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Abstract

This study aimed to biomechanically characterize the Cranial Cruciate Ligament (CrCL) and Caudal Cruciate Ligament (CaCL) of dogs through de-
structive tensile mechanical tests, correlating the results with body biometric variables. A total of 40 ligaments from 10 adult, mixed-breed dogs
were used, subjected to mechanical testing in a universal testing machine. The parameters of maximum strength (N), maximum deformation (mm),
and stiffness (N/mm) were evaluated, as well as correlations between antimers and between the two types of ligaments. The results showed that
the CaCLs exhibited greater strength and deformation compared to the CrCLs, with males standing out by showing higher values in almost all pa-
rameters. No statistically significant correlation was found between body measurements and the biomechanical parameters of the ligaments. Bone
fracture was observed in 25% of the samples before ligament rupture, indicating the influence of the fixation technique and testing speed. The in-
ternal correlations between the ligaments suggest a synergistic role in joint stability. It is concluded that the caudal cruciate ligaments have greater
biomechanical capacity than the cranial ones, and that intrinsic structural factors are more determinant than biometric variables. The data obtained

provide support for the development of ligament substitutes and the improvement of surgical techniques in veterinary medicine.
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Introduction

The rupture of the Cranial Cruciate Ligament (CrCL) is the most
common ligament injury in the stifle joint of dogs, being respon-
sible for instability and progressive joint degeneration. The CrCL
prevents cranial displacement of the tibia relative to the femur, in
addition to controlling internal rotation and hyperextension of the
joint [27]. Rupture of the Caudal Cruciate Ligament (CaCL) is less
frequent and generally associated with concomitant injury to the
CrCL [27,12].

Recent biomechanical studies have deepened the understand-
ing of the femorotibial joint by using computational models based

on finite elements to simulate the forces involved in injury and
stabilization of the stifle [16]. Contemporary reviews highlight the
multifactorial etiology of CrCL rupture, involving biomechanical,
genetic, and environmental factors, in addition to emphasizing the
integration of surgical techniques and rehabilitation protocols to
optimize functional recovery [30].

Several surgical techniques are available for joint stabiliza-
tion after CrCL rupture, including intracapsular and extracapsular
methods, fibular head transposition, and tibial plateau leveling os-
teotomies [17]. Advances in biomechanical testing have enabled the
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quantification of the mechanical properties of ligaments, such as
strength and elasticity, which are essential for evaluating treatment
effectiveness [9,27]. Understanding the biological and biomechani-
cal aspects of ligament pathologies is vital for improving diagnoses,
preventive strategies, and therapies in dogs [6].

The canine stifle joint is a complex structure composed primar-
ily of the femur, tibia, and fibula, as well as intra-articular menisci
that correct incongruities between the articular surfaces [9,18].
This synovial joint is enclosed by a capsule that produces synovi-
al fluid, essential for the lubrication and nutrition of the articular
cartilage [29].

The main ligaments include the medial and lateral collateral
ligaments, and the cranial and caudal cruciate ligaments, which
ensure stability and allow flexion, extension, and limited rotational
and translational movements [22,5]. The cruciate ligaments inter-
lace, providing rotational stability and limiting hyperextension [1].
The Cranial Cruciate Ligament (CrCL) has a craniomedial portion
that remains tense throughout the entire range of motion, and a
caudolateral portion whose tension varies according to the degree
of stifle flexion [13]. Microscopically, ligaments are composed of
collagen bundles grouped into fascicles, primarily supplied by sy-
novial tissues, with a central zone that is less vascularized, which
may influence their susceptibility to injury [28]. Ligament inner-
vation enables proprioceptive reflexes that help prevent excessive
movements [29].

Cranial Cruciate Ligament (CCL) rupture typically occurs due
to internal rotation forces and hyperextension of the stifle joint,
especially during abrupt movements and fixed weight-bearing of
the limb [12]. Factors such as aging, obesity, and genetic predispo-
sition influence the progression of the injury, which leads to joint
instability, osteoarthritis, and meniscal involvement [31,2]. Large
breeds, such as Rottweilers and Labrador Retrievers, are more pre-
disposed, especially in young individuals [21].

