position of maximum flexion during one stride. Ankle ROM

data are given in Table 16.
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Table 16. Ankle ROM in Degrees

Group BRmax BRso BRso FRmax FRequal
Athletic 46.20+6.05 44.63+7.26 46.57+5.58 52.07+8.97 54.38+11.5
Elite 43.70+3.35 44.38+8.61 42.09+6.46 50.76+10.1 53.93+13.2

Ankle ROM was similar across the BR conditions, F(2, 56) = 0.244, p =
0.784, ES = 0.07. There were no significant BR group differences. FRmax had
a significantly greater ankle ROM than BRmax, F(1, 28) = 17.98, MSe = 627,
p = 0.001 and there were no significant group differences across the maximum
velocity conditions. FRe(iual had a significantly gx;eater ankle ROM than
BRmax, F(i, 28) = 190.0, MSe = 1270, p < 0.001 and there were no significant
group differences across the equal velocity conditions.

Along with maximum and minimum ankle angles, this study also
determined the relative time that these angles occurred. In BR, maximum
ankle extension occurred at toe-off and maximum ankle flexion occurred at
approximately one third of the stance phase. The relative times that
maximums and minimums occurred did not change as the subject’s velocity
changed.

Comparisons of ankle ROM did not appear to highlight many
differences. Ankle ROM stayed constant as BR velocity inéreased from 60%
to 100%. There was no statistical difference between the ankle ROM of the

two groups.
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Hip Angular Velocity at Toe-Off

Hip angular velocity is the rate of change in hip angular position.
Positive values indicate the hip joint was extending, while negative values
indicate the hip joint was in flexion. Hip angular velocity data are given in

Table 17.

Table 17. Hip Angular Velocity at Toe-Off in Degrees* s

Group BRmax BRso BRso FRmax FRequal
Athletic 337+137 198+£105 93+107 269+76.7 -263188.1

Elite 395158 234+158 151+121 311+98.4 -202+108

Hip angular velocity at toe-off increased significantly with increased
BR velocity, F(2, 56) = 88.17, MSe = 454462, p < 0.001. This increase was
linear, F(1,28) = 105.05, MSe = 893562, p < 0.001. There were no significant
group differences.

BRmax hip angular velocity at toe-off was significantly greater than
FRmax hip angular velocity, F(1, 28) =7.72, MSe = 86760, p = 0.010. There
were no significant group differences in the maximum velocity conditions.

BRmax and FRequal angular velocities were not compared since
comparisons of the numbers would be confounded by the difference in
direction. waever, given the fact the trunk remains relatively stable, the

difference in signs between the two FR conditions indicates that the distal
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end of the thigh is moving in different directions at toe-off. In FRmax, the
distal end of the thigh is still moving in the posterior direction (opposite of
movement). In FRequal, it is moving anteriorly (in the direction of
movement). In all BR conditions, the distal end of the thigh is moving
posteriorly at toe-off (in the direction of movement).

| The linear increase in hip angular velocity during the BR conditions
indicates that as velocity increased, the hip initiated a faster movement
through swing phase. This was consistent with the faster stride frequencies

as velocity increased.

Knee Angular Velocity at Toe-Off

Knee angulaf velocity is the rate of change in knee angular position.
Positive values indicate the knee joint was extending, while negative values
indicate the knee joint was in flexion. Due to varied knee positions during FR,
no generalizations were made as to direction of shank movement with
positive or negative angular velocity. For BR, positive knee angular velocities
indicated the knee was extending the shank opposite to the direction of

movement. Knee angular velocity data are given in Table 18.
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Table 18. Knee Angular Velocity at Toe-Off in Degrees*s-1

Group BRmax BRso - BReo FRmax FRequal
Athletic 98.0+137 85.61+105 67.5£107 -131.8%206 371.0+£97.7
Elite 96.7+158 100.5£159 92.1+122 -238.2+156 464.9+77.7

There were no significant differences in knee angular velocity during the
BR conditions, F(2, 56) = 1.399, p = 0.255 and no BR group differences in knee
angular velocity. Comparisons were not made between BRmax and FRmax
due to the difference in angular velocity direction. FRequal had a significantly
greater angular velocity than BRmax, F(1, 28) = 265.73, MSe = 1541977, p <
0.001 and there was a group difference, F(1, 28) = 4.755, MSe = 32119, p =
0.038, due to the Elite grqup’s significantly higher FRequal knee angular
velocity.

BR knee angular velocity at toe-off did not significantly change aé
velocity increased. This result is consistent with the fact that knee ROM did
not change. FRequal angular velocities at toe-off were varied, with some

subjects performing knee extension while others were in knee flexion.

Ankle Angular Velocity at Toe-Off

Ankle angular velocity is the rate of change in ankle angular position.
Positive values indicate the ankle joint was plantarflexing, while negative

values indicate the ankle joint was in dorsiflexion. Due to varied ankle
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positions during FR as well as foot contact with the ground during both BR
and FR, no generalizations were made as to direction of foot movement with

positive or negative angular velocity. Ankle angular velocity data is given in

Table 19.

Table 19. Ankle Angular Velocity at Toe-Off in Degrees*s-!

Group BRmax BRso BReo FRmax FRequal
Athletic 577.2474.3 541.0463.8 497.6+55.2 862.5+190 711.4+115
Elite 562.1+63.1 468.1+61.8 369.6+62.3 866.6+212 700.2+156

Ankle angular velocity increased significantly as BR velocity increased,
F(2, 56) = 10.45, MSe = 138777, p < 0.001. This trend was linear, F(1,28) =
14.823, MSe = 277382, p < 0.001. There were no significant group differences.

