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The Effect of the Shoe-Surface
Interface in the Development of
Anterior Cruciate Ligament Strain
The shoe-surface interface has been implicated as a possible risk factor for anterior
cruciate ligament (ACL) injuries. The purpose of this study is to develop a biomechani-
cal, cadaveric model to evaluate the effect of various shoe-surface interfaces on ACL
strain. There will be a significant difference in ACL strain between different shoe-surface
combinations when a standardized rotational moment (a simulated cutting movement) is
applied to an axially loaded lower extremity. The study design was a controlled labora-
tory study. Eight fresh-frozen cadaveric lower extremities were thawed and the femurs
were potted with the knee in 30 deg of flexion. Each specimen was placed in a custom-
made testing apparatus, which allowed axial loading and tibial rotation but prevented
femoral rotation. For each specimen, a 500 N axial load and a 1.5 Nm internal rotation
moment were placed for four different shoe-surface combinations: group I (AstroTurf-turf
shoes), group II (modern playing turf-turf shoes), group III (modern playing turf-cleats),
and group IV (natural grass-cleats). Maximum strain, initial axial force and moment, and
maximum axial force and moment were calculated by a strain gauge and a six component
force plate. The preliminary trials confirmed a linear relationship between strain and
both the moment and the axial force for our testing configuration. In the experimental
trials, the average maximum strain was 3.90, 3.19, 3.14, and 2.16 for groups I–IV,
respectively. Group IV had significantly less maximum strain �p�0.05� than each of the
other groups. This model can reproducibly create a detectable strain in the anteromedial
bundle of the ACL in response to a given axial load and internal rotation moment. Within
the elastic range of the stress-strain curve, the natural grass and cleat combination
produced less strain in the ACL than the other combinations. The favorable biomechani-
cal properties of the cleat-grass interface may result in fewer noncontact ACL injuries.
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Introduction
The incidence of ACL injuries was reported between 80,000–

50,000 ruptures per year in the United States annually �1–4�.
ost of these �58–70%� are noncontact injuries occurring in

oung athletes 15–25 years of age �50%� �3–7�. Risk factors in-
lude environmental, anatomical, hormonal, and neuromuscular
3,4�. Within the environmental category, the role of the shoe-
urface interaction with particular athletic maneuvers has been
uestioned.

There is epidemiologic evidence that increased traction at the
hoe-surface interface may lead to improved sports performance
t the expense of an increased ACL injury risk �3,4,8–11�. In a
orwegian registry of handball players, a high level of friction

orrelated with an increase in the number of ACL injuries �8,12�.
owell and Schootman �13� looked at injuries in the NFL during

he 1980s and concluded that there was a higher risk of ACL
prain on artificial turf but only in certain game situations such as
unts and kickoffs. In a later study, Scranton et al. �14� looked at
FL game exposures and found almost five times greater inci-
ence of ACL injury on grass versus turf. However, for practice
essions, the reverse was true. When taken in total �practice and
ames�, an incidence density ratio was calculated that revealed a
0% increase in ACL injuries on artificial turf per 1000 athlete

1Corresponding author.
Contributed by the Bioengineering Division of ASME for publication in the JOUR-

AL OF BIOMECHANICAL ENGINEERING. Manuscript received December 19, 2008; final
anuscript received May 23, 2009; accepted manuscript posted September 1, 2009;
ublished online December 8, 2009. Assoc. Editor: Michael Sacks.

ournal of Biomechanical Engineering Copyright © 20
exposures. More recently, Parekh et al. �15� reported a trend to-
ward more ACL injuries �per 1000 athletic exposures� on turf
surfaces �risk=0.0508� versus grass surfaces �0.0404� in a cohort
of professional football players. While suggesting that an artificial
surface may contribute to ACL injuries the data are ultimately
mixed due to confounding variables such as weather conditions,
field wear, accurately representing exposures, different footwear,
and having an insufficient number of injuries �16–18�. These fac-
tors have led some researchers to evaluate the problem from a
biomechanics perspective.

