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A potential complication to an injury prediction model might be the need to include terms
for the strains in multiple sites in the ACL. Several studies have shown that the anteromedial
(AMB) and posterolateral (PLB) bundles reciprocate in function over the range of passive

flexion/extension [2,21]. Although these studies measured length changes and not strains,
B in extension [4]. It could be expected

the AMB is most highly strained in flexion and the PL
Fhat the bundle experiencing greater strain varies with flexion angle when the tibia is sub-
jected to anterior shear as a result of quadriceps action. Thus, one objective of this work
was to test the hypothesis that strains in the two bundles are different depending on flexion
angle vyhen physiologic levels of quadriceps loading are applied.

Previous research that has studied the effect of levels of quadriceps load greater than 100
N on ACL strain has limited measurements to the AMB [12,13,29]. These studies demon-
strated that strain decreases under isometric quadriceps load with increasing flexion. This
behavior is a consequence of the change in orientation of the patellar tendon with the tibia
[34]; as flexion angle increases, the included angle between the tendon and tibia decreases,
thus decreasing the anterior component of the quadriceps force.

Just as the strain due to quadriceps contraction varies with flexion angle, it may vary with
quadriceps force. As the quadriceps force increases, the tibia will translate anteriorly, thus
reducing the anterior shear component of the quadriceps force. The quadriceps force will
al§0 have a large component that acts to compress the joint surfaces, thereby increasing the
Stlffness of the joint [3/]. These two effects may reduce the increases in ACL strain due to
an increasing quadriceps force. Although the effect of increasing quadriceps force on ACL
elongation has been studies at nonphysiologic force levels [2]], these results can not be
extrapolated because the effects previously noted would not be of consequence at such force
!evels. Thus, a second objective of this work was to test the hypothesis that the rate of strain
increase in both the AMB and PLB decreases with increasing quadriceps force at physiologic

force levels.

Methods

To test the hypotheses, liquid mercury
of both the AMB and PLB of five unemb
16.5 years). These specimens were install

strain gages (LMSGs) were installed on the surface
almed cadaver knee specimens (mean age 46.8
ed and aligned in a six-degree-of-freedom load

application system (LAS) [3]. This apparatus was pneumatically actuated and under full
closed loop control. Each degree of freedom was individually actuated and instrumented for
both load and displacement measurement. Also, actuators were included to simulate the effect
of quadriceps and hamstrings contractions through force application to the respective ten-
dons. Only the quadriceps actuator was used in the present study. The functional flexion/
extension and internal/external axial rotation axes of the specimen were aligned with those
of the apparatus using a functional alignment procedure [3.7].

After installation and alignment, each specimen was subjected to a consistent precondi-
tioning protocol. This protocol consisted of a 20-Nm hyperextension moment followed by a

22-Nm varus/valgus moment and a 330-N anterior/posterior force. The latter two loads were
applied at flexion angles of 0, 90, and 120°. All loads were applied for five cycles, which
was a sufficient number to gain reproducibility in load-deflection relations. Immediately
following preconditioning the 0° flexion angle was defined by applying a 2.5-Nm extension

moment.

The specimen was then removed from the apparatus, and liquid mercury strain gages
(LLMSGs) were installed on the AMB and PLB of the ACL. The AMB gage was installed
via access gained by reflecting the patella using bilateral parapatellar incisions. Access to
the PLB was gained through a small (<1 cm) incision in the posterior capsule. The LMS™