FRmax had a significantly higher ankle angular velocity than BRmax,
F(1, 28) = 44.33, MSe = 1304814, p <0.001. The groups’ ankle angular
velocities for the maximum velocity comparison Wefe similar, F(1,28) = 0.013,
p =0.910, ES = 0.02. FRequal had a significantly higher ankle angular
velocity than BRmax, F(1, 28) = 13.42, MSe = 278214, p = 0.001. The groups’
ankle angular velocities for the equal velocity comparison were similar, F(1,
28) =0.121, P =0.730, ES = 0.08.

Unlike hip and knee angular velocity, ankle angular velocity at toe-off
was comparable between BR and FR. In both BR énd FR, the ankle was

plantar flexing at toe-off. This plantar flexion was consistent during each of
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the five conditions and across both groups in the study. The results of ankle
angular velocity indicate that BR and FR values increased with inqreased
velocity and that FR values were larger than BR values at equal effort and

velocity.
Vertical Oscillation

Vertical oscillation refers to the vertical distance the hip marker
traveled during a stride from its lowest to its highest point and is meant to
represent the vertical change in the body’s center of mass during a stride. Hip
vertical oscillation values are given in Table 20. An example of hip vertical

oscillation is given in Figure 10.

Table 20. Vertical Oscillation Across One Stride (cm)

Group BRmax BRso BReo FRmax FRequal
Athletic 4.30+1.36 5.04+1.09 6.54+1.43 2.40+0.73 4.56%1.31
Elite 3.1240.48 4.40+0.89 5.61+1.08 2.83%1.00 3.59+1.45

Vertical oscillation during BR decreased significantly as velocity
increased, F(2, 56) = 68.6, MSe = 42.2, p < 0.001. This trend was linear, F(1,
28) =, MSe = 83.7, p < 0.001. The Elite group had significantly less vertical
oscillation than the Athletic group, F(1, 28) = 7.9, MSe = 18.9, p = 0.009.

FRmax showed significantly less vertical oscillation than BRmax, F(1,

28) = 25.6, MSe = 18.1, p < 0.001. There was a significant interaction between
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groups, F(1, 28) = 13.9, MSe = 9.8, p = 0.001. The Elite group’s FRmax
vertical oscillation was 91% of its BRmax value, while the Athletic group’s
FRmax vertical oscillation was 55% of its BRmax value.

There was no statistical difference between the vertical oscillations of
BRmax and FRequal, F(1, 28) = 1.95, p = 0.17. However, their ES value was
greater than the cutoff of 0.1, indicating the conditions were not statistically
éimilar. The Elite group had significantly less vertical oscillation than the

Athletic group, F(1, 28) = 8.9. MSe = 17.3, p = 0.006.

Vertical Oscillation

Figure 10. Hip Vertical Oscillation Over a Stride of FR.

The faster the running velocity (BR and FR), the less vertical
oscillation the individual exhibited over a stride length. Mann and Hagy

(1980) noted that the body’s center of mass lowered as velocity increased.
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This lowering and less vertical oscillation are likely related, both results of
change in the projectile motion of the human body.

The results indicate that equal velocities of BR and FR have vertical
oscillation values that are not significantly different. During FRequal, the
subjects had some freedom to change their vertical oscillations. During
BRmazx, the subjects did not because the maximum effort dictated only one
method of completing the task. This difference could have been the reason

that these two conditions were not equal.

Resultant Impact Peak

The resultant impact peak was recorded as the highest resultant
vertical and A-P force within the first 20% of stance time. Resultant impact

peak values are given in Table 21.

Table 21. Resultant Impact Peak in Body Weight (BW)

Group BRmax BRso BReo FRmax FRequal
Athletic 1.4310.29 0.99+0.33 0.49+0.29 2.19+0.79  2.05+0.49
Elite 1.85+0.60 1.1740.50 0.74+0.35 2.32+0.88 1.90+0.72

Resultant impact peaks increased significantly as BR velocity
increased, F(2, 56) = 126.7, MSe = 7.89, p < 0.001. This increase was linear,

F(1, 28) = 185.2, MSe = 15.75, p < 0.001. The Elite group had significantly
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greater BR resultant impact peaks than the Athletic group, F(1, 28) = 4.78,
MSe = 1.80, p = 0.037.

FRmax resultant impact peaks were greater than BRmax resultant
impact peaks, F(1, 28) = 10.5, MSe = 5.76, p = 0.003 and the Elite group
demonstrated a tendency towards greater resultant impact peaks in the
maximum velocity conditions than the Athletic group, F(1, 28) =3.097,p =
0.089,. FRequal resultant impact peaks were also significantly greater than
BRmax resultant impact peaks, F(1, 28) = 4.99, MSe = 1.71, p = 0.034. There
was no equal velocity group diﬁ'erence, though the two groups showed a
tendency towards interaction, F(1, 28) = 3.591, p = 0.068. This was due to a
large resultant impact peak increase from BRmax to FRequal in the Athletic
group, while the Elite group values changed little.