The diagnosis is confirmed by the cranial drawer test, which
identifies abnormal tibial displacement, although partial and chron-
ic lesions may complicate the assessment [29,12]. Caudal Cruciate
Ligament (LCCa) injuries are rare and often traumatic, with a lower
functional impact [15].

Uniaxial tensile tests are widely used to evaluate ligament
strength, characterizing the relationship between applied load and
deformation until rupture [9]. Ligaments exhibit viscoelastic, aniso-
tropic, and nonlinear behavior, adapting to different directions and
types of load [33]. During tension, collagen fibers initially stretch
and align, followed by a linear phase until progressive rupture of
the fascicles and tissue collapse, at which point the maximum load
is reached [4]. Recent studies indicate that histological changes
precede ligament failure, including extracellular matrix remodeling
and cellular apoptosis, emphasizing the importance of early diag-
nosis [23].

In light of the above, the present study aimed to determine the
maximum strength and deformation capacity of the cranial and
caudal cruciate ligaments in dogs.
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Materials and Methods
Material Acquisition

With the approval of the Human and Animal Studies Ethics
Committee under protocol No. 27051115, fifty-three adult dogs-26
males and 27 females, of no defined breed and medium size-were
collected from the Zoonoses Control Center (CCZ) of the Municipal-
ity of Petrolina (PE). The animals, already euthanized, were sent to
the Laboratory of Anatomy of Domestic and Wild Animals at the
Federal University of the Sdo Francisco Valley (Univasf).

Body Biometry

For the assessment of body biometry, a measuring tape and a
caliper with millimeter precision were used to obtain the following
measurements:

a) Height: measured from the distal end of the thoracic limb to
the shoulder region, corresponding to the spinous processes
of the thoracic vertebrae located between the scapulae, also
referred to as the withers.

b) Length: measured along the vertebral column from the nuchal
crest to the base of the tail.

c) Shoulder girdle width: measured between the contralateral
scapular spines.

d) Pelvic girdle width: measured between the coxal tuberosities
of the iliac wings.

e) Thoracic height: measured from the base of the sternum to
the spinous processes of the seventh or eighth thoracic ver-
tebrae.

f) Abdominal height: measured from the umbilical scar to the
spinous processes of the third or fourth lumbar vertebrae.

g) Cranial length: measured from the frontonasal suture to the
nuchal crest.

h) Nasal length: measured from the tip of the nose to the fron-
tonasal suture.

i) Head width: measured between the lateral surfaces of the
contralateral zygomatic arches.

j) Head height: measured from the nuchal crest to the mandib-
ular angle.

Body mass was determined using a digital scale, with values ex-
pressed in kilograms.

Dissection of the Material

After completing the body biometry of the cadavers, the pelvic
limbs were first disarticulated at the coxal joint using a scalpel and
forceps. The limbs were dissected by reflecting the muscles of the
femoral region, as well as other adjacent structures such as liga-
ments, vessels, and nerves. The same procedure was performed in
the tibial region: muscles covering the tibia were reflected, vascu-
lonervous structures were sectioned, and adipose and connective
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tissues were removed to expose the tibia, leaving only the femur
and tibia with the joint intact. Subsequently, in the femorotibial
joint, the joint capsule, synovial bursae, and ligaments not relevant
to the experiment were reflected.

Copyright© Thalyta Thayanny Santos Souza

After completing the dissection, only the femorotibial joint with
intact cranial and caudal cruciate ligaments was obtained. After fin-
ishing the dissection, the femur and tibia were fractured at their
midshaft using a band saw (Figure 1).

Note*: Source: Personal archive.

Figure 1: In A, cranial view of the femorotibial joint, showing the cranial cruciate ligament (1) and caudal cruciate ligament (2). In B, caudal view
of the femorotibial joint, showing the cranial cruciate ligament (1) and caudal cruciate ligament (2); images were grouped for illustrative purposes-
Petrolina (PE), 2025.