Torg et al. �19� was among the first to investigate these issues
and defined a “release coefficient” based on the peak torque that
develops at the shoe-surface interface. His experimental model
employed a stainless steel shaft in a prosthetic foot oriented ver-
tically and supported by two bearing systems. A cleated football
shoe was affixed to the prosthetic foot and the shaft loaded verti-
cally with 100 lbs. The release coefficient was calculated as the
moment �ft–lbs�/vertical force �lbs�. This model led to a redesign
of cleated �soccer and football� shoes by determining a range of
safe release coefficients for specific shoe-surface combinations.

Several other studies have attempted to evaluate the interaction
of athletic shoe gear and playing surfaces by measuring the
torques and frictional resistances. Andreasson et al. �20� devel-
oped a similar biomechanical model to assess the torque and
simulated sliding that develops between sport shoes and artificial
turf. They found that the torque generated was based not only on
the frictional force but also on the distribution of the cleat material
particularly at the ball and heel of the shoe. Cawley et al. �21�
used a different biomechanical model and found that several shoe-

surface interfaces developed a significant nonlinear increase in
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rictional resistance with an increase in axial load. Recently, Live-
ay et al. �22� developed a testing device to evaluate five different
laying surfaces �22�. The highest peak torques were developed
y the grass shoe-FieldTurf™ and the turf shoe-AstroTurf™ inter-
aces. Furthermore, these surfaces exhibited a higher rotational
tiffness �the rate at which torque develops� then the grass shoe-
rass interface. To date, no standardized method of evaluating the
hoe-surface interface with regard to injury has emerged, which
ay explain some of the conflicting results investigators have

emonstrated.
In 2005, an expert panel was convened at the Hunt Valley II
eeting to discuss the prevention of noncontact ACL injuries. The

anel’s consensus was that the evidence implicating the influence
f environmental factors on the incidence of noncontact ACL in-
uries was “confusing and mixed” �4�. While many experts agreed
hat the increased coefficient of friction at the shoe-surface inter-
ace was likely to increase the incidence of ACL injury, studies
ave yet to definitively show a link between increased friction and
ncreased strain on the ACL sufficient to cause injury. Many stud-
es are flawed methodologically or lack the number of ACL inju-
ies to make compelling arguments. The panel concluded that the
nvestigation of environmental risk factors and their effects on
oncontact ACL injury is an area, which requires further study
nd integration of biomechanical and epidemiologic data. Cur-
ently, the biomechanical studies evaluating the shoe-surface in-
erface have only investigated the loading conditions at the level
f the foot. Different maximum torques or rates of torque have
een demonstrated based on the specific characteristics of the
hoe-surface interface. In our opinion, this data represent circum-
tantial evidence with regards to the loading conditions at the
nee. To date, the investigators are unaware of any biomechanical
tudy that has addressed the effects of changing the shoe-surface
nterface on knee injury. The goal of this study is to quantitatively
nalyze the effects of the shoe-surface interface in the develop-
ent of ACL strain during a simulated cutting motion.

Materials and Methods
This study used a cadaveric based experimental model to evalu-

te the role of the shoe-surface interface on ACL strain. The in-
ependent variable is the shoe-surface interface. Loads generated
t the shoe-surface interface during the simulated cutting move-
ent were transmitted up the kinetic chain of the cadaveric lower

imb to the knee joint and generated a strain in the ACL. The
rimary dependent �outcome� variable is the maximum strain in
he ACL and secondary outcomes include maximal loads and mo-

ents at the shoe-surface interface.