Physical therapists have been using BR for years in the belief that BR
has lower impact forces than FR. Threlkeld et al. (1989) was the only BR
study to show any vertical force data. These researchers noted that the initial

impact peak normally seen during FR was “markedly attenuated” in their BR
condition. That study’s 3.5 m*s! was approximately the velocity of the BReso

condition for the Athletic and Elite groups in this study. This study used
resultant impact peaks that should be a better indicated of true force. As

seen in Figure 11 (Representative Ground Reaction Forces (GRF) for the
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Three BR Conditions), the BReo condition had a visible resultant impact

peak. As velocity increased, BR resultant impact peaks appeared similar to
FR resultant impact peaks (Figure 12). Thus, the belief that BR has
attenuated resultant impact peaks was not supported from the data collected
during any of the three BR velocity conditions. Depending on the individual,
BR resultant impact peaks can be similar to those of FR at the same velocity.

The group difference seen during the BR conditions may not be due to
different techniques or styles of the groups, but to the faster speed of the Elite
group. Since there was a condition difference with velocity, it would stand to
reason that a group running at a faster velocity would record greater impact
forces.

Because the Elite group’s BRmax and FRequal resultant impact peaks
appeared similar, an effect size was calculated on just the Elite group
between the conditions. The Elite group did have similar resultant impact
peaks in the BRmax and FRequal conditions, ES = 0.08. Thus, impact peaks
may be a result of velocity and not the direction of movement as was seen
with the Elite group results. Resultant impact peak data indicate that the

use of BR to reduce impact forces should be conducted at slower velocities.
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Time to Resultant Impact Peak

Time to resultant impact peak is the amount of time between ground
contact and resultant impact peak. For this study, time to resultant impact
peak was calculated as a percentage of stance time. Percent of stance time
provided information with respect to overall timing within different
conditions and thus, comparisons using percentage were conducted across
conditions and groups. Table 22 includes times to resultant impact peaks as

percentages of stance times for all group - conditions.

Table 22. Time to Resultant Impact Peak as a Percentage of Stance Time

Group BRmax BRso BRso FRmax FRequal
Athletic 11.12+2.53 11.64+3.37 9.05+3.91 9.86+2.32  13.15+3.79
Elite 8.80+1.50 8.54+2.51 8.51+2.73 11.49+3.39 11.86%4.49

Time to resultant impact peak as a percentage of stance time was not
statistically different between the BR conditions. The Elite group had
significantly earlier BR resultant impact peaks than the Athletic group, F(1,
28) = 7.798, MSe = 89, p = 0.009. BRmax and FRmax had no time to
résultant impact peak condition or group differences. There was a significant
interaction betWQen groups and times to resultant impact peak, F(1, 28) =
7.204, MSe = 58.509, p = 0.012, with the Athletic group having later BRmax

and earlier FRmax resultant impact peaks and the Elite group having the
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opposite. BRmax had significantly earlier resultant impact peaks than
FRequal, F(1, 28) = 7.104, MSe = 96.868, p = 0.013 and the Elite group
attained peak impact earlier in their stance phase than the Athletic group in
the equal velocity conditions, F(1, 28) = 6.173, MSe = 48.840, p = 0.019.

The earlier resultant impact peaks of the Elite group for the BR
conditions indicate a clear difference between the two groups. This is
especially true since this variable was compared in percentage of stance time
and the Elite group’s stance time was shorter than the Athletic group’s.

Though some differences were seen between BRmax and FRequal, it is
1mportant to note again that conditions were compared as relative of stance
time and not actual time to resultant impact peak. Actual time to peak
would likely have shown significantly earlier peaks for BRmax since BRmax
had a shorter stance phase. Actual time is important, however, because it is
associated with the loading rate on the body’s tissues. The maximum impact

slope (impact loading rate) is a better indicator of this factor.

Maximum Impact Loading Rate

The maximum impact loading rate (henceforth referred to as loading
rate) was calculated between ground contact and resultant impact peak the

highest rate over a 2 ms time period. The value represents the maximum
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amount of force the body must absorb as a function of time. The loading rate

for all group - conditions is given in Table 23.

Table 23. Maximum Impact Loading Rate in BW+gs-1

Group BRmax BRso BRso FRmax FRequal
Athletic 174.8+66.1 100.2+51.6 52.0+29.5 311.0+114 178.6+47.3
Elite 295.2+139 168.4+93.2 85.2+56.7 286.0+113 196.6+66.3

Loading rate increased significantly as BR velocity increased, F(2, 56) =
61.35, MSe = 210652, p <0.001. This trend was linear, F(1, 28) = 82.6, MSe =
415168, p < 0.001. The Elite group had a significantly greater loading rate
than the Athletic group, F(1, 28) = 9.59, MSe = 122988, p = 0.004. There were
significant interactions in groups by condition, F(2, 56) = 4.214, MSe = 14468,
p = 0.020 and in the linear contrast of groups by conditions, F(1, 28) = 5.681,
MSe = 28558, p = 0.024.

FRmax had a significantly greater loading rate than BRmax, F(1, 28) =
4.29, MSe = 60420, p = 0.048. The groups demonstrated a tendency to differ,
F(1,28) = 3.129, p =0.088, but in opposite directions, thus, there was a
significant interaction between groups and conditions in the maximum
velocity comparison, F(1, 28) = 5.64, MSe = 79352, p = 0.025. The BRmax
condition had a significantly greater loading rate than the FRequal condition,
F(1, 28) = 4.26, MSe = 33701, p = 0.048, with the Elite group showing a

significantly greater loading rate than the Athletic group, F(1, 28) = 10.23,
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MSe = 71829, p = 0.003. There was a significant interaction between groups
and equal velocity conditions, F(1, 28) = 4.98, MSe = 39424, p = 0.034.

