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ABSTRACT

The cruciate ligaments are the ligamentous structure of the knee, which 
function as a joint stabilizer. It is known that the anterior cruciate liga-
ments are the most commonly injured ligaments of the knee, and are 
typically removed during total knee replacement. Also, that exists a 
limitation of existing grafts which has have motivated the investigation 
of tissue-engineered anterior cruciate ligament grafts. These investiga-
tions include different types of scaffold design. Although these designs 
have exhibited comparable behavior as natural anterior cruciate liga-
ments, still there is no commercially available synthetic graft that could 
achieve fully the mechanical properties of natural ones. In this paper 
it is attempted to accomplish this goal by introducing the design of 
cruciate ligaments based on the similarity between the mechanical 
behavior of the cruciate ligaments and the mechanical behavior of 
bridge cables, which allows one to apply the theory of the latter to 
propose an arrangement of braided threads of polyethylene and 
polypropylene. Mechanical tests on the proposed model show that the 
mechanical behavior of the designed cables is similar to the cruciate 
ligaments. The observed differences in stress-strain curves showed an 
average error of 10.08% for the anterior cruciate ligaments ACL and 
9.99% for the posterior cruciate ligaments PCL. 
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RESUMEN

Los ligamentos cruzados son las estructuras ligamentosas de la rodilla 
que tienen la función de darle estabilidad a la misma. Se sabe que 
los ligamentos cruzados anteriores son la estructura de la articulación 
de la rodilla que más comúnmente se ve afectada por alguna lesión 
y suelen retirase cuando se realiza una intervención quirúrgica de 
reemplazo total de rodilla. Por otro lado, existe una limitación en el 
número de implantes disponibles para las prótesis de rodilla, lo que 
ha impulsado el desarrollo de nuevas investigaciones en el área de 
la ingeniería de tejidos. En estas investigaciones se han creado nue-
vos tipos de andamios para tejido. A pesar de que estos andamios 
han demostrado comportarse en cierto modo como los ligamentos 
cruzados de origen natural, no existe un andamio a nivel comercial 
que pueda ser utilizado con confianza dado que no reproducen 
completamente las propiedades mecánicas de los ligamentos. En 
este artículo, se presenta un desarrollo que trata cumplir este obje-
tivo a partir de las similitudes en el comportamiento mecánico de 
los ligamentos cruzados y de los cables puentes a base de cables. 
Esta idea permite usar las ideas de esta última para proponer una 
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INTRODUCTION

As described by Laskin1, the cruciate ligaments (CL) 
combined with the quadriceps and patellar tendons 
provide stability to the knee joint and prevent move-
ment of the tibia on the femur. They also have as a 
secondary function to prevent hyperextension and 
excessive internal rotation of the tibia on the femur. 
Also puts restrictions on the stress experienced dur-
ing valgus or varus in all flexion angles and allow the 
movement of the knee to full extension.

Wolfe2, describes that approximately 1% of the 
population has symptoms of rheumatoid arthritis 
and 12% had a progressive disabling disease that 
usually affects multiple joints. For the patients with 
rheumatoid arthritis, with one and sometimes both 
knees affected, total knee replacement (TNR) has 
become the mean to restore normal joint function. 
The implant survival rates, with a follow up lower than 
ten years, as described in3, varies from 90 to 97%. It 
should be mentioned that studies with follow up larger 
than ten year are difficult to find in the literature4. 
When a RTR is carried out, it is a common practice to 
retain the posterior cruciate ligament (PCL) resulting 

in an improvement of the general performance of 
the prosthesis5. However as described Paessler and 
Mastrokalos6, new techniques for reconstruction and 
replacement of these should be considered.

The ligaments are composed of a set of collagen 
fibers that are oriented in the longitudinal direc-
tion and take a wavy form when the ligament is 
relaxed7. As the tension and deformation increase, 
the fibers stiffen and begin to bear a load. Figure 
1a shows a typical plot of stress-strain of the CL. In 
region I, at the beginning of loading, most of the 
collagen fibers are relaxed. When the ligament is 
stretched, the second zone, the fibers are aligned 
and straightened along the longitudinal axis of the 
CL and suffer a lateral contraction. Under this load 
a linear deformation is presented that varies from 
5 to 12% of the total deformation. The third area 
corresponds to failure of the CL, which begins with 
the failure of some fibers from the whole set8,9 until 
the full ligament is tore off.