2.1 Testing Apparatus. Each potted cadaveric specimen was
ttached to a custom shear constrained loading assembly �Figs. 1
nd 2�. This was composed of the Unistrut Steel Framing �Wayne,
I�, which formed the base and the columns. It also consisted of
6�6�6 in.3 �15.24 cm�15.24 cm�15.24 cm� steel cube in
hich the potted specimens were mounted. To create an axial load

he testing cube was attached to the testing apparatus via a mount-
ng rail and frictionless ball bearing design. This allowed axial
ranslation of the testing cube while preventing any rotation. The
esting cube was attached to a turn screw, which used a displace-

ent mechanism in order to generate an axial load.
At the base of the testing apparatus a wooden box that housed

he different surfaces was secured to a slightly larger steel box via
1/2 in. �3.81 cm� nuts and bolts. This steel box rested on a six

omponent force plate �Bertec Corp., Columbus, OH�, which
easured both forces and moments in the x, y, and z planes. The

orce plate was attached to a lazy susan and potentiometer, which
llowed axial rotation but prevented translation. In order to gen-
rate a standard moment several pulleys were affixed to the testing
pparatus. In addition, a bar and traction rope were connected to
he lazy susan. The rope was then attached to several sandbags

nd extended over the most superior aspect of the testing appara-

11003-2 / Vol. 132, JANUARY 2010
tus. When the lazy susan was unlocked and the weights were
dropped, this generated torque within the axial plane of the force
plate.

2.2 Cadavers. Eight cadaveric lower extremities were ob-
tained for this study. Any cadaver with a positive Lachman exami-
nation or varus, valgus, or anterior/posterior instability was ex-
cluded from this study. In addition, on intra-articular inspection

Fig. 1 Graphic depiction of the novel testing device: „1… Unis-
trut „steel… is the supporting beam of the testing device; „2…
testing cube allows superior and inferior translation while pre-
venting axial rotation; „3… turn screw allows the application of
an axial load; „4… turf box houses the different athletic surfaces;
„5… six component force plate, which calculate forces and mo-
ments in the x, y, and z planes; „6… lazy susan/potentiometer
allows axial rotation of the surface and calculates the angle;
and „7… pulley with weights, which creates a moment about the
shoe-surface interface
Fig. 2 Testing device

Transactions of the ASME
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ny cadavers, which had grade IV chondral changes or an injury
o the ACL were not included in this study. The lower extremities
ere then dissected to remove all soft tissue attachments above

he level of the medial and lateral epicondyles. The origins of the
CL, LCL, and capsule were all preserved. An oscillating saw
as then used to amputate the femur 10 cm proximal to the me-
ial and lateral epicondyles. This distance was chosen to accom-
odate the testing cube and is consistent with the amount of fe-
ur potted in prior experiments �23�. Three 1/4 in. �0.635 cm�

crews were then placed in the femur equidistant from each other
roximal to the level of the epicondyles; this was done to help
ontrol rotation. Finally, the femur was potted in 30 deg of knee
exion with Body Filler �Bondo Corp, Atlanta, GA�. It was held

n the appropriate position until the body filler hardened.
To approach the ACL, a medial parapatellar arthrotomy was

erformed. This confirmed the presence of an intact ACL and also
llowed inspection of the articular surfaces. A strain gauge �Mi-
rostrain, Williston, VT� was placed in the midportion of the an-
eromedial bundle of the ACL under direct visualization �Fig. 3�.
t was a microminature differential variable reluctance transformer
DVRT�, which had resolution up to 1.5 �m displacement. The
VRT was then attached to a 16 bit analog to digital conversion

ystem �Measurement Computing Inc., Norton, MA� and transmit-
ed to a PC laptop computer via a USB interface. Inputs included
he six channels from the force plate and one channel from the
otentiometer as well. The data collection was performed with
racerDaq Pro �Measurement Computing Inc., Norton, MA�.