The significant interaction between groups and conditions and the
significant linear contrast interaction in the BR conditions were found
because the Elite group’s rate of increase over the three conditions was greater
than the Athletic group’s. Group differences as they relate to BR velocity are

shown in Figure 13.
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Figure 13. Athletic and Elite Group’s Loading Rate by BR Velocity.

There was a significant interaction between the groups and BRmax vs.
FRmax conditions, with the athletic group increasing from BRmax to FRmax,
while the Elite group decreased slightly. To individually emphasize this

point, every member (15) of the Athletic group had a greater loading rate in
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the FRmax condition (vs. BRmax), while the majority of the Elite group (8/15)
had a greater loading rate during the BRmax condition (vs. FRmax).

The high rate of repetitive load that runners place on bones, tendons,
ligaments and muscles has been identified as a major contributor to injuries
(Nordin & Frankel, 1989). The Elite group had lower loading rates than the
Athletic group during FR. The Athletic group was comprised of individuals
who did a lot of FR, in general running further each week than the Elite group.
Conversely, the Athletic group had a lower loading rate than the Elite group
during BR. The Elite group was chosen for its practice of BR. These results
suggest that as runners become proficient in BR or FR, their body’s remodel
as explained by Wolff's law (in Nordin & Frankel, 1989) and they have
increased their loading rate. Therefore, the Athletic group had adapted to
greater loading rates during FR and the Elite group had adapted to greater

loading rates during BR.
Resultant Active Peak

The resultant active peak was recorded as the greatest resultant
vertical and A-P force between 20-100% of stance time. Figures 11 and 12
(Resultant Impact Peak section, pages 75 and 76) show graphical examples of
the ground reaction forces and the resultant active peaks for all conditions.

Resultant active peaks for both groups by conditions are given in Table 24.
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Table 24. Resultant Active Peak in Body Weight

Group BRmax BRso BRso FRmax FRequal
Athletic 2.63£0.37 2.53+0.33 2.27+0.22 2.731£0.26  2.72+0.20
Elite 3.00+0.46 2.81+0.36 2.43+0.36 2.90+0.30 2.94+0.34

Resultant active peaks were significantly greater as BR velocity
increased, F(2, 56) = 34.6, MSe = 1.69, p <0.001. This trend was linear, F(1,
28) = 55.24, MSe = 3.23, p < 0.001. The Elite group exhibited greater
resultant active peaks than the Athletic group in the BR conditions, F(1, 28) =
6.27, MSe = 1.66, p = 0.018.

BRmax and FRmax resultant active peaks were statistically similar,
F(1, 28) =.001, p =0.976, ES = 0.01. The Elite group had greater resultant
active peaks than the Athletic group in the maximum velocity conditions, F(1,
28) = 8.82, MSe = 1.08, p = 0.006. BRmax and FRequal resultant active
peaks were also statistipally similar, F(1, 28) = 0.099, p = 0.755, ES = 0.09.
The Elite group had greater resultant active peaks than the Athletic group in
the equal velocity conditions, F(1, 28) = 12.97, MSe = 1.17, p = 0.001.

Few researchers have conducted kinetic analyses across faster FR
velocities, and thus there were few studies frpm which to draw BR
expectations. Hamill, Bates, Knutzen, and Sawhill (1983) investigated
ground reaction forces in FR at 4, 5, 6, and 7 m *s-1. They found no significant

active peak changes as velocity increased. Munro, Miller and Fuglevand
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(1987) studied ground reaction forces of subjects running 3.00 - 5.00 m*s-! and
found an increasing active peak trend with velocity. The Munro et al.
conditions were slower than this study’s FR conditions and of less effort than
this study’s BR conditions. It is obvious that as velocity increases from zero,
resultant active peak must increase. Hamill et al.’s results indicate that once
a velocity of about 5 m*s-1 is obtained, however, the active peak does not
continue to increase. This study’s FR data support the Hamill et al. data, as
the FRmax and FRequal resultant active peak means were nearly identical.
The fact that the BR resultant active peak values linearly increased with
velocity Whﬂe FR resultant active peaks did not, indicates the subjects used
different force generation strategies to produce submaximal velocity in BR
and FR. At maximum velocities, however, the subjects had similar resultant
active peaks. During BR and FR maximum velocity conditions, the subjects
were pushing off the ground with maximum effort. It may be that effort is a
very important factor in resultant active peak for BR.

These results suggest that during BR, only at maximum velocity can
the body create the active forces seen during FR. This is important for
therapists who want to recreate the FR resultant active peak force generation
using BR. As discussed earlier, however, BRmax also produces high resultant

impact peaks and loading rates that physical therapists may want to avoid.
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Time to Resultant Active Peak

The time to resultant active peak is the time between ground contact
and the occurrence of the resultant active peak. Time to resultant active peak
as a pércentage of stance time were used to compare condition and group
differences. Table 25 includes the times to resultant active peak as

percentages of stance time for both groups for each condition.

Table 25. Mean Time to Resultant Active Peak as a Percentage of Stance

, Time
Group BRmax BRso BRso FRmax FRequal
Athletic 47.6416.05 48.57+3.95 55.71£6.90 43.9613.41 44.07+3.57
Elite 49.96+6.77 52.12+5.90 57.83+5.32 40.9745.16 43.08+4.39

As BR velocity increased, time to resultant active peak decreased, F(2,
56) = 19.188, MSe = 536.34, p < 0.001. This followed a linear trend, F(1, 28) =
23.596, MSe = 953.6, p < 0.001. The Athletic group demonstrated a tendency
towards shorter times to resultant active peak compared to the Elite group,
F(1, 28) = 3.520, p = 0.071.