- T PAMIVIL

After the passive F/E ¢ i
ycle, the specimen j
the effects of g § were subjected to a load; i
flexion anglos (i fa(t)i,nlc;ps3 gozéc(i)s 38 t::dﬁg](;" strajns._This loading proligcrc);oz(v)aclz lefeecﬁi]:(;u::
N ’Ivye;e applicd at eact ﬂexion, anéle . Quadnceps loads of 250, 500, 750, and 1000
O aetermine whether strajns were .d'ff
expod ¢ 1iterent between the t
o 5 grllr:l;r;sli\:/l:;i subjected to a repeated measures ANOVXO(lb{lrI(\iIISS\”gh “ocadn th?se
The amalysis o él;gdgls (GLM) routines of the SAS System (SAS Insi’tp e, Cany, Nt
flexion angle (five levels0t£~£asilve and quadriceps forces. Three within—slulllat'ee:ctC :ry i Il:IIC)'
(w0 levels), ag et 1o Vith 0 bel.ng excluded), load (five levels), and meis rent sit
subjected 1y & Tukey Meltfl 1gter?fit/}ons, were modeled. The results’ of the RAIL:Trgr\n/.:m e
v ] ethod of Multiple C i sy
nificant diff p. omparisons proced i i
T éﬁgrceltlg:srzle;t\;v:er;n Fheblevels of the significant facI:)torCseo:'1 riflt([j;]:titgn(sietemne e
- nship between the i .
subject : quadriceps ] i
ordjeic §d=t0aleQa§t iqtll,ares Tegression using linear (g, =pb. -+(-) z;;iga;niss‘t;all?, the data e also
> & L ',-Q + ¢,) regression models, wherle o] \’vas the Zu:(;'?cueiira]lgcd(secgnd
. ad and g,

in the two b I
0.0001), Iozu;J ?:I!;ss "(V;s:(())t Os(l)%rlnﬁcantly d.ifferent (p = 0.809). Both the fexion ane]
(p TikO.OOOI). None of the'inter;é t?g:sthtﬁgt ti:é)f‘zaﬂ itrlllteraction were statisticallyagg:jéfa;
ey’s Meth, : . uded the bund] ioni

flexion-load inte:aclt?cfnhfeurlrﬁprl:vcﬁn;p;n sons performed using fhzafit;; \;/:;Sms ltghrzalﬁlginlfl‘OVA
a significant €a e. € reasons for the AN .

gnificant factor because the strains averaged in the two gx;?j lgessitisilg:tc]m gngle wa;

y decrease

zero at 90 and 120° of flexion.

When the strain-load -
relations wer i .

angle, th, . € €Xamined for th .. )
01"g and ?cf: tféagﬁgs apgea{ed almost linear for the A&];ngiv;iii?(l) pundles at each flexion
2% higher than passi:z att%x;on angles of 0, 15, and 30° where the I;tf;igles of 13, 30, aud
creasing quadriceps f; 000-N quadriceps force, At the remain 1S were more than
DS force had little or no effect on strain (Figs. | a;’;mg flexion angles, in-

|

BACH AND HULL ON THE STRAIN OF THE ANTERIOR CRUCIATE LIGAMENT 97

TABLE |—Results of Tukey’s Analysis of Multiple Comparisons. Strain valu.es in
percent are averaged over the two bundles. Values with different letter superscripts are

significantly different (p < 0.05).

Quadriceps Load (N)
Flexion Angle
(deg) 0 250 500 750 1000
15 0.7t 3.0%f 6.42bc4 7.6%¢ 8.5°
30 0.5t 3 Jedef 5] abede 6.62bcd 8.0
60 0.4* 0.9t 1.7¢f 2.9¢%f 3 Qbedef
90 0.0 0.0t 0.0 0.0" 0.0t
120 0.7t 0.6 0.4" 0.0 0.07

Because of the linear appearance of the strain-load plots, the results of the linear regres-
sions indicated that the linear model fit the data well. At the flexion angles where the
quadriceps load markedly increased bundle strain, the minimum R-squared values were 0.?4
and 0.96 for the AMB and PLB, respectively. Although the R-squared values for the quadratic
model were greater, the coefficient of the quadratic term was positive in half of the regres-
sions, and none of the coefficients was significantly different from zero. .

The anterior displacement increased the most in the first 250-N increment of guadnceps
loading as the knee was moved through the laxity region (Fig. 3). Beyond the ﬁfst increment,
the displacement increased linearly with increasing quadriceps load at a particular ﬁe?x1on
angle of 60° or less and decreased with increasing flexion at a particular level of quadriceps

load.

AMB Strain (%)

i
1
T

o l .
500 750 1000

Quadriceps Load (N)

FIG. 1—Strains in the anteromedial bundle (AMB) of the anterior cruciate ligam
rent flexion angles. Strains are averaged over the specimens (

ment caused by quad-
n=J5).

riceps force applied at diffe
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and the other concentrated on the relationship between ACL strain and increasing quadriceps
force. Because the data used to test these hypotheses were gathered experimentally, it is
useful to critically examine the measurement technique before discussing the results.