2.3 Surfaces. Three of the major playing surfaces for football
nd soccer �a sport which have a higher incidence of ACL inju-
ies� are grass, AstroTurf™, and modern playing turfs, which have
n infill. Each of the surfaces is composed of varying amounts of
ubber, sand particles, and differently sized grass blades. All of
hese surfaces have different coefficients of friction. Fresh Ken-
ucky Bluegrass sod, AstroTurf™, and a typical modern playing
urf were analyzed for the purposes of this study. The grass had an
verage blade length of 2 in. �5.08 cm�. The AstroTurf™ �SRI
ports, Augusta, GA� is a synthetic playing surface composed of
oarse, monofilament knitted nylon fibers. It is essentially a carpet
ith 1/2 in. �1.27 cm� fibers on a 5 mm foam pad. The modern
laying turf �Turfstore, Calhoun, GA� is composed of 2 in. poly-

ig. 3 A Microstrain DVRT is inserted into the anteromedial
undle of the ACL
thylene fibers and a crumb rubber infill. It has 3 lbs of infill per

ournal of Biomechanical Engineering
square foot of turf. Each of these surfaces was cut into a 2
�2 ft2 �60.96 cm�60.96 cm� section and then secured to the
turf box via well spaced screws to minimize the motion at the
surface-plate interface. The surfaces were marked to register the
center of the rotating platform.

2.4 Shoes. Two different shoe types were studied: a turf shoe
and a cleated shoe. While most trainers and athletes alike agree
that turf shoes are best for the AstroTurf™ surface and cleated
shoes are best for the grass surface, there is no consensus on
which shoes should be worn on the newer infill surfaces. For the
purposes of this study we chose the Metal Mid Super Turf shoes
and the Iso Mid D cleats, which are both 3/4 athletic shoes and
made by Under Armour™ �Baltimore, MD�. These are among the
most common shoes used for the aforementioned playing sur-
faces. The cleats had seven �screw-in� grass cleats with a depth of
14.3 mm. The shoe sizes were measured so that each of the ca-
davers was tested with appropriately fitting shoes on all the play-
ing surfaces.

2.5 Preliminary Trials. For each experiment, the potted
specimen was placed in the testing cube �Fig. 4�. In order to
confirm appropriate calibration of our strain gauge, serial Lach-
man examinations were performed and the strains were recorded.
Next, a specimen was placed in a testing cube and 15 lbs of
weight was attached to the pulley. An axial load was then placed
on the specimen using the turn screw and measured using the
force plate. Due to stress relaxation of the viscoelastic structures
within the cadaveric limb, the experiment was conducted only
after the load level had reached a plateau at the desired axial load
level. The sandbags were then released, a torque was created at
the shoe-surface interface and the maximum strain was recorded
�Fig. 5�. The serial experiments were performed in this fashion
with increasing axial loads from 100 N to 900 N at 100 N inter-
vals. Next, an axial load of 500 N was chosen and serial moments
from 0.5 Nm to 3.0 Nm �0.5 Nm intervals� were applied to the
cadaveric limb. Finally, an axial load of 500 N and an initial
moment of 1.5 Nm were chosen and then the experiment was
performed in both internal and external rotation. Each of these
trials was performed with the specimen wearing a turf shoe and
using the AstroTurf™ surface. Two specimens were used for this
portion of the experiment and then discarded.

Fig. 4 Potted cadaver loaded into testing device
2.6 Experimental Trials. Four shoe-surface interface combi-

JANUARY 2010, Vol. 132 / 011003-3
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nations were utilized for this portion of the experiment: AstroTurf-
turf shoe, modern playing turf-turf shoe, modern playing turf-
cleat, and natural grass-cleat. A starting axial load of 500 N and an
initial axial moment of 1.5 Nm was chosen, which produced an
internal rotation torque of the tibia relative to the femur. The turf
box was allowed to rotate until it reached 90 deg of rotation or
until stopped by the constraints of the cadaver. This was con-
firmed by the potentiometer. The initial axial force, initial mo-
ment, maximum strain, maximum force, and maximum moment
in the axial plane were all recorded using the strain gauge and the
force plate. Five trials for each of the eight specimens on each
shoe-surface interface �40 data sets for each shoe-surface inter-
face� were performed in a repeated measures fashion. Before each
trial a Lachman examination was conducted to confirm compe-
tency of the ACL and appropriate calibration of the strain gauge.
Statistics performed with analysis of variance �ANOVA� and pos-
thoc Bonferoni–Dunn tests with significance set at p�0.05.