FRmax had significantly shorter times to resultant active peak than
BRmazx, F(1, 28) = 21.790, MSe = 602.173, p = 0.001. There were no groﬁp
differences, but there was a near significant interaction between groups and
times to resultant active peak, F(1, 28) = 3.827, p= 0.060. FRequal also

exhibited significantly shorter times to resultant active peak than BRmax,
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F(1, 28) = 16.29, MSe = 409.45, p < 0.001. The Elite and Athletic groups were |
statistically similar in times to resultant active peak for the equal velocity
conditions, F(1, 28) = 0.205, P = 0.654, ES = 0.10.

Munro, Miller, and Fuglevand (1987) found that active peaks occurred
at between 35% and 50% of FR stance time. Cavanagh and LaFortune (1980)
found FR active peaks averaged between 43% and 44% of stance time
depending on whether the runner was a heel or toe striker, respectively. The
FR resultént active peak time values from this study are very similar to these
previously published values, even though the FRmax condition velocities were
greater. The FR results from this study and those previously mentioned
indicate that FR resultant active peak time is relatively constant across
velocities. The BR resultant active peak times, conversely, decreased as
velocity increased. Even at BRmax, resultant active peak time was not as
early (as a percentage of stance time) as either of the FR resultant active
péak times.

The groups differed in times to resultant active peak during the BR
conditions and across BRmax to FRmax. During FRmax, the Elite group
tended to reach resultant active peak sooner than the Athletic group, while
during BRmax the Athletic group tended to reach resultant active peak
earlier than the Elite group. These tendencies seemed to represent conflicting

results. Since there was a linear trend of earlier resultant active peak times
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with increased BR velocity and Elite group velocity was faster than Athletic
group velocity for all conditions, one would have expected the Elite group to
have earlier resultant active peaks than the Athletic group. As summarized
above, however, the Elite gfoup’s resultant active peaks were later in stance
for the BR conditions. This later resultant active peak force generation was a

clear difference between the Elite and Athletic groups.

Initial Anterior-Posterior (A-P) Peak

The initial A-P force value peak investigated was the greatest positive
A-P force during the initial 10% of the stance phase. Generally, initial A-P
forces in FR are negative because the foot is traveling in the direction of
movement at ground contact, causing a braking force. This can be seen in
Figure 14. The kinematic data showed that just prior to ground contact
during BR the foot often moved in the opposite direction of movement, causing
an initial propulsive force. An example of this can be seen in Figure 15. This
foot movement may result from the rebounding of the thigh segment from
maximum hip extension with its concomitant knee extension.

Representative examples of A-P force curveé for FR and BR are shown
in Figures 16 and 17 respectively. The A-P force curves dramatically differ

between BR and FR during early stance. Instead of causing a braking force
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immediately upon impact as in FR, runners performing BR showed an initial

propulsive phase at ground contact.
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Figure 14. Kinematic Example of Subject Performing FR at Ground Contact.
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Figure 15. Kinematic Example of Subject Performing BR at Ground Contact.
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Since FR at greater velocity did not display an initial positive A-P force
peak, only the BR conditions were compared for this analysis. The initial A-P

force peaks for both groups for the BR conditions are given in Table 26.

Table 26. Initial A-P Force Peak in Percent Body Weight

Group "BRmax BRso BReo
Athletic 21.63+15.2 13.66+10.9  10.72+10.1
Elite . 45.31+20.5 26.37+18.3  21.26+22.1

Initial A-P force peaks become significantly greater as BR velocity
increased, F(2, 56) = 28.7, MSe = 2514, p < 0.001 and followed a linear trend,
F(1, 28) = F(1, 28) = 39.39, MSe = 4586, p < 0.001. The Elite group had
significantly greater initial A-P force peak values than the Athletic group, F(1,
28) = 8.166, MSe = 5505, p = 0.008. There was a significant interaction
between groups and conditions, F(2, 56) = 4.25, MSe = 372, p =0.019, and in
the linear contrast by group, F(1, 28) = 5.56, MSe = 648, p = 0.025.

| Differences in initial A-P propulsive force in BR appeared to be an area
of clear division between the two groups and could be one of the primary
biomechanical reasons the Elite group was faster than the Athletic group in
BR. The Elite group averaged twice the initial A-P propulsive force for all
three BR conditions compared to the Athletic group. This difference was
clearly marked by the two significant interactions and is illustrated in Figure

18.
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Figure 18. Initial A-P Peak of the Elite and Athletic Groups.

Anterior-posterior force generation was clearly different between FR

- and BR. Since an initial A-P peak is seldom seen in FR, this BR research has

provided some means for its analysis. Comparing representative FR to BR A-
P force curves emphasizes that FR provides the runner with one opportunity
to produce a propulsive force while BR provides the runner two opportunities.
However, given those two opportunities, subjects performing BRmax did not
attain FRmax velocity.

Subjects in this study showed a large variability within BR initial A-P
peaks. Two Athletic group subjects had no initial A-P forces during BRmax
while all Elite subjects did. One of the fastest Elite subjects had an initial

BRmax value of 85% of his body weight, twice the Elite average.
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Final A-P Braking Force

Final A-P braking force is the force a runner exerts at toe-off which
impedes his velocity. Subjects performing BR produced a braking force during
the last few milliseconds of stance in the A-P plane that was not seen in FR.
This difference is highlighted in Figures 16 and17 (Initial Anterior-Posterior
(A-P) Peak section, page 89). A representative example of a knee to toe

segment from a backward running trial is shown in Figure 19. |
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Figure 19. 50ms of BR Following Toe-Off.