To determine absolute values of strain, the reference length of the gage must be specified
as'the length that the gage assumes when the ligament is at zero strain. Different methods
exist fpr making this specification. One method is to set the reference length at the inflection
point in the load-gage output voltage curve when the joint load is reversed from anterior to
posterior force. For length transducers that move freely as the length changes, this method
pas been shown to provide a reference length that coincides with the onset of zero tension
in the ligament fibers [17]. However, for length transducers such as LMSGs that have meas-
urable stiffness [9] and that are installed with sufficient prestretch so that the gages do not
pecomp lax at the onset of ligament fiber unloading, the question arises as to whether the
mﬂ‘ectlon point represents the lax length of the ligament fiber or the lax length of the gage,
whu;h may not be the same as the lax length of the fiber. Although it may be argued that
the inflection point is in fact that of the ligament fiber owing to the low gage stiffness of
about 0.024 N-mm™! [9], the method nevertheless introduces uncertainty into the reference
length because the inflection point is not clearly defined [8].

To avoid the uncertainty mentioned above, a new method was used in this study where
tbe reference length was set at flexion angles of 15 and 90° for the PLB and AMB, respec-
tively. These angles corresponded to those where the total ACL tension became 5 N or less
as the knee was flexed from full extension and as the knee was extended from full flexion
[32]. In the range between the two angles of 15 and 90°, the tension remained at SNor
less. Inasmuch as the bundles of the ACL reciprocate with the PCL carrying more load in
extension and the AMB more load in flexion [2], the transition to low tension as the knee
was flexed corresponded to a loss in tension and hence elongation of the posterior fibers,
while the transition to low tension as the knee was extended corresponded to a loss in tension
and hence elongation of the anterior fibers.

In developing the new method, the method of setting the reference length at the inflection
point output voltage-load curve was also used to analyze the data. Although the strain values
differed somewhat between the two methods, the conclusions of the study did not change.
This dispels any concern that the new method affected the results of the study.

A concern with the measurement of surface strain in the AMB was the potential impinge-
ment of the strain gage between the ligament and the intercondylar roof as the knee reached
full extension. Other authors have taken steps to prevent impingement of AMB strain gages
such as shielding the gage in a rigid hypodermic needle [8] or performing either a notchplasty
or roofplasty [13,24]. Any of these techniques would have altered the biomechanics of the
joint. In the present study, no steps were taken to prevent impingement of the AMB gage
near full extension to ensure that the mechanics of the joint were not altered by the mea-
surement technique. Because steps to prevent impingement were not taken and this likely
occurred on the AMB gage at 0° of flexion, these data were not included in any of the
statistical analyses.

Since the ACL and the PCL crossed and made contact during knee motion, the potential
for PLB gage impingement existed as well. To prevent this from occurring, the PLB gage
was installed superior to the crossing point of the two ligaments. Each knee was visualized
after gage installation to ensure that the transducer was not impinged during motion.

Because these sources of error did not influence the results, the results can be discussed
meaningfully. In indicating that there was no significant difference between the two bundle
stains, the results of the RANOVA did not support the first hypothesis. This behavior was
unexpected based on the reciprocating behavior of the bundles during passive motion ov*
the flexion/extension arc. The reciprocating phenomenon was originally identified from st

¥

iy
"



BACH AND HULL ON THE STRAIN OF THE ANTERIOR CRUCIATE LIGAVIENI

metric quadriceps contraction and equilibrated

twice as Jop undles lengths are sieni L

to expect thftati ::h:trPI'JB and that the fg;}z??tly d}ffergm . MB A anterior displacement of the tibia under iso
subjected to 4 uadnam differences i, passi nSern?n sit i . the extensive knee moment by a posterior force applied to the tibia. In our experiments,
the tibia on th eq fe ceps force that would e JRotion inta; -5 . however, the moment developed by the quadriceps force was equilibrated by a pure couple
. y The equality OfH:ll:r. Predomina e . applied externally to the femur. Since the application of a posterior force would negate the
%, Coupled motiong € bundle staing i mo | effect of the anterior component of the quadriceps force, this explains why Chiang and Mote
%*\\} Primary coupleq r:S a result of qQuadricep (0] reported anterior displacement of only 2 mm at 30° of knee flexion, whereas our results
o 4 motions would gerleouon under anterior [ indicated 9 mm for comparable quadriceps forces. Since posterior force is not externally
18 displaced, the ra].ly be expected due to . applied by the boot to the tibia simultaneously with quadriceps force in a backward fall
’ €quality of Strains gy changing articular surfa during which the skier is trying to regain his balance [/8], the experimental procedures used
ggests that C€ geometry as th herein should provide a more realistic measure of the anterior tibial translation caused by

quadriceps contraction during a backward falling situation.
CL strain with increasing flexion (Table

equalize bundle stpq;
Strains.
The decreasing effect of the quadriceps load on A
hanisms in Alpine skiing. According to