The cruciate ligaments exhibit viscoelastic mechan-
ical properties as described by Lakes10, i.e. characteris-
tics of creep, relaxation, continuously variable stiffness 
and hysteresis. This condition was demonstrated by 
Pioletti11, who introduced a series of stress-strain plots 
of ligaments at different strain rates. In these graphs, it 
is shown that the stress-strain curves depend both on 
the elastic properties as well as the speed with which 
the tissue is deformed, which implies that the stiffness 
increases with the speed of deformation.

Traditionally, ACL injuries have been treated with 
biological grafts. Alternatively, attempts have also 
been made to use synthetic materials in ligament re-
placements. There are several commercially available 
synthetic ACL grafts, including the Gore Tex prosthesis, 
the Stryker-Dacron ligament, and the Kennedy liga-
ment augmentation device (LAD)5,11-13. Although these 
synthetic grafts exhibit excellent short-term results, the 
long-term clinical outcome is poor due to mechanical 
mismatch, poor abrasion resistance, high incidence 
of fatigue failures, and limited integration between 
the graft and host tissue14-17.
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Figure 1. Typical stress -strain curve for de CL11.

serie de hilos trenzados de polietileno y polipropileno. Las pruebas 
mecánicas realizadas en este tipo de arreglos y en ligamentos cru-
zados dieron resultados muy similares. Las diferencias observadas en 
las curvas tensión-estrés mostraron un error promedio de 10.8 % para 
los ligamentos cruzados anteriores y de 9.99% para los ligamentos 
cruzados posteriores.

Palabras clave: Ligamentos cruzados, LCA, LCP, diseño, injertos, rodilla.
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different stages of deformation, i.e. spring 1 acts 
from the moment that begins the deformation, then 
the spring 2 acts together with the spring 1 when the 
strain reaches a value of 1, after this, the spring 3 
acts with the two before reaching the value of strain 
2 and so on. Since both ropes and ACL works under 
the action of a tensile force, it can be argued that 
an arrangement of ropes, similar to the arrangements 
of Frisen20, can approximate fairly close the common 
stress-strain behavior of ACL. This assumption sets the 
foundation of the present work.

MATERIALS AND METHODS

Even when torque is not deliberately applied, the 
application of tension to a twisted rope structure will 
generate torque, which, unless fully resisted at the 
termination, will cause the rope to twist so as to relieve 
the torque. The twisting, or untwisting, will contribute 
to rope elongation in addition to the direct effect 
of tension. Tension, torque, elongation and twist are 
thus inextricably linked18. General theory of rope de-
sign can be found in18,21,22, and will not be repeated 
here. However, considering that ropes or yarns have 
a behavior similar to ligaments, when the angle , 
at which the threads are twisted, changes, the rope 
increases its stiffness and requires a increasingly higher 
load to be deformed. Based on the general theory 
for rope design, in Figure 2 it is shown the stiffness 
variation as a function of the angle a. The graph also 
shows the comparison of stiffness of cables of 6 and 
8 threads. It can be seen from this graph that as the 
angle increases the stiffness increases following a near 
parabolic behavior. It also increases as the number 
of threats increases.

As described by Freeman14, a successful tissue 
engineered graft must possess mechanical properties 
similar to the ACL; to date no commercially available 
synthetic graft has achieved this. He claims to accom-
plish this goal by having combined the techniques of 
polymer fiber braiding and twisting to design a novel 
poly L-lactic acid (PLLA) braid-twist scaffold for ACL tis-
sue engineering. The scaffold was designed to mimic 
the biomechanical profile and mechanical properties 
of the ACL. He also says that the ACL is a dense, highly 
organized, cable-like tissue composed of types I, III, 
and V collagen, elastin, proteoglycans, water, and 
cells. In addition, he mentions that ligaments display 
unique mechanical behavior due in part to the crimp 
pattern of the collagen fibers in the ligament. The 
presence of the crimp pattern allows ligaments to 
increase in length under low strains without straining 
the collagen molecules and plastically deforming the 
collagen fibers. This enables the tissue to respond to 
the presence of maintained stress and still recover (up 
to a certain amount of strain).

Probably at different times in different parts of 
the world, but always before recorded history, men 
and women discovered that they could take fibers 
or coarser strands found in nature, twist them to-
gether to make long, strong yarns, and then twist 
the yarns together to make thicker ropes Through 
the centuries, ropes have been used for many pur-
poses: in shipping, in farming and fishing, in bridges, 
in climbing, as barriers, as hoists, as clothes-lines, 
to tie people up and to hang them18. A modern 
engineering definition of rope could be a flexible 
tension member. Flexibility reflects the ease of han-
dling. Tension member reflects the fact that ropes 
are only useful in tension.