Final A-P braking force was seen only in BR, so no comparisons with
FR were made. Table 27 shows final A-P braking peak values as a in percent

of body weight, just prior to toe-off for the BR conditions.
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Table 27. Final A-P Braking Peak in Percent Body Weight

Group BRmax BRso BReo
Athletic -3.22+2.70 -2.48%1.76 -2.00£1.01
Elite -2.45+1.48 -2.33£1.97 -2.17+1.68

There was a trend towards greater A-P braking forces with greater BR
velocity, F(2, 56) = 2.419, p = 0.098. This trend approached significance, with
greater braking at faster velocities, F(1, 28) = 4.025, p = 0.055. No group
differences were seen, F(1, 28) = 0.212, p = 0.649, ES = 0.14.

This late braking force in BR was observed during preliminary testing.
It appeared to be caused by friction associated with the toe of the subject’s

- shoe dragging on the floor as the foot began to move in the forward direction
(Figure 16). It was unknown, however, whether there would be differences in
this force due to velocity or whether groups would differ. Results
demonstrated a tendency towards increased braking force with increased
velocity, which would seem to be counter productive. The group trained in BR
(Elite), the faster group, did not appear to have any altered pattern towards

reducing this force.

Summary

Statistical results for the BR conditions are summarized in Table 28.

BR verses FR results are summarized in Table 29.




Table 28. BR Statistical Results
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Category BR conds Linear Group Interaction
Velocity BRmaxT BRmaxT ET no
Foot maximum vel BRmaxT BRmaxT ET no
Stride length BRmaxT BRmaxT ET yes
Hip to toe support GC NS NS NS yes A T max
Hip to toe support TO NS NS ET no
Stride frequency BRmaxT BRmaxT NS no
Stance time BReo T BRgo T AT no
Trunk angle at GC BRmaxT BRmaxT ~ET no
Trunk angle at TO BRmaxT BRmaxT NS no
Trunk angle change BRmaxT BRmaxT S no
Hip range of motion BRmaxT ~BRmaxT S no
Knee range of motion BRmaxT BRmaxT NS no
Ankle range of motion S NS NS no
Hip angular vel at TO BRmaxT BRmaxT NS no
Knee angular vel at TO NS NS NS no
Ankle angular vel at TO BRmaxT BRmaxT NS no
Vertical oscillation BReo T BRgo T AT no
Resultant impact peak BRmaxT BRmaxT ET no
Time to res. impact peak NS NS AT no
Maximum loading rate BRmaxT BRmaxT ET yes
Resultant active peak BRmaxT BRmaxT ET no
Time to res. active peak BReo T BReo T ET no
Initial A-P peak BRmaxT BRmaxT ET7T yes
Final A-P braking force ~BRmaxT ~BRmaxT NS no

~ A trend towards significance
T Numerical values significantly increase in the direction of BRmax or BReo

S ES<o01

no No interaction
yes Interaction

E Elite group

A Athletic group
NS Not significant -
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Table 29. BR vs. FR Statistical Results

Category BR/FR Group Inter- BR/FR Group Inter-

max action _equal action
Velocity FRT E7T no NS ET no
Foot maximum vel FRT ET no BRT ET no
Stride length FRT ~ET no FRT ET no
Hip to toe support GC FRT A1 no FRT A7 no
Hip to toe support TO FRT NS no NS NS no
Stride frequency BRT ET?T no BRT ET no
Stance time BRT AT no BRT AT no
Trunk angle at GC S ~ET no BRT ET7T no
Trunk angle at TO NS NS no S NS no
Trunk angle change NS NS no S AT no
Hip range of motion FRT S no FRT NS no
Knee range of motion FRT NS yes FRT ~E7T no
Ankle range of motion FRT NS no FRT NS no
Hip angular vel at TO BRT NS no - - -
Knee angular vel at TO - - - FRT ET  no
Ankle angular vel at TO FRT S no FRT S no
Vertical oscillation BRT NS yes NS AT no

Resultant impact peak FRT ~ET no FRT NS ~yes
Time to res. impact peak NS NS yes FRT A1 no

Maximum loading rate FRT ~ yes BRT ET yes
Resultant active peak S ET no S ET no
Time to res. active peak BRT NS ~yes BRT 'S no
Initial A-P peak - - - - - -
Final A-P braking force — — — - — —

~ A trend towards significance
T  Numerical values significantly increase in the direction of BRmax or BReo
S ES<o.1

no No interaction
yes Interaction

E Elite group

A Athletic group
NS Not significant

Nearly all the BR parameters that increased or decreased with velocity

also had a significant linear trend in the same direction. Four parameters
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displayed no significant changes as velocity increased (knee angular velocity
at toe-off, time to resultant impact peak (in percent of stance time), hip to toe
support length at ground contact and hip to toe support length at toe-off).
Three parameters decreased as velocity increased (stance time, vertical
oscillation and time to resultant active peak). Ankle range of motion was the
only parameter that remained statistically similar across all in BR velocity
conditions.

The FRmax condition had greater parameter values than the BRmax
condition for most of the comparisons. BRmax héd greater stride frequencies,
stance times, hip angular velocities at toe-off and times to resultant active
peak. BRmax and FRmax were statistically similar in trunk angles at
ground contact and active force peaks. There were no significant differences
when comparing trunk angles at toe-off, trunk angle changes or times to

"resultant impact peak as a percentage of stance time.