The result that bundle Strains

releasable bing are e
in qual ha
ne method of Ciit‘;héllt bette'r protect agajnss tp;’_tentlal Practical importance in th » .
ligament gtrai olling bindip 'St ligamentous knee ininrmiac : §d631gn of | 1) requires some reinterpretation of ACL injury mec
train fro g release is ¢ €€ Injuries in Al s . p ! b
0 base the pine skiing, |  McConkey [23], who reported on 13 cases of ACL rupture in Alpine skiing, one of the
is that the skier was out of control with

release decisi . . .
. 1sion on estimates of | major characteristics consistent among these cases
both the hips and knees flexed. Injury occurred while either falling backwards or in recovery
1d be accompanied by eccentric

include exte
. €xternal loads, m '
» muscular loads, flexion L» from the falling back position. Because these actions wou
it was concluded that a major

T . . . ! .
ed for this specific loading : and concentric contractions respectively of the quadriceps,

-1Ng case. Whether it is contributor to the injury was the quadriceps force. However, the results of the current study
d with the knee near full extension. At inter-

suggest that this conclusion could only be vali
mediate flexion angles (45 to 90°), the dominant load causing the ACL injury would be an

ing isolateq quadri
ceps loadi
ps \oading revealed that ACL externally applied anterior force rather than either a combination of anterior force and quad-
18]. The source of the anterior force would be

that the rate of AC easi
€ basis for thi Strain increase g asing quadriceps o ‘
% the tibja thg: tvlvns ?YPOthesls was thate :reises Wwith increasing qi‘;a;fgerefore the hypothesis |  riceps load or a dominant quadriceps load [
%}«;v, thereby reducip Ol:hd reduce the includeg adriceps force would causeeps force was rejected the reaction force between the distal shank and the back of the ski boot.
g that quadriceps %"o © A/P componen of tha:g]e bereen the tibia andartlhA/P translation of In addition to the mechanism of isolated ACL rupture proposed by McConkey [23], active
ikely reason that (o would be sef limitj g ué.ldnceps force. In this ¢ Patellar tendon, contraction of the quadriceps could contribute to other mechanisms of isolated ACL rupture
this mechanism was not 18 1n its ability to jncreq Way it was expected | ~ Wwhen the knee is near full extension. One other mechanism is the well-documented “boot B,
¢ ACL stain. The most | induced anterior displacement (BIAD)” scenario that occurs during landing where the tail 'Y
this situation the boot top is thrust forward as ’

of the ski contacts the snow before the tip. In
the ski rotates to contact the snow along its whole length,
the tibia [5]. The development of the anterior force applie

thus applying an anterior force to
d to the tibia can take as long as
than twice the activation

a vigorous quadric plicationg to skiine imi:
the quadric °PS contraction cap Ng Injuries. Seyers)
increasing qel?;dxlizd limit of 1009 g l;;iullg n a Tupture of theazg?r? 1]]5&}'; postulated that 125 ms depending on the boot stiffness. Since this time is more
€ taken in extra 01p§ force found by this st n;ar INcreases in AMB and’ ’23'2813 Within time constant for the quadriceps muscles [33], considerable force could be developed by the
forces on the org ating this result o hjgheru Y support this Postulate. A PLB strains with quadriceps muscles assuming that they were not already activated before landing. Also,
mechanism my ; P of 7900 N, as suggest dqlladnCeps forces, if the qy l.though care must hyperextension has been proposed as a mechanism of isolated ACL rupture [30]. Although @t
o, Possible. Th; ¢d by Herzog ( 1985) thenql,:fldrlCéps can develop skiing accidents during forward falls have not been studied using mathematical modeling ’
’ CL rupture via this and simulation, such an analysis has been performed for snowboarding where the falling =
11 duration was 125 ms, thus allowing the

time should be similar [/4]. In this analysis, the fa

development of large quadriceps forces as argued above. '
Although the development of isolated quadriceps forces when the knee is near full exten-

sion can load the ACL, concomitant force developed by the hamstrings would unload the f ‘
rmally occurs during con- Y o

(approximately 8%) Produced p

tatiof] Ievels d .
. ura
maximum volyp g controlled g

kiin
; : g Maneuve
ary contraction exercises [22

: r !
Simulated backywarq falls S that routinely exc,

] and from muscle e

duratio ; show .
| ity 5 pogsi o SO boots (o) 7oL the Vit were qoqvg gy, sured during
Contractiop, furtlh;ilty' I verified, then t.heugge; testing at higher 10&;;‘1 r;fﬁnost of the fall ACL [12,29]. Contraction of the hamstrings and quadriceps no
there may not pe a complicates the design ofc anism of ACL rupture, d Ul be needed to trolled skiing maneuvers [22] so that the protection offered by the hamstrings to ACL damage
felease. 1y loads generated between r,;leasable bindings for Al ue to quadriceps is normally present. However, if this protection is absent, which has been demonstrated in
inc’ghe'ﬁnding in thig study, that j € boot and the ski with pvlvrllﬁc;ki:)ngi Stm fe simulated backward falls d[tli:)] tﬁenAacnI)Jl force produced by the quadriceps muscles would
nsistent with > that isolated quadr; nitiate exacerbate the load carried by the X .
mental methods b::I:e conclusion by Chiar?g Zi‘:iceps contraction may cay To prevent knee injuries due to either isolated vigorous quadriceps contraction Or quad-
Ween the two studjes, In thej Mote (/0] due to differefle AC-L damage, is riceps contraction in conjunction with another load such as anterior force, the development
i study, Chiang ces In the experi- of equipment that can ameliorate the ACL loading induced by quadriceps contraction is
f development may prove useful. One direction is new ¢’

and Mot
© [0] measured the needed. Two different directions O




i

Loty ooty
H
]

& e —

Acknowlea’gnw,z :

The author.
§ are gratefy]
su to the i
PPOTt of our researcp program or;f}t’}I;Oha Corporation of Vienna, Austr )
€ mechanics of knee ligamé tustna for its continued
ntous in Alpine skiing.

References

ing Trauma and Safety:

in, - 0% X J. Johnso
. . g and Materia]g Philadelphis I1199C3 lgp I\;Igteé,ljr,, and J. Zelcer,
ur, nat > ~°72 PP. 9/-61.
I M. and Hull 3y 1., ok 735, No. 2, 1991, pp. 26 puerior Cruc
e Human Koes 1.5 €W Load Applicatior cue 20"
an Knee Joint,” Journa) OJE glf,itéﬁzaiy-m}"‘ for In Vitro Study of Ligament

ic entous

al Engineering, vo. 117, No. 4, 1995

iate Ligament,” Journal

Cruciate L - 4., “Direct Meagy

ament,” rement P
, gament,” Joyrng) of Biomec}zam'cac~)xc fglau;én I[\Jhe atetOlaieral
tC ruciate Ligament Dygip B » 9% No. 3, 1997, pp.
ernational Symposi g

IDOST
89, pp. 267-276, 1M STP 1022, Ameri

[6] Barone M
» M. D, Se
Fall—Progeng: .~ SRIEL, V., Schaff,
otecugn for the ACL?” &;;nan% Rosemeyer’ B., “Musc] o
for Testing and " D. Mote, Jr, R § g}ohr auma and Safery,. Ele:e:\zzu}lny During the Backward
plerials, Philadelphia, 1995, pr, 5 1205CT 3nd P, Schaff, F. e PO,
Automated § - L., and Patterq, > PP. 244-253 ’ » Bds., American Societ
YStem to Determine orson, H. A, “Ipy ; Y
oo £ “lmplem .
Knee FICXIthty In Vitro,”igt:,t;:;? ;J’f; Five Degree of Freedom
tomechanical Epgj, i
gineering,

Y, A. B, Boreiko M., Bonjour, F and B

a _I'OWn, C. « .
ckward Fals While Skiing,uﬁ;,;ﬁny;‘::gng Fo‘rjces on the Anterior
can Soc;j rauma and Safery: §, -
1€ty for Testing and Materiflg Phi(;;g:;ghli';,

-, and Patters(m’ H A « .

. Anteriomedj
Journal of Orthopaee 12l Bundle of the Anterior

dic Research, Vol 105, No.

BACH AND HULL ON THE STRAIN OF THE ANTERIOR CRUCIATE LIGAMENT 103

[9] Brown, T. D., Sigal, L., Njus, G. O., Njus, N. M., Singerman, R. J., and Brand, R. A., “Dynamic
Performance Characteristics of the Liquid Metal Strain Gage,” Journal of Biomechanics, Vol. 19,
No. 2, 1986, pp. 165-173.

[10] Chiang, A. L. and Mote, C. D., Jr. “Translations and Rotations Across the Knee Under Isometric
Quadriceps Contraction,” Skiing Trauma and Safety: Ninth International Symposium, ASTM STP
1182, R.J. Johnson, C. D. Mote, Jr., and J. Zelcer, Eds., American Society for Testing and Materials,
Philadelphia, 1993, pp. 62-73.

[/1] Crawford, R. P. and Mote, C. D., Jr. “Fuzzy Logic Control of Bioadaptive Ski Binding Release,”
Skiing Trauma and Safety: Tenth Volume, ASTM STP 1266, C. D. Mote, Jr., R. J. Johnson, W.
I;Iza;sgg,sand P. Schaff, Eds., American Society for Testing and Materials, Philadelphia, 1996, pp.

[/2] Draganich, L. F. and Vahey, J. W., “An In Vitro Study of Anterior Cruciate Ligament Strain Induced
g%' %gadriceps and Hamstrings Forces,” Journal of Orthopaedic Research, Vol. 8, No. 1, 1990, pp.

[/3] Durselen, L., Claes, L., and Kiefer, H., “The Influence of Muscle Forces and External Loads on
(ljzrgcila;% Ligament Strain,” The American Journal of Sports Medicine, Vol. 23, No. 1, 1995, pp.

[14] Estes, M., Wang, E., and Hull, M. L., “Analysis of Ankle Deflection During a Forward Fall in
Snowboarding,” Skiing Trauma and Skiing Safety: Twelfth Volume, ASTM STP 1345, American
Society for Testing and Materials, Philadelphia, 1988.

[15] Figueras, J. M., Escalas, F., Vidal, A., Morgenstern, R. Bulo, J. M., Merino, J. A., and Espadaler-
Gamisans, J. M., “The Anterior Cruciate Ligament Injury in Skiers,” Skiing Trauma and Safety:
Sixth International Symposium, ASTM STP 938, C. D. Mote, Jr. and R. J. Johnson, Eds., American
Society for Testing and Materials, Philadelphia, 1987, pp. 55-60.

[/6] Figueras, J. M., Vidal, A., Escalas, F., Merino, J. A., Espadaler-Gamisans, J. M., and Castanyer,
F., “More on the Lesions of the Anterior Cruciate Ligament and Their Prevention in Skiers,” Skiing
Trauma and Safety: Seventh International Symposium, ASTM STP 1022, C. D. Mote, Jr., R. J.
Johnson, and M. H. Binet, Eds., American Society for Testing and Materials, Philadelphia, 1989,
pp. 112-118.

[/7] Fleming, B. C., Beynnon, B. D., Tohoyaman, H., and Johnson, R. J., “The Determination of a Zero
Strain Reference for the Anteromedial Band of the Anterior Cruciate Ligament,” Proceedings of
the 39th Annual Meeting of the Orthopaedic Research Society, 1993, p. 3.

[/8] Gerritsen, K. G. M., Nachbauer, W., and van den Bogart, A. J., “Computer Simulation of Landing
Movement in Downhill Skiing: Anterior Cruciate Ligament Injuries,” Journal of Biomechanics,
Vol. 29, No. 7, 1996, pp. 845-854.

[19] Herzog, W., “Individual Muscle Force Prediction in Athletic Movements,” Ph.D. thesis, Department
of Physical Education, University of lowa, 1985, pp. 202-204, 243-249.

[20] Hollis, J. M., Takai, S., Adams, D. J., Horibe, S., and Woo, S. L. Y., “The Effects of Knee Motion
and External Loading on the Length of the Anterior Cruciate Ligament (ACL); A Kinematic Study,”
Journal of Biomechanical Engineering, Vol. 113, 1991, pp. 208-214.

[2/] Kurosawa, H., Yamakoshi, K. I, Yasuda, K. and Sasaki, T., “Simultaneous Measurement of
Changes in Length of the Cruciate Ligaments During Knee Motion,” Clinical Orthopaedics and
Related Research, Vol. 265, 1991, pp. 233-240.

[22] Maxwell, S. M. and Hull, M. L., “Measurement of Strength and Loading Variables on the Knee
During Alpine Skiing,” Skiing Trauma and Safety: Seventh International Symposium, ASTM STP
1022, R. J. Johnson, C. D. Mote, Jr., and M. H. Binet, Eds., American Society for Testing and

Materials, Philadelphia, 1989, pp. 231-251.
[23] McConkey, J. P., “Anterior Cruciate Ligament Rupture in Skiing,” American Journal of Sports

Medicine, Vol. 14, No. 2, 1986, pp. 160-164.

[24] Meglan, D., Berme, N., and Zuelzer, W., “On the Construction, Circuitry and Properties of Liquid
Metal Strain Gages,” Journal of Biomechanics, Vol. 21, No. 8, 1988, pp. 681-685.

[25] Meglan, D., Goodhart, C., Berme, N., and Zuelzer, W., “Local and Global Length Changes in the
Anterior Cruciate Ligament During Knee Motion and Loading,” Transactions of the First World

Congress of Biomechanics, 1990, p. 515.
Electromechanical Ski Binding with Release Sensitivity

[26] Neptune, R. R. and Hull, M. L., “A New
to Torsion and Bending Moments Transmitted by the Leg,” Infernational Journal of Sport Bio-

mechanics, Vol. 18, No. 4, 1992, pp. 331-349.
[27] Neter, J., Wasserman, W., and Kutner, M. H., Applied Linear Statistical Models: Regression, Anal

ysis of Variance, and Experimental Designs, 3rd Edition, Richard D. Irwin, Inc. Homewood,
1990.




gy

- PWRUIVIE

[28] Paletta, G, A. and Warran, R. E, “Knee In
Sports Medicine, Vol. 17, No. 6, 199

4, pp. 411-423_
[29] Renst.rom, P, Arms, §

. W, Stanwyck, T S., Johnson, R. J., and Pope, M. H., “Strain }mt’];:zlﬂ:’;
Anterjor Cruciate Ligament During Hamstring and Quadriceps Activity,” American Jou

, 1986, D. 83-87. . .
. K., Horibe, S., Nagano, J., and gno, K., “Injury of the Anterior Cruciate Ligament O'fg;;
Knee in Downhill Skiing: It Pathomecham'sm and Treatment,” Skiing Trauma and Safet,; i-ican
Internationgy Symposium, AsTrr s7p 938, C.D. Mote, Jy, arq R. J. Johnson, Eds., Am
Society for Testing and Materials, Phﬂadelphia, 1987, pp. 68-86.
31 Torzillj, p A, Deng, X., and 1,

' X &, “The Bffect of Joint-Compressive Load and Quadriceps =
Muscle Force on Knee Motion in th i

e Intact ang Anterior Cruciate Ligament-Sectioned Knee,” The
cine, Vol. 22, No, | 1994, pp. 1052112
Shapj

. - .= Shapiro, M, § "an4 Finerman, G, A., “Direct in Vitro Measurement \
of Forces in the Cruciate Ligaments: [ The

Effect of Multi-pJane Loading in the Intact Knee,
Journal of Bone ang Joint Surgery, Vol 75A, No, 3, 1993, pp. 377-386. Ived in

[33] Winters, J. M. and Stark, L., “Estimateq Mechanica] Properties of Synergistic Muscles IDV08‘8’
Movemens of a Variety of Humap Joints,” Journal of Biamechanics, Vol. 21, No. 12, 1988, Pp-

ion,” Clinical
- “Exercise After Anterjor Cruciate Ligament Reconstruction,” Clinica
Onhopaedics and Relateq Research, Vol. 220, 1987, Pp. 275-28

ljuries and Alpine Skiing: Treatment and Rehabilitation,” |

Bindings