Together with rope construction, the fibre tensile 
stress-strain behavior is the controlling factor of the 
most important properties of ropes. These include 
not only rope tensile properties, namely extensibility, 
and its complement, extensional stiffness, recovery 
from loading, creep and other time-dependent ef-
fects, energy absorption on impact loading, energy 
dissipation (which causes heating) break load, and 
break elongation, but also bending and torsional 
stiffness. As shown in18, polymeric fibers exhibit a 
stress-strain behavior, that can be compared to 
fractions of the results found in studies such as the 
one presented by Song19, from where it could be 
envisage that a combination of materials or rope 
construction.

The behavior of the ligaments can be represented 
by the model of Frisen20, which consists of a set of 
springs in parallel, and where each spring works at 

Figure 2. Cable stiffness for different twisting angles and 
wire number.
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ACL design

The characteristics to be met by biomaterials23, on the 
design of CL are: functionality, stability, compatibility, 
and sterility. In addition, the demands for the design, 
requires that materials employed exhibit larger elas-
ticity and tensile strength than the natural ligaments. 
The most suitable materials according to Brown24 are 
polyethylene (PE) and polypropylene (PP).

Work on determining the elastic properties of PP and 
PE yield varying results25,26. Because of this, it is required 

the mechanical characterization of both materials. 
Figure 3 shows the force-strain diagrams obtained 
experimentally for the selected materials. Figure 3a 
shows the PE curve, where it can be seen that the load 
on the yield point is 40 N at 20% deformation and the 
ultimate strength is 80 N at 54% strain. Similarly Figure 
3b shows the force-deformation diagram for the PP, 
whose characteristic point is the load yield strength, 
which occurs at 28 N and 13 % of deformation. The 
results of these measurements are shown in Table 1. 
The properties obtained are the values of the elastic 
modulus and deformation at yielding and ultimate 
conditions for the selected materials.

Figure 4 shows the arrangements for the anterior 
cruciate ligament (a) and posterior cruciate ligament 
(b) of this work. The arrangements in both cases are 
composed of three yarns of different lengths. These 
arrangements are intent to work as described by the 
model of Frisen20, but here as the yarns start to work 
together, the stiffness increases steeping its slope as 
every yarn starts to act with the previous.

RESULTS

LC were built and evaluated in a universal machine, 
Testometric® with a capacity of 5 kN. The results ob-
tained are shown in the graphs of Figure 5 and are 
compared to theoretical results as well as the experi-
mental results obtained from tests Pioletti27. Figure 5a 
shows the results for the ACL and in 5b are shown the 
results for the PCL. It can be seen from these graphs 
that the experimental curve described by the ar-
rangement proposed of three yarns of different length, 
behave fairly close to the theoretical curve and to the 
experimental results of the natural ligaments described 
in Pioletti test27.

The cruciate ligaments are connecting elements 
between the components of the knee joint. The 
way in which they work are loading and unloading 
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Figure 3. Experimental force–strain curves for (a) polyethylene 
PE y (b) polypropylene PP.

Table 1. Elastic properties of PE and PP wires.

 Properties Material
  PE PP

 Young modulus, MPa 1208.7 2016.4
 Yield strain, % 20 12
 Ultimate strain, % 53 48

25.4 mm

25.4 mm

23.3 mm 25 mm

26 mm
27 mm

 (a) (b)

Figure 4. Arrangement of yarns for (a)ACL and (b) PCL.
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cycles for each gate cycle at a frequency of 1 cycle 
per second for normal conditions so that they are 
exposed to fatigue. Under this circumstances, and 
as described by Basquin28, the amplitude of fatigue 

stress, based on the stress for one million cycles per 
year and a minimum of 10 years, for polyethylene 
and polypropylene are 45 MPa and 22 MPa. In order 
to accomplish these conditions, the twisting angle to 
satisfy them was calculated, these were 63 and 73 
degrees which lie below the angle indicated by the 
criterion of Basquin28.

From the cycling stress tests of strain for the pro-
posed models, the arithmetic mean and maximum 
deviation of strength for each percentage of strain was 
obtained. In Table 2 are shown these values, where  
is the arithmetic mean, Dm is the maximum devia-
tion, n is the number of tests, and Xi is the force value 
of each test. Xmin and Xmax are the maximum and 
minimum force values respectively.

DISCUSSION

As described in Freeman12, the anterior cruciate liga-
ment (ACL) is the major intra articular ligament of the 
knee and the most commonly injured ligament of the 
knee. There are between 100,000 and over 250,000 
(or 1 in 3,000 in the general population) patients per 
year diagnosed with ACL disruptions with approxi-
mately 50,000 ligament reconstructions performed 
annually. It is also mentioned that there are a number 
of options available to surgeons for ACL replacement 
including autografts, allografts, and synthetic devices; 
the later includes natural and synthetic polymers.

In the past there have been woven or braided 
ligament replacement structures which performed 
well in the short term after implantation, but the 
long-term outcomes of these prostheses have been 
por. The scaffolds produced using this 3-D braiding 
technique as described in13, have mechanical prop-
erties comparable to the natural ACL. The braiding 
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Figure 5. Comparison between Pioletti27, analytical and ex-
perimental results of (a) anterior cruciate ligament ACL and 
(b) posterior cruciate ligament PCL.

Table 2. Arithmetical mean and standard deviation of cruciate ligament forces.

 Strain     Anterior cruciate ligament Posterior cruciate ligament.
  X

_
   (N) Dm (N)  X

_
   (N) Dm (N)

 0.01 4.33 0.5 5.00 0.0
 0.02 8.33 0.5 10.33 0.5
 0.03 17.00 1.5 15.66 1.0
 0.04 35.66 2.0 29.00 2.0
 0.05 50.33 2.5 45.66 2.0
 0.06 72.33 2.5 60.66 2.0
 0.07 105.33 2.5 75.66 2.0
 0.08 130.33 2.5 100.33 2.5
 0.09 165.33 2.5 120.33 2.5
 0.10 205.33 2.5 142.33 2.5
 0.11 240.00 2.5 165.33 2.5
 0.12 280.00 2.5  180.33 2.5
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method provides wear and rupture resistance to 
the scaffolds. The 3-D braiding technique causes 
the fibers to be woven throughout the entire thick-
ness of the braid giving it strength and reinforcing 
the structure, thus preventing total scaffold failure 
if some of the fibers are damaged. Another recent 
design is the braid-twist scaffold12,14 combines two 
techniques, fiber braiding and fiber twisting. Ac-
cording with Freeman12 combining fiber twisting with 
fiber braiding yields a mechanically stable structure 
with a larger load capacity and greater degree of 
extensibility. The degree of braiding or twisting can 
be altered in order to match the device mechanics 
with the mechanics of the tissue being replaced. He 
also mentions that the structure of this scaffold is also 
similar to the organization of a native ligament and 
is designed to mimic the biomechanical behavior 
of the ACL. Unfortunately the final relative stresses 
(0.873 and 0.829); of his poly -hydroxyester fibers 
were higher than those seen in ACL and posterior 
cruciate ligament (PCL)14.

The twisting of fibers is used in the textile industry 
to form yarns and then ropes. The twisting direction 
and degree of twisting affect yarn strength, abrasion 
resistance, and flexibility. In this work it is attempted to 
present an arrangement of polymer fibers, based on 
three yarns of different length that could mechani-
cally exhibit a similar behavior to natural ligament 
tissue as described by Pioletti27 and have a fatigue 
resistance mechanically established. A comparison 
of the experimental results obtained with this model 
is shown in Figure 5. Here it may be appreciated the 
fairly agreement between Pioletti27 results and present 
work. A maximum error difference of 10% can be 
measured between both experimental results. Fatigue 
resistance evaluation showed that the one million 
cycles could be fairly obtained. Although, no clinical 
test were carried out, it may be envisage the potential 
of the present arrangement for the application to ACL 
and PCL substitution.

CONCLUSIONS

The cruciate ligaments CL design proposed in this 
paper is based on the mechanical behavior of natural 
CL, which presents a viscoelastic behavior. This was 
reproduced with an array of twisted polyethylene and 
polypropylene fibers. The arrangement of fibers was 
base don the rope design theory, and with which it 
was fairly reproduced the viscoelastic behavior of 
natural CL.

The materials used in this work have a deformation 
rate of up to four times the natural cruciate ligament, 

that is, the percentage of deformation at the yield 
point are 20 and 13% respectively, compared with the 
natural cruciate ligament, which under physiological 
conditions normal deformed to 5%. The design of the 
CL was optimized in accordance to the criterion of 
failure. This ensures that none of the materials used, 
reaches the fatigue stress, which corresponds to 44.79 
MPa for the PE and 17.7 MPa for the PP. This promotes a 
life expectancy close to 10 years. The maximum error 
observed for the ACL was 10% and for the LCP 9.9%. 
Although, no clinical test were carried out, it may be 
envisage the potential of the present arrangement for 
the application to ACL and PCL substitution.
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