There was not a significant difference between equal velocities of BR
an.d FR in hip to toe support at toe-off or vertical oscillations. Furthermore,
there were statistical similarities between trunk angle at toe-off, trunk angle
changé and resultant active peak. The other parameters were about equally
divided between greater values for BR or FR.

Group comparisons across the conditions showed that the Elite group

performed BR faster than the Athletic group with most parameters exhibiting
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significantly different values corresponding with increased BR velocity.
Parameters that were not significantly different during BR group
comparisons were: trunk angle at toe-off, knee range of xﬁotion, angular
velocities of the hip, knee and ankle joints at toe-off and the final A-P braking
force. In addition, trunk angle change and hip range of motion were
statistically similar. Several of the parameter differences between the groups
could have been related to the Elite group’s greater velocity rather than
contributors to the greater velocity. If differences in velocity are factored out
of the comparisons, the following parameters appear to separate the two
groups: stride length, hip to toe distance at toe-off, time to resultant impact
peak, loading rate, resultant active peak, time to resultant active peak and

initial A-P peak.
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CHAPTER V

CONCLUSION

The purpose of the study was to quantify the kinematic and kinetic
parameters associated with backward running (BR) and to compare them to:
(a) BR parameters at submaximal velocities, (b) forward running (FR)
parameters at maximum velocity, and (c) FR parameters at a velocity equal
to BRmax (FRequal). In addition, two groups were compared. One group was
comprised of individuals who used BR during athletic competition. The other

consisted of individuals who habitually ran for exercise.

Summary of Procedures

Thirty male volunteers served as subjects for the study and were placed
into either an Elite or Athletic group. The Elite group was comprised of 15
subjects who were members of a National Collegiate Athletic Association
(NCAA) Division I university athletic team for which they performed high
velocity BR as a part of competition. The Athletic group consisted of 15
university students who ran regularly. At the beginning of the testing session,

each subject completed an Informed Consent Form (Appendix A) approved by




104

the Office of Human Subjects Compliance at the University of Oregon, and a
BR questionnaire (Appendix B).

| Kinematic and kinetic data were obtained for each subject during five
different running conditions. Kinematic data were collected using a Motion
Analysis Corporation video system. Two NEC high-speed cameras with
Augenieux Zoom Type 10 X 120A lenses were set up to view and record
sagittal plane motion at 200Hz. The cameras were set up eight meters from
the force platform, perpendicular to the path of motion so that they would
each film approximately 3.5 meters of the motion with approximately 0.5
meters of overlap. Light markers were placed on the mastoid process, the
greater trochanter, the lateral epicondyle of the knee, the lateral malleolus,
and the lateral head of the fifth metatarsal. The marker positions were
processed into planar coordinates via the Motion Analysis VP320 video-
processor interfaced to a WINTEL 80486 computer system running
ExpertVision™ software (Version 3.1, Motion Analysis Corporation).

Kinetic data were obtained using an AMTI force platform (Advanced

Medical Technologies, Inc. Model OR6-5-1). All data were collected at 1000
Hz on separaté analog channels using the Ariel Performance Analysis System
(APAS). Forces were separated into vertical (Fz), anterior-posterior (Fy) and
medial-lateral (Fx) components. The first channel (Fz) was also used to

synchronize the force platform and video system data using a foot contact
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activated LCD light. The force platform was mounted flush with the
hardwood floor of the laboratory at approximately the 20 meter mark of a 30
meter runway. The total kinetic sampling periqd was 0.5 seconds with a pre-
trigger set at 10%. Three sets of Lafayette Performance timing lights
(Lafayette Performance Pack, Model 63520) were used to time the subjects’
velocity through the video area.

Each subject completed three BR trials at maximum velocity (BRmax),

then three BR trials each at 80% and 60% of their BRmax velocity (BRso,

BReo). Following these trials, each subject performed three FR trials at

maximum velocity (FRmax) followed by three FR trials at their BRmax
velocity (FRequal).

Video data were digitized using ExpertVision™ software, version 3.1.
Continuoﬁs paths were generated and unwanted paths deleted using
University of Oregon Biomechanics Laboratory software (Quick Basic). All
data were smoothed using a fourth-order low pass Butterworth filter with a
selective cut-off algorithm put forward by Jackson (1979). The cut-off
frequencies were between 5 and 15 Hz. Once the marker paths were smoothed
and continuous, data were placed into three investigator developed C++
programs, which combined and processed the data before calculating the

specified parameters.
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Three repeated measures analyses of variance (ANOVASs) were used to

evaluate group and dependent variable differences. The first compared the
three BR conditions, (BRmax, BRso, and BReo) to determine kinematic and

kinetic parameter changes as BR velocity increased. The second compared
the differences between the two maximum velocity conditions (BRmax and
FRmax). The third compared the differences between the two equal velocity
conditions (BRmax and FRequal). Level of significance was set at 0.05. In
addition, effect size (ES) was used to determine whether conditicn or group
values were statistically similar. Values being compared were considered

similar if the effect size was 0.1 or less.

Summary of Results and Discussion

Most of the parameters that increased or decreased with BR velocity
also had significant linear trends in the same direction. Four parameters
displayed no significant changes as BR velocity increased (knee angular
velocity at toe-off, time to resultant impact peak (as a percentage of stance
time), hip to toe sﬁpport length at ground contact and hip to toe support
length at toe-off). Three parameters decreased as BR velocity increased
(stance time, vertical oscillation and time to resultant active peak). Ankle
range of motion was the only parameter that remained statistically similar

over the increases in BR velocity.