3 Results

3.1 Preliminary Trials. Each specimen had a competent ACL
based on inspection and Lachman examination. Lachman exami-
nation produced an average strain of 4.3% �range of 1.25–6.38%�.
There was a proportional increase in strain in the ACL with in-
creasing load �Fig. 6� until a level of 500 N was attained. Higher
initial loads from this point produced a plateau in maximum ACL
strain and then slowly began to decline. With respect to a constant

ote that at approximately 500 N the strain

ent: Note that as moment increases
ig. 5 Schematic drawing of the experiment: A shoe is placed
n the potted cadaver and loaded into the testing assembly, an
xial load is then placed followed by a moment about the axial
lane and the ACL strain is recorded
Fig. 6 Graph of strain „%… versus axial load: N
plateaus
Fig. 7 Graph of strain „%… versus mom

ern

Transactions of the ASME



i
b
7
1
l
o
i
0
a
o
0
w

e
h
i
r
g
e
T
e
�
n
p

m
T
p
e
n
i

F
t
s

J

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/biom

echanical/article-pdf/132/1/011003/5585462/011003_1.pdf by H
ospital For Special Surgery user on 25 M

arch 2020
nitial load and increasing moment there was a linear relationship
etween moment and ACL strain throughout the experiment �Fig.
�. For the final portion of these trials a 500 N axial load and a
.5 Nm initial moment were evaluated. Two specimens had these
oading conditions for five trials of internal rotation and five trials
f external rotation. For internal rotation a detectable, reproduc-
ble strain was produced in the ACL. �average of 4.05%, range of
.88–7.17%� In contrast, for external rotation there was no detect-
ble strain until the terminal portion of the experiment �75–90 deg
f external rotation�. The average strain was 0.03% �range of
–0.17%�. The difference between internal and external rotation
as statistically significant �p�0.001�.

3.2 Experimental Trials. The average age of the eight cadav-
ric specimens was 57.2 years �range of 54–61�. Each specimen
ad an intact ACL based on Lachman examination and visual
nspection. A detectable strain was produced within the ACL and
ecorded for each of the trials. The results for each of the 4
roups: AstroTurf-turf shoe, modern playing turf-turf shoe, mod-
rn playing turf-cleat, and natural grass-cleat are summarized in
able 1. The average starting force and starting moment for these
xperiments were 475.8 N �range of 461–491 N� and 1.65 N
range of 1.4–1.9 N�, respectively. There were no statistically sig-
ificant differences in the initial loading conditions between trials
erformed on the four different shoe-surface combinations.

The natural grass-cleat combination had a statistically lower
aximum strain than any of the remaining three groups �Fig. 8�.
he AstroTurf-turf shoe was 80.2% greater �p�0.001�, modern
laying turf-turf shoe was 47.5% greater �p=0.014�, and the mod-
rn playing turf-cleat was 45.1% greater �p=0.022�. There were
o statistically significant differences between each of the remain-
ng groups.

The AstroTurf-turf shoe combination had a statistically higher

Table 1 Data summar

Group

Starting
force avg.

�N�

S
mom

AstroTurf-turf shoes 494
Modern playing turf-turf shoes 471
Modern playing turf-cleats 477
Natural grass-cleats 461

ig. 8 Graph of the mean maximum strain in the ACL versus
he shoe-surface interface: The red star indicates a statistically

ignificant difference „p<0.05…

ournal of Biomechanical Engineering
maximum force than any of the remaining three groups �Fig. 9�.
The modern playing turf-turf shoe, modern playing turf-cleat, and
natural grass-cleat were 17.2% less �p=0.016�, 21.0% less �p
=0.002�, and 20.2% less �p�0.003�, respectively. There were no
statistically significant differences between each of the remaining
groups.

With respect to maximum moment, there was only one signifi-
cant difference between the groups. The modern playing turf-cleat
combination had a 19% higher maximum moment than the
AstroTurf-turf group �p=0.032�.