It is important to emphasize that during the dissection of the
joints, if any articular or bone abnormalities were detected, the
sample was discarded, as such conditions could interfere with the
experimental results.

Ligament Biometry

After dissection of the joints, the medio-lateral and cranio-cau-
dal thicknesses of all ligaments involved in the study were mea-
sured using a caliper, in both antimeres.

Destructive Mechanical Testing

The joint specimens were taken to the Materials Testing Lab-
oratory at Univasf, where the mechanical tests consisted of tensile
testing of the cranial and caudal cruciate ligaments. For this pur-
pose, the femur was secured to the upper grip and the tibia to the
lower grip (Figure 2). Once fixed, the machine was operated via
computer, initiating traction on the joint until the ligament no lon-
ger resisted the applied force, thereby recording the maximum load
(N) and deformation (mm) (Figure 2).

Note*: Source: Personal archive.

Figure 2: In A, femur fixed to the upper clamp of the universal testing machine; in B, tibia fixed to the lower clamp, during the tensile mechanical
testing of the cranial and caudal cruciate ligaments-Petrolina (PE), 2025.

Statistical Analysis

Initially, the data were tabulated in Excel, dividing the samples
into two groups according to sex. Each variable underwent a pre-
liminary analysis using the R program to detect possible outliers.
After this preliminary work, statistical analysis was performed us-
ing Student’s t-test in SAS 9.2, adopting correlations with a signifi-

cance level greater than 0.7.

Results and Discussion

The means, standard deviations, and confidence intervals of the
body biometric data of females and males are described in Table
1. The body biometric data showed significant differences between
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sexes, with males presenting higher values in all evaluated param-
eters. The 95% confidence intervals indicated consistency in the
morphological differences between sexes, suggesting that these
variations may directly influence biomechanical and functional as-
pects, such as the distribution of joint forces and the resistance of
ligamentous tissues.

Consulting the literature regarding the biomechanical analysis
of the ligaments studied in this work, it was found that these do not
report the body biometric data of the animals used; or, when men-
tioned, it is limited to body mass, as reported by Brendolan, et al;
(2001) [3], who studied the mechanical properties of the fascia lata
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and the cranial cruciate ligament, and reported only the body mass
of the dogs, which averaged 11.8 kg+1.99-values close to those ob-
served in this study. [20] Las Casas, et. al; (2008), when analyzing
the mechanical properties of the cruciate ligaments, reported that
the dogs used weighed between 34kg and 36kg, representing a
range higher than that of the animals in this experiment. The per-
formance of body biometry in the dogs used in the experiment is
important for establishing possible relationships between ligament
resistance and body dimensions-such as height, length, and circum-
ferences-which varied significantly between males and females,
highlighting the relevance of morphological characterization for
biomechanical studies (Table 1).

Table 1: Body biometric data of the dogs used in the research sample, with body mass expressed in kilograms and the other measure-

ments in centimeters-Petrolina (PE), 2025.

Body Param- Mean Standard Deviation Confidence Interval (95%)
eters Females Males Females Males Females Males
Mass 11,32 13,60 3,62 4,83 9,91 12,72 11,55 15,63
Height 54,10 55,12 6,73 7,47 51,48 56,69 51,96 58,27
Length 65,60 69,27 9,20 8,02 62,09 69,10 65,89 72,66
Shoulder girth 49,11 52,60 5,96 7,53 46,75 51,46 49,17 56,02
Pelvic girth 40,90 42,20 7,95 10,06 37,90 43,91 37,85 46,55
T}}l‘;:‘}ftic 27,23 28,69 3,90 3,81 2575 28,72 27,05 30,27
Ab}‘lj:ilg“hi?al 23,45 25,16 439 423 21,77 25,12 23,37 26,94
Nasal length 8,10 8,70 1,79 1,02 7,40 8,75 8,28 9,14
Cranial box 12,13 12,99 1,63 1,54 11,50 12,80 12,32 13,65
length

Head width 15,40 16,99 1,88 1,73 14,65 16,07 16,24 17,73
Head height 12,12 13,49 1,78 2,02 11,50 12,55 12,64 14,35

Note*: Source: Author’s own work.

