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Abstract
One of the most common sports injuries is a torn ACL (anterior cruciate ligament). Because of the
difficulties in repairing the torn ligament it is often replaced by a graft made from a tendon (often the
semitendinosus or combined with the gracilis). To replicate the function of the ACL the graft needs to
be fixed in tension, however because of the viscoelastic properties of the soft tissue material of tendons
this results in a drop in tension due to stress relaxation. This phenomenon is so problematic because a
loose graft means laxity of the knee, which can result in a range of issues from joint pain to early onset
osteoarthritis. This loss of tension happens after fixation of the graft and continues after surgery, so it
has been difficult to reduce it.
Naturally some major advancements have been made over the years to address the problem. Current
methods include increasing the level of tension at which the graft is fixed, which has shown to lead to
less laxity of the knee. Although this method is limited, as a tension too high can cause stiffness in
the knee. The use of ligaments instead of tendons for the graft also decreases relaxation, but can result
in knee pain at the donor site, so are used less than tendon ones. Some more progress has been made
by using the suspension method for fixation, where suture wire suspends the graft instead of screws or
cross-pins, reducing the amount of slippage of the graft.
All of these methods are applied before or during surgery, but not much research has been done in trying
to maintain tension after surgery. Therefore in this study a prosthetic is presented that is placed in series
to the graft that will maintain tension on the graft after closing the knee. The design of the prosthetic
is an elegant one, analogous to a hair-tie: a rubber band encased in a woven sleeve. The high stiffness
of the sleeve allows the tension to be applied to the graft as usual and the stretch of the rubber band
maintains tension after surgery, which reduces stress relaxation.
The approach to developing this prosthetic is as follows: First, a viscoelastic material model that captures
the relaxation behaviour of a semitendinosus tendon is developed, as no standard model is available yet.
Second, this model is combined with one for the prosthetic and investigated in numerical simulations to
examine the effect of the prosthetic. Third, a substitute for the tendon graft is made with a physical
spring-dashpot system, since human-tissue tendons are hard to acquire. Finally, to verify the working of
the prosthetic a prototype is tested in an experimental setup, simulating the surgery loading conditions.
This approach has given some important findings. The material model for the graft captures its behaviour
in relaxation and is able to predict creep well. In addition the physical spring-dashpot system used as
substitute for a tendon graft is able to simulate the viscoelastic behaviour and critically is also able
to replicate the strain-stiffening effect present in tendons. Lastly, both the numerical simulations and
experimental results show how effective the prosthetic is in decreasing stress relaxation.
Currently the efforts in reducing the problem of knee laxity due to stress relaxation have been focused
on the conditions before and during surgery (e.g. preconditioning protocol, initial tension). This study
offers a alternative perspective by dealing with the issue after surgery. By maintaining tension on the
graft the prosthetic is shown to significantly reduce stress relaxation.
The findings of this study show that the effects of the prosthetic proposed are promising and are worth
exploring further. It could be especially beneficial when combined with current methods of reducing
stress relaxation.
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Introduction
An ACL tear or damage is a common injury in athletes, in particular in soccer players due to the way
the tibia and femur twists around each other, over-extending the ACL, before a kick [27]. The ACL
operates in tension, keeping the knee stable, which is why knee instability is such a problem with ACL
ruptures. A torn ACL will not heal on its own [27, 33], mainly because the torn ends contract due to the
residual strain of the ACL: meaning the two ends cannot be bridged anymore. Therefore reconstruction
of the ACL with a graft is required. There are many different reconstruction methods, but usually a
graft is constructed from either the semitendinosