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Abstract

Traction tests were performed on the bovine anterior cruciate ligament—bone complex at seven strain rates (0.1, 1, 5, 10, 20, 30,
40%/s). Corresponding stress—strain curves showed that, for a given strain level, the stress increased with the augmentation of the
strain rate. This phenomenon was important since the stress increased by a factor of three between the tests performed at the lowes
and highest strain rates. The influence of the strain rate was quantified with a new variable called the “supplemental stress”. This
variable represented the percentage of total stress due to the effect of strain rate. It was observed that at a strain rate of 40%/s,
more than 70% of the stress in the ligament was due to the strain rate effect. In fact, the strain rate strongly affected the toe region,
but did not influence the linear part of the stress—strain curves. The use of the linear tangent moduli was then not adequate to
describe the strain rate effect in the anterior cruciate ligament—bone complex. This study showed that the “supplemental stress”
was a synthetic and convenient variable to quantify the effect of the strain rate on the entire stress—strain curves. This quantification
is especially important when comparing the mechanical behavior between anterior cruciate ligament and tissues used as ligament
graft. 0 1999 IPEM. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction achieved by determination of the linear tangent modulus
[8]. This quantity allows the comparison of traction tests
Rupture of the anterior cruciate ligament (ACL) is a between studies and specimens.
frequent clinical problem, especially in the young active  The knee works under dynamical loadings. Accord-
population [1]. If the knee is not treated to restore its ingly, traction tests on the ACL should be performed at
initial stability, degenerative changes in the articular car- different strain rates. More precisely, the dependence of
tilage are possible [2]. The surgical treatment of an ACL the stress on the strain rate should be quantified. As
deficient knee has then become a routine procedure;noted by Danto and Woo [9], relatively few studies have
despite its frequency, however, its success is inconsist-evaluated the effect of strain rate on the mechanical
ent [3]. properties of the ACL. Moreover, when traction tests are
Consequently, numerous experimental studies haveperformed at different strain rates, the resulting stress
been performed to characterize the mechanical behaviorstrain curves are usually presented without a specific
of the ACL. These studies generally consist of traction method to quantify the strain rate effect.
tests performed at one strain rate [4—7]. From these trac- Woo and Blomstrom [10] have proposed that “ideally,
tion tests, the stress—strain curve can be obtained, and replacement graft should possess the same properties
the mechanical characterization of the ligaments is oftenas the natural ACL”. When comparing mechanical
behavior between ACL and replacement grafts, it is then
— . o _ important to consider the entire stress—strain curve. This
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between different tissues, but should be performed oncontrol by using correctly compiled external routines
the entire stress—strain curves. written in high level language. The acquisition frequency
In this study, we present a new variable, the “sup- of the system was 8 kHz.

plemental stress”, that describes the effect of the strain

rate on the entire stress—strain curves. The results of the2.2. Specimen description

traction tests performed on ACL at different strain rates

will be analyzed with this new variable. Moreover, we Eleven ACL from 4-month-old bovine calves were

will test the hypothesis that the strain rate effect acts obtained 24 h after death and frozen-at24°C, which

mainly in the toe region with minimal influence on the does not influence the mechanical behavior of the liga-

linear part of the stress—strain curves. ments [12]. From dissection to experimentation, an
identical protocol was followed for all specimens. The
ligaments were isolated from the joints keeping only the

2. Material and methods bone insertions. These insertions were potted in a syn-
thetic resin (monomer beracryl). The solidification pro-
2.1. Experimental set-up cess took place in a freezer in order to minimize the heat

effects on the ligaments. Experiments were performed at

A custom made device was developed to perform uni- room temperature (2C), and the specimens were con-
axial dynamical tests on isolated ligaments (Fig. 1) [11]. tinuously kept moist using a drip with a physiological
The forces acting on the ligament were measured by fluid (1/3 NaCl 0.9%, 2/3 glucose 5%).
means of three Piezo Transducers (KISTLER, 9211,
Winterthur, Switzerland) placed at the fixed end of the 2.3. Dimension measurements
ligament (resolution: 0.24 N). The strain was measured
with a Linear Displacement Transducer (VIBRO- The length and cross-sectional area of the ligaments
METER, WG 173, Fribourg, Switzerland) placed on the were measured when the specimens were positioned on
moving end of the ligament (resolution: ). Special the set-up with a 2 N force applied (reference
clamps were designed to prevent any slippage betweerconfiguration). The length was defined as the distance
the specimen and the clamps (Fig. 2). Data acquisition between the two bone insertions and was measured with
was performed on a Macintosh computer (Apple Com- a caliper square (resolution: 0.5 mm). Cross-sectional
puter, Cupertino, USA) through an acquisition card area was assumed to be elliptic and the two principal
MACADIQOS Il Jr. (GW Instruments, Somerville, USA) diameters were measured in the middle of the ligaments
and the software LABVIEW (National Instrument Cor- with a caliper square. When compared to an optical
poration, Austin, USA). The software allowed real-time device (resolution 10um) developed for a previous
study [13], differences in diameter measurements were
less than 0.5 mm. Mean dimensions of the 11 specimens
are reported in Table 1.

2.4. Mechanical tests
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A slight rotation perpendicular to the longitudinal axis
]Zﬂ: —/ of the ligament was imposed on the specimens placed
1 / in the set-up to maximize the alignment of fibers in the
traction direction. Thirty minutes before the first test, the
ligaments were preconditioned with a traction performed
at the lowest strain rate until 300 N. This force corre-
sponded for all the specimens to a strain lower than 10%.
12 u This strain limit was chosen to avoid plastic deformation
i i or damage to the specimen which would render later
comparisons inappropriate [14]. To minimize the effect
of the strain history, an interval of 30 min between each
Fig. 1. View of the experimental custom-made device. The rotational €St was adopted. This time scale corresponded to that
motion of a D.C. motor (7) was transformed to a linear one through found in the literature [15]. Each ligament was then
an high precision ball screw (10). Decoupling was possible with an |oaded until 300 N with seven different strain rates,
gndless screw (8) aqd a toothed wheel (9). Theligament (1) was |olaceda|ways in the foIIowing order: 0.1, 1, 5, 10, 20, 30 and
in a mobile (_3) and flxeq (2) supports. Forces and displacements Were4o%/s_ To check that the order of the tests did not affect
measured with electronic transducers (5, 6). These measures through .
their specific signal processing (12, 11) were acquired on a personalth€ results, at the end of the tests the specimens were
computer with the software LabVIEW (13). reloaded with the 0.1 and 5%/s strain rates. When plotted

="




D.P. Pioletti et al./Medical Engineering & Physics 21 (1999) 95-100 97

screw

displacement transducer

1 piezo force transducer

metallic ring bone synthetic resin
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Fig. 2. View of the clamps used. The bone insertions of the ligament were potted in a synthetic resin and were clamped in metallic supports.

The forces was directly measured on the ligament. To optimize the contact surfaces for the force measurements, a metallic ring was placed between
the synthetic resin and the piezo force transducers.

Table 1 resented the percentage of total stress due to the effect
Mean dimensions and standard deviations of the 11 ACL specimens of strain rate. The “supplemental stress” was reported

used . . .
for different values of strains and strain rates.
Length Cross-sectional area Major diameter Minor diameter
(mm) (mn) (mm) (mm) 2.6. Statistical analysis
331+ 29 914+ 125 114+ 14 10.1+ 1.5

A one-way ANOVA test was used to analyze the
mean variance of the linear tangent moduli and of the
“supplemental stress” obtained at different strain rates.
If statistically significant differences were found, a least
significant difference (Fisher test) was performed to
determine which means were different from which other
means [16]. A 95% confidence level was selected to
define significance for all statistical tests.

together, the initial and reloaded stress—strain curves
were identical. Complete tests were also repeated for
four specimens with a different rotation value without

showing difference in the stress—strain curves obtained.

2.5. Variables definition

The stress was defined as the actual force divided by
the reference cross-sectional area. The strain was defined. Results
as the change of length divided by the reference length.
The linear tangent modulus was given by the slope of The stress—strain curves obtained at seven strain rates
the linear part of the stress—strain curves and was measpresented similar trends for all the specimens. The strain
ured at the final third of the curves. A linear regression rate effect was clearly visible (Fig. 3). At 4% strain, the
fit was performed in the linear part of the stress—strain corresponding stress increased by a factor of three
curve to determine its slope value. between the lowest and highest strain rates. For all of the
In order to quantify the strain rate effect on the stress— specimens, the differences between stress—strain curves
strain curves, we defined the “supplemental stress” vari- obtained at different strain rates were mainly observed

able as the ratio: in the beginning of the curves (toe region). The second
part of the curves, which was almost linear, was not
Supplemental stress much affected by the increase of strain rate. This obser-

vation was confirmed by the measure of the linear tan-
gent moduli. Mean values of the linear tangent moduli
obtained at seven strain rates are reported in Table 2. No
% 100 statistical difference was observed between the means of
the linear tangent moduli. Therefore, the linear tangent
wherey represented the different strain rate values (1, moduli are not adequate to characterize the strain rate
5, 10, 20, 30 and 40%!/s). The “supplemental stress” rep-effect of the ACL-bone complex.

Stress (ay%/s strain rate)- stress (at 0.1%/s strain rate)
Stress (ay%/s strain rate)
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Fig. 3. Stress—strain curves for one ACL specimen at seven strain Fig. 4. _“Supplemental stress” as a function of the strain rate at differ-
rates:e, 0.1%/s;0, 1%/s;[], 5%ls; <>, 10%ls; A, 20%ls;®, 30%/s; ent strain rates for one ACL specimén; 1%;[], 2%; <, 3%; A, 4%.
V, 40%/s.

minimal influence on the linear part of the stress—strain
The “supplemental stress” clearly increased with the curves was verified. This result allowed us to conclude
augmentation of the strain rate (Fig. 4). With a strain that the use of the linear tangent moduli is, therefore,
rate of 40%/s, the value of the “supplemental stress” not adequate to characterize the strain rate effect in the
could reach 70%. It means that 70% of the stress in theACL-bone complex. The “supplemental stress” was
ligament was due to the strain rate effect at a strain rateshown to be a synthetic and convenient variable to quan-
of 40%/s. This trend was found to be similar for all of tify the effect of the strain rate.
the specimens tested (Table 3). The increase in “sup- The traction tests were performed at room tempera-
plemental stress” with respect to the strain rate was stat-ture. Using a similar protocol, it was found that the tem-
istically significant between all means reported in Table perature parameter was of secondary importance in the
3 (p < 0.0005). mechanical results [17]. The traction tests on ACL can
also be performed while immersed in a bath to control
the temperature. If a bath is used however, the water
4. Discussion content and the tonicity of the solution should be con-
sidered when examining viscoelastic properties [18,19].
This study quantified the effect of strain rate on In the present study, the specimens were constantly
stresses in the ACL-bone complex. The hypothesis thathydrated using a drip. The solution content certainly has
the strain rate effect mainly acted in the toe region with less influence on the viscoelastic properties of drip-

Table 2

Mean values and standard deviations of the linear tangent moduli (11 specimens) for seven strain rates. No statistical difference was found between
the mean values of the linear tangent moduli

Strain rate (%/s)

0.1 1 5 10 20 30 40

Linear tangent moduli (MPa) 69.2 13.1 67.2*+ 126 724+ 135 77.7+ 165 76.6*+ 142 79.0= 149 83.5% 16.2

Table 3

Mean values and standard deviations of the “supplemental stress” (11 specimens) for five strain rates. Statistical differences were found between
all the mean values of the supplemental stress

Strain rate (%/s)

1 10 20 30 40

Supplemental stress (%) (at 4% strain) :83.6 26.4+ 9.2 43.2+ 9.9 58.9+ 8.2 72.0+ 7.6
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hydrated tissue than on those of tissue immersed in aties of a specimen is not sensitive to an increase of
bath. Moreover, to overcome this difficulty, the solution strain rate.

used for hydration was a physiological fluid and was Some explanations for the toe region dependence on
identical for all the tests performed. the strain rate can be based on the ultrastructure of the

The cross-sectional area was assumed to be ellipticACL. The shape of the stress—strain curve (toe region
and the two principal diameters were measured with aand linear region) has been observed to be due to the
caliper square. This measurement and, consequently, thevavy pattern of the fibers comprising the ACL [24]. The
values of the stress could be imprecise if the cross-sec-toe region corresponds to the organization of the wavy
tional area of the specimens were quite different from pattern into an aligned fiber pattern, while the linear
an elliptical shape. The principal result of this study was region corresponds to the strain of these aligned fibers.
the quantification of the strain rate effect. Precise cross-In recent studies, the strain rate sensitivity of the liga-
sectional area measurement is then not essential as thenent has been related to the movement of water in the
“supplemental stress” variable is the ratio of two stress ligament [25]. It seems reasonable to believe that more
values. water can move through the ligament during the early

This study showed that strain rate plays an important arrangement of the fibers as certainly more geometrical
role in the mechanical behavior of the ACL-bone com- changes occur during this phase than during the exten-
plex. The “supplemental stress” was found to increase sion of the aligned fibers. This would imply that a greater
considerably with the strain rate. The strain rate effect strain rate effect would be observed in the toe region.
in the ACL has already been demonstrated in some pre- It has been shown that the ACL function is to stabilize
vious studies but without specifically quantifying the the knee, especially during anterior translation of the
effect of strain rate on the stress—strain curves. Thetibia with respect to the femur [26]. A dynamical stabil-
measurement of one quantity only with respect to the ization of the knee also certainly occurs with the strain
strain rate, as the maximum load [20], furnished valuable rate effect. If the motion of the tibia relative to the femur
information but did not describe the effect of the strain is slow, corresponding to a low strain rate for the ACL,
rate on the entire stress—strain curves. In the develop-it can be assumed that the muscles of the leg have
ment of a constitutive law, the parameters of a model enough time to stabilize the knee. The contribution of
valid for the stress—strain curves obtained at one strainthe ACL should be minimal in that case, which is well
rate were expanded to take into account the results ofreflected by its less stiff stress—strain curve at low strain
tests made at different strain rates [9]. Results showedrates. If the motion of the tibia relative to the femur is
no monotonic increase of the parameters with respect tofast, corresponding then to a high strain rate for the
the strain rate, rendering the interpretation of the strain ACL, the muscles may not respond efficiently to stabil-
rate effect difficult. The present study uses a different ize the knee due to the time delay for their reaction. The
approach. The definition of the “supplemental stress” contribution of the ACL to knee stability should, hence,
enables the description of the effect of the strain rate onincrease. This could be achieved with a stiffer stress—
the entire stress—strain curves. The description of thestrain curve and was what we observed in the traction
entire stress—strain curves is important when comparingtests at higher strain rates. It could be proposed then,
the mechanical behavior of the ACL with those of other that the mechanical response of the ACL is modulated
tissues used as ACL grafts. by the speed of knee flexion.

In this study, the shape of the stress—strain curves was In conclusion, the results of this study showed that
shown not to be modified by the increase of the strain the stress in the ACL-bone complex significantly
rate, except for the toe region which appeared at a lowerincreased with the strain rate and acted mainly in the toe
magnitude of strain. This observation is similar to that region rendering the use of the linear tangent moduli not
reported in a previous study performed at lower strain adequate to describe the strain rate effect. This study
rates (< 1%/s) [21]. The measurement of the linear tan- showed that the “supplemental stress” was a synthetic
gent moduli did not show significant differences with and convenient variable to quantify the effect of the
respect to the strain rates and confirmed the observatiorstrain rate on the entire stress—strain curves. This quanti-
that the strain rate effect acts mainly in the toe region. A fication is especially important when comparing the
direct consequence of this result is that the linear tangentmechanical behavior of the ACL with those of other
moduli can not be used to quantify the effect of strain tissues used as ACL grafts.
rate in a soft tissue as proposed for the patellar tendon
specimens [22]. The quantification of the strain rate
effect should use an independent variable, as the “sup-references
plemental stress” or should use a continuum mechanics
approach as proposed in a recent Paper [23]. [1] Fetto JE, Marshall JL. The natural history and diagnosis of

We cannot then conclude, only with the measurement anterior cruciate ligament insufficiently. Clin  Orthop
of the linear tangent moduli, that the mechanical proper- 1980;147:29-38.
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