In the present study, the cranio-caudal and medio-lateral thick-
nesses of the ligaments were measured at their mid-third. Table 2
presents the biometric data of the cranial and caudal cruciate lig-
aments of the dogs used in the research, with measurements ex-
pressed in millimeters. It was observed that males exhibited higher
mean values in all ligament dimensions compared to females, for
both the CrCL and CaCL. In the CrCL, the left medio-lateral thick-
ness was the largest among the evaluated parameters, averaging
3.87mm in males and 3.21mm in females. The cranio-caudal thick-
ness was also greater in males, especially on the left side (2.66mm)

compared to females (2.17mm). In the CaCL, males presented a
left medio-lateral thickness of 3.21mm, while females recorded
2.75mm. The smallest measurement was observed in the right cra-
nio-caudal thickness of the caudal ligament in females (2.03mm).
Standard deviations indicate greater variability in male mea-
surements, particularly in the right CrCL medio-lateral thickness
(SD=1.19 mm). These findings suggest that ligament dimensions
vary according to sex, limb side, and ligament type, which may di-
rectly influence their biomechanical resistance and structural be-
havior under joint loads (Table 2).

Table 2: Biometric data of the ligaments of the dogs used in the study, with measurements expressed in millimeters-Petrolina (PE),

2025.
Mean Standard Deviation
Ligament Biometric Data
Females Males Females Males
Right c1.‘amo-caudal 231 2,50 0,71 0,78
thickness

Right medio-lateral

Cranial cruciate ligament thickness 3,10 375 0.85 1,19
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Left cr.almo—caudal 217 2,66 0,65 0,63
thickness
Left medio-lateral
Cranial cruciate ligament thickness 321 387 077 oo
Right c1.‘amo-caudal 2,03 2,33 0,62 0,91
thickness
Right rrlledlo-lateral 2,65 3,16 0,66 0,70
thickness
Left cr.almo—caudal 2,03 2,48 0,73 0,88
thickness
Left medio-lateral
Caudal cruciate ligament thickness 2,75 321 07 058

Note*: Source: Author’s own work.

Fifty-three dogs were used in the experiment, totaling 106
joints subjected to destructive tensile mechanical testing. Among
these, 29 joints (29.35%) presented bone fractures prior to liga-
ment rupture, indicating structural failure at the bony ends during

the test. The fractures occurred predominantly in the femoral con-
dyles, the proximal tibial epiphysis, or at the insertion sites of the
cruciate ligaments (Figure 3).

Note*: Source: Personal archive.

Figure 3: Femoral condyle fracture during the execution of a tensile mechanical test of the cruciate ligaments (A). Proximal tibial epiphysis
fracture during the execution of a tensile mechanical test (B)- Petrolina (PE), 2025.

The probable cause of these fractures was attributed to the
initial method of securing the bones in the grips of the testing
machine, as the ruptures occurred when the bone segments were
fixed at their extremities. After adjusting the technique, with fixa-
tion closer to the joint, the problem was resolved. [20] Las Casas, et
.al; (2008), when studying the mechanical properties of the cruci-
ate ligaments, reported a similar occurrence of femoral epiphyseal
fractures during the first attempts, which was resolved after adjust-
ment of the fixation.

[7] Costa, et. al; (2007) also observed bone fractures prior to
Cranial Cruciate Ligament (CCL) rupture in pigs, reinforcing the im-
portance of fixation technique in tensile tests. [3] Brendolan, et. al;
(2001) reported only one avulsion of the lateral femoral condyle
before ligament rupture, associating the event with the animal’s
bone immaturity, as dentition indicated an approximate age of one
year, possibly with growth plates still open. The influence of age
on ligament resistance remains controversial. Haut, Lancaster, and
[12] Decamp, et. al; (1992) concluded that the failure load of the pa-
tellar ligament does not vary with age. Conversely, [31] Vasseur, et.
al; (2007) states that the resistance of the cranial cruciate ligament
in dogs decreases with aging, attributing this reduction to progres-

sive disorganization of collagen bundles (Figure 3).

Another relevant factor that can influence ligament strength
and predispose to bone fracture prior to rupture is the sensitivity
of the structural properties of the bone-ligament-bone complex to
the rate of deformation applied during testing. Studies have shown
that at high speeds, ligaments tend to fail under higher loads, with
failure occurring predominantly in the ligament portion. Converse-
ly, at lower speeds, there is a greater propensity for bone avulsion
[24,8]. This behavior is characteristic of viscoelastic tissues, such
as ligaments and tendons, which respond differently depending on
the deformation rate.

During the tests conducted, it was observed that the Cranial
Cruciate Ligament (CCL) ruptured before the Caudal Cruciate Lig-
ament (CaCL), suggesting greater biomechanical resistance of the
CaCL, which may explain the higher clinical prevalence of CCL rup-
tures [25]. This difference is related to the intrinsic properties of
the ligament complex and is relevant for diagnosis and the defini-
tion of therapeutic strategies in cases of joint instability.

Both ligaments exhibited a preferential rupture pattern in the
middle third (Figure 4), a region subjected to higher mechanical
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stress due to the crossing of functional fiber bundles and lower
local vascularization, contributing to their structural vulnerabili-
ty [3,32]. Additionally, cellular and structural alterations, such as
disorganization of collagen fibers, tenocyte apoptosis, and modu-

Copyright© Thalyta Thayanny Santos Souza

lation of hormonal receptors-including those for relaxin-interfere
with the homeostasis of the extracellular matrix, constituting early
markers of ligament degeneration [26,23] (Figure 4).

Note*: Source: Personal archive.

Figure 4: Visualization of the mid-third rupture pattern of the caudal cruciate ligament (arrow)- Petrolina (PE), 2025.

[20] Las Casas, et. al; (2008) emphasize that several factors
can influence the results obtained in uniaxial tensile tests, as the
methodology described in the literature shows considerable varia-
tion, especially regarding the method of structure fixation. Beyond
technical differences, there is also inherent variability in biological
tissues, whose mechanical properties may differ between individu-
als even under similar experimental conditions. This combination
of factors contributes to discrepancies in results between studies,
making direct comparisons and standardization of biomechanical
parameters challenging. The mean values of maximum strength

and deformation of the cranial and caudal cruciate ligaments, ob-
tained through biomechanical tests, are presented in Table 3. It was
observed that the caudal cruciate ligaments, both right and left, ex-
hibited greater strength capacity compared to the cranial cruciate
ligaments in both sexes. In the male group, the right CCLa showed
the highest mean strength value (1882.90 + 1670.60 N), followed
by the right CCLr (1678.70+£1628.60 N). Among females, the high-
est value was observed in the left CCLa (1384.50+733.60 N) (Table
3).

Table 3: Biometric data of the ligaments of the dogs used in the study, with measurements expressed in millimeters-Petrolina (PE),

2025.
Mean
Ligament Biometric Data Females Males
Maximum strength capacity 1129,20£598,70 1678,70+ 1628,60
Right cranial cruciate Deformation 12,00+ 3,40 17,12+13,21
Maximum strength capacity 1177,00+600,20 1275,30+768,00
Left cranial cruciate Deformation 14,07+7,56 12,95+ 6,3
Maximum strength capacity 1284,30+658,90 1882,90+1670,60
Right caudal cruciate Deformation 14,38+6,71 20.95+13,63
Maximum strength capacity 1384,50+733,60 1510,30+860,20
Left caudal cruciate Deformation 17,17+8,93 16.50+7,06

Note*: Source: Author’s own work.

The comparative analysis with previous studies shows that the
standard deviations observed in this work, although high, are con-
sistent with those reported in the literature, even when method-
ological differences exist. Brendolan, Rezende and Pereira (2001),
when performing tensile tests on the cranial cruciate ligament
(CCL), obtained an average strength of 679.43 N+252.47 and an
average deformation of 10.42 mm+2.61, values that correspond to
approximately half the strength observed in this study, although
the deformation values are similar, albeit slightly lower. This dis-

crepancy can be attributed to the testing speed, which in the cited
study was 8.77mm/min, whereas in this work it was 25mm/min.
[20] Las Casas, et. al; (2008) caution that comparisons between
studies should be made carefully, as there is considerable variation
in the loading rate, as well as differences in fixation methods and
experimental conditions. Even among samples of the same species
subjected to the same loading rate, biomechanical behavior can
vary significantly. Recent studies reinforce that ligament response
to cyclic testing depends strongly on the fixation system, load rate,
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and number of cycles, directly influencing failure patterns [10].

The variability of the obtained data may also be related to histo-
logical differences between the ligaments, such as the composition
and orientation of collagen fibers, degree of vascularization, and
presence of specific cellular markers [11]. Despite the extensive
morphometric characterization performed in this study, no statisti-
cally significant correlation was observed between body biometric
parameters and the biomechanical properties of the ligaments, in
either males or females. These findings support finite element-
based computational models, which indicate that the structural
response of the joint to loads or implants is not directly related to
body size, but rather to the tissue properties of the ligament [19],
emphasizing the importance of individualized approaches in the
treatment of ligament ruptures. Additionally, no biomechanical
studies specifically addressing the caudal cruciate ligaments in
dogs were found in the consulted literature, highlighting the origi-
nality and relevance of the data presented in this work.

Based on the means and respective standard deviations of the
analyzed variables, possible relationships between biomechanical
and biometric parameters were assessed. It was observed that, in
both males and females, there was no statistically significant cor-
relation between body biometric parameters and the maximum
strength or deformation of the Cranial Cruciate Ligament (CCL)
and caudal cruciate ligament (CaCL). However, in the female group,
strong correlations (r>0.7) were identified between the strength of
the right CCL and the following variables:

a) its corresponding deformation (r=0.75345).
b) strength of the left CCL (r=0.72997).

c) strength of the right CaCL (r=0.96922).

d) strength of the left CaCL (r=0.70539).

Still among the females, the strength of the left CCL showed
a high correlation with its deformation (r=0.71333) and with the
strength of the ipsilateral CaCL (r=0.96391). In the male group, the
strength of the right CCL was strongly correlated with its deforma-
tion (r=0.89911) and with the strength of the left CaCL (r=0.98570).
The left CCL, in turn, demonstrated a high correlation with its de-
formation (r=0.85273) and with the strength of the CaCL of the
same limb (r=0.97172).

These correlations suggest a synergistic function between the
cranial and caudal cruciate ligaments in maintaining knee joint sta-
bility. Ex vivo biomechanical evaluations indicate that the integrity
of the CCL is essential for the collective performance of the liga-
ment complex, and its rupture requires therapeutic interventions
that restore quasi-isometric points [14], promoting biomechanical
balance and improved clinical outcomes.

Conclusion

The present study significantly contributes to the understand-
ing of the biomechanical properties of the cranial and caudal cruci-
ate ligaments in dogs through destructive tensile mechanical test-
ing. The results demonstrated that the caudal cruciate ligaments
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exhibited greater resistance and deformation capacity compared
to the cranial cruciate ligaments, with male animals standing out,
showing higher mean values in almost all evaluated parameters.
Despite extensive body biometrics characterization, no statistically
significant correlation was observed between body dimensions and
ligament resistance or deformation, reinforcing that structural and
histological factors are determinant in the biomechanical response.

Internal correlations between the ligaments, particularly be-
tween contralateral pairs and between resistance and deformation,
highlight the synergistic function of the ligament complex in knee
joint stability. The occurrence of bone fractures prior to ligament
rupture in some samples underscores the importance of fixation
technique and testing speed in conducting biomechanical assays.
Furthermore, the lack of previous studies on the caudal cruciate lig-
aments in dogs reinforces the originality and relevance of the data
presented.

These findings provide technical-scientific support for future
research aimed at the development of biocompatible materials for
ligament replacement, as well as for the improvement of surgical
techniques and individualized therapeutic strategies in cases of lig-
ament rupture or degeneration.
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