4 Discussion
While there are many risk factors for ACL injury it is our con-

tention that the shoe-surface interface needs to be more critically
examined because it is easily modifiable. Many epidemiologic
studies showed that it may play a role �3,4,16,18,19,24–31�. How-
ever, the various confounders have undermined the data and pre-
vented the authors from making definitive conclusions. Several
authors designed experiments looking at the torques that develop
at the shoe-surface interface �19–22,27,32–37�. These authors
have espoused that higher peak torques and rates of developing
torque may lead to higher injury rates. However, none of these
authors has quantified the loading conditions at the knee. It is
unclear how the forces generated at the shoe-surface interface
travel up the kinetic chain and may affect injury.

This was a pilot study designed to be a proof-of-concept experi-
ment. This model allows the reproducible generation of ACL
strain in the elastic range for a given internal rotation moment and
axial load. The Lachman examination confirmed presence of the
ACL and appropriate calibration of the strain gauge. While the
examination was not controlled �i.e., it was performed manually�,
the values for strain obtained were consistent with those reported
in literature for the Lachman examination �38–42�. The anterome-

f the experiment trials

ing
t avg.
�

Max
strain avg.

�%�

Max
force avg.

�N�

Max
moment avg.

�Nm�

3.90 918 32.1
3.19 759 34.1
3.14 725 39.7
2.16 732 37.5

Fig. 9 Graph of the mean maximum load on the force plate
versus the shoe-surface interface: The red star indicates a sta-
y o

tart
en

�Nm

1.9
1.7
1.4
1.6
tistically significant difference „p<0.05…
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ial bundle of the ACL was chosen due its accessibility and ability
o accommodate the strain gauge. In addition, we wanted to com-
are our strain data with other studies, which also used the antero-
edial bundle of the ACL �38,41–43�. Serial axial loads con-
rmed an increase in strain up to a level of 500 N. At this level the
aximum strain attained in the ACL tapers. We believe that this is

ue to the significant increase in articular contact pressure, which
n effect, protects the ACL for a given moment. This was sup-
orted by the potentiometer data, which revealed that for the 1.5
m moment, the ultimate rotation of the turf box was less �
90 deg� at higher axial loads ��90 deg�. We also surmise that

f we increase the moment, this plateau effect would be delayed to
ven higher axial loads. This is supported by our other preliminary
ata, which showed a proportional increase in maximum strain
ith increasing moments for a standard axial load.
With respect to rotation direction, we found a significant differ-

nce between internal and external rotation for this model. This
as consistent with other cadaveric studies, which also found
igher strains in internal rotation. Clinically, this may be ex-
lained by the anatomy of the ACL. External rotation in effect
nwinds the ACL until terminal external rotation at which time
he slack in the ACL is removed and strain is again perceptible
44�. Conversely, internal rotation continues to twist the ACL,
hich may explain why strain is detected earlier in the cutting
aneuver.
Given our preliminary data, we chose a specific axial load and

nternal rotation moment to reproducibly create a detectable strain
n the anteromedial bundle of the ACL. Using these parameters,
he generation of strain in the ACL appears to change with differ-
nt shoe-surface combinations. Specifically, the natural grass and
leat combination produced less strain in the ACL than the mod-
rn playing turf-cleat, modern playing turf-turf shoe, and
stroTurf-turf shoe combinations for a given axial load and mo-
ent. This did not correlate with the maximum moment appreci-

ted by the force plate. This may occur for several reasons. Live-
ay and colleagues proposed that the rate of development of
orque may be an important criterion for assessment of athletic
elds �22�. The duration in which a noncontact ACL injury takes
lace is often a fraction of a second. In such a brief time period an
ppropriate neuromuscular response may not be feasible and rate
f development of torque may be as important if not more impor-
ant than the peak torque. We did not evaluate this in our study.

A second explanation may be the result of the complex interac-
ion between the bottom of the shoe and the top of the surface
uring the cut. Two important variables with respect to this inter-
ction are the coefficient of friction and the coefficient of restitu-
ion. The coefficient of friction is closely related to torque and
tudies showed that there is a higher incidence of ACL injuries
ith surfaces that have a higher coefficient of friction �8�. How-

ver, the coefficient of restitution may also play an important role
45�. The coefficient of restitution is defined as the ability of a
eld to absorb shock. It is measured by using the G-Max value
here one “G” represents one unit of gravity. The United States
onsumer Products Safety Commission �USCPSC� �19,45� deter-
ined that fields with a G-Max of greater than 200 are unsafe for

thletic play. However, to date, it is unclear how the interplay of
hese two properties affects injury rates. It seems plausible that the
raction, which develops is a combination of not only the coeffi-
ient of friction but also how hard the surface may be. This is also
upported by climatic studies, which assert that temperature, as-
uming dry conditions, may alter the hardness of a particular sur-
ace and injury rates �29�.

In our study, this concept of restitution can be seen in our maxi-
um load data. The AstroTurf-turf shoe combination was the

tiffest construct. The turf shoe is only permitted to displace the
stroTurf several millimeters. As a result, the maximum force
as statistically higher than any of the other three combinations,
hich were all more flexible. Clinically, we observed that this
tiffer construct allowed less vertical displacement of the foot for

11003-6 / Vol. 132, JANUARY 2010
the same vertical load and likely increased the intra-articular pres-
sures. The pliability of modern playing turf and grass allow for a
far greater displacement into the turf for a given load and likely
contribute to a lower maximum force. The generation of lower
intra-articular pressures may be protective against knee injury.

With respect to shoe type, there was no difference in any of the
dependent variables measured with respect to a simulated cut
made with cleats or turf shoes on the modern playing turf. This
suggests that for these two particular shoe types the risk of injury
to the ACL may depend more on the playing surface than the
shoes. It is important to note that although the depth of the cleats
�14.3 mm� was slightly larger than the depth of the studs on the
turf shoes �10 mm�, the displacement into modern playing turf
was similar for a given axial load. This may explain many of the
similarities between the two groups.

This study had several limitations. Beynnon et al. �43,46,47�
did a number of human studies in which a strain gauge was placed
in vivo and the impact of various activities an ACL strain were
evaluated. While this type of study may produce the most accurate
information on the subject, the inherent risks of our study to pa-
tients precluded us from conducting such an experiment and led
us to develop a cadaveric model. We chose to study ACL injuries
due to their prevalence and devastating consequences. Using a
cadaveric model we only account for the static stabilizers of the
knee. Several authors demonstrated that the dynamic stabilizers of
the knee can also play a role in ACL injury �48,49�. Furthermore,
in athletes the forces while making a cut are generated proximally
while we chose to generate our forces distally to aid in the logis-
tics of the experiment. We only tested within the elastic range and
did not test in the range, which would cause plastic deformation
and injury. We utilized this method in order to conserve specimens
and perform a repeated measures analysis. Ultimately, the shoe-
surface profile, which leads to ACL failure, will be of the most
value. We also only tested rotation, while most authors assert that
the ACL injury mechanism is more complex and may include
valgus and translation as well �50�.

This cadaveric model was able to demonstrate that performing
a cut on certain shoe-surface combinations causes significantly
more strain in the ACL and thus has the potential to be more
deleterious to the knee. This may also provide an explanation for
the increased soreness and muscle fatigue that was reported when
playing on artificial surfaces �51�. While the kinematics of the
ACL injury mechanism clearly involves a complex array of mo-
tions, it is our assertion that the shoe-surface interface does as
well. As such, only studying the effects at the shoe-surface inter-
face do not accurately represent our outcome of interest as clini-
cians, namely the loading conditions at the anatomic structures of
the lower extremity. While the bulk and the current kinematic
profile of the experimental apparatus do not lend itself to be a
commonly used surrogate to test the safety of shoe-surface inter-
faces it does provide important information with respect to these
outcomes of interest. Future studies will continue to attempt simu-
lation of the ACL injury mechanism and correlate strain data with
the physical properties of the shoe-surface interface in addition to
epidemiologic data in order to help establish standards for ideal
shoe-surface combinations.
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