107

The FRmax condition had greater parameter values than the BRmax
condition for most of the comparisons. BRmax did, however, result in greater
stride frequencies, stance times, hip angular velocities at toe-off and times to
resultant active peak. The maximum velocity conditions were statistically
similar in trunk angles at ground contact and resultant active peak forces.
There were no significant differences between trunk angles at toe-off, trunk
angle changes or times to resultant impact peak (as a percentage of stance
timej.

There were no significant differences between equal velocities of BR
and FR (BRmax and FRequal) in hip to toe s;lpport at toe-off or vertical
oscillations. Furthermore, there were statistical similarities between trunk
angles at toe-off, trunk angle change and resultant active peaks. The othef
parameters were fairly evenly divided between greater values for BR or FR.

Group comparisons across the conditions showed that the Elite group
performed BR faster than the Athletic group and exhibited significantly
different values corresponding with increased BR velocity for most
parameters. Parameters that were not significantly different during BR
group comparisons included: trunk angle at toe-off, knee range of motion,
angular velocities of the hip, knee and ankle joints at toe-off and final A-P
braking force. In addition, trunk angle change and hip range of motion were

statistically similar. Several of the parameter differences between the groups
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could have been related to the Elite group’s greater velocity rather than

contributors to that greater velocity. Factoring out velocity, the following
parameters remained to separate the two groups: stride length, hip to toe
distance at toe-off, time to resultant impact peak, loading rate, resultant

active peak, time to resultant active peak and initial A-P peak.
Conclusion

A purpose of the study was to quantify the kinematic and kinetic
parameters associated with high velocity BR as demonstrated by individuals
who used it as part of a competitive sport. Specific objectives were: (a) to
describe BR parameters at maximum velocity, (b) to compare BR to FR, and
(c) from a clinical or coaching perspective, to determine which BR parameters
appear to be the most important in order to give information to coaches '
regarding effective training.

As BR velocity increased from 60 to 100 percent of maximum, the
velocity of the foot during the swing phase increased, stride length increased,
intrinsic support length did not change, stride frequency increased, stance
time decreased, trunk lean was greater during stance and trunk angle change
was greater between ground contact and toe-off, there were greater hip and
knee but not ankle ranges of motion (ROM), there were greater hip and ankle

but not knee angular velocities at toe-off, the body’s vertical oscillations
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decreased, resultant impact peak increased while time to resultant impact
peak (as a percentage of stance time) did not change, loading rate increased,
resultant active peak increased while time to resultant active peak (as a
percentage of stance time) decreased, initial A-P positive peak increased, and
final braking force demonsfrated a tendency to increase (see Table28, page
94).

Two BR to FR comparisons were conducted, an equal effort comparison
(BRmax vs. FRmax) and an equal velocity comparison (BRmax vs. FRequal).
In the maximum velocity comparison, FRmax exhibited significantly greater
values for 12 of the 21 parameters. BRmax demonstrated greater stride
frequencies, stance times and hip éngular velocities, as well as later resultant
active peaks during stance phase. Resulfant active peaks, times to resultant
impact peak, and trunk angles were either not statistically different or were
similar; In the equal velocity comparison, results were slightly different, with
two additional parameters, hip to toe distance at toe-off and vertical
oscillations demonstrating no significant differences.

The Elite group performed BR faster than the Athletic group, with most
parameters exhibiting significantly different values corresponding with
increased BR velocity. Several of the parameter differences between the
groups could have been related to the Elite group’s greater velocity and not

contributors to that greater velocity. An illustration of this is given in Figure
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20 where the two group’s resultant impact peaks exhibit similar slopes and
intercepts. With velocity factored out, the following parameters differed
between the two groups: stride length, hip to toe distances at ground contact
and toe-off, time to resultant impact peak, loading rate, resultant active peak,

time to resultant active peak and initial A-P peak.
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Figure 20. Resultant Impact Peaks by Velocity for the Elite and Athletic
Groups. '

Some of these parameters could be related to each other. The first
grouping includes: resultant active peak, time to resultant active peak, and
hip to toe distance at toe-off. Elite hip to toe distances at toe-off were
significantly longer (Figure 21). The longer hip to toe distances could
facilitate the greater resultant active peaks and longer times to resultant
active peak. Hip to toe distance is the horizontal distance during which the

runner’s foot is in position to create a propulsive force. Ifthis distance is
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greater, then there is potential for, (a) greater peak force production (as seen
by the Elite group), and (b) later peak force occurrence in the stance (as seen
by the Elite group). Elite group resultant active peaks were greater

(indicating greater force production), and came later in the stance phase

(Figure 22 & 23).
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Figure 21. Hip to Toe Distances at Toe-Off for the Elite and Athletic Groups.
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Figure 22. Resultant Active Peaks by Velocity for the Elite and Athletic Groups.
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Figure 23. Times to Resultant Active Peak by Velocity for the Elite and
Athletic Groups.

Hip to toe distance at ground contact, time to resultant impact peak,
initial A-P peak and loédmg rate could also be related. Kinematically, the
group differences in hip to toe distance at ground contact would have resulted
in the time to resultant impact peak, initial A-P peak and loading rate
differences. A greater hip to toe distance at ground contact (in front of the
body’s center of gravity) generally means a greater A-P braking force (though
not initially in BR). The shorter hip to toe distance for the Elite grodp,
especially in the BRmax condition, could have been a result of the foot moving
opposite to the direction of movement (initiating a positive A-P force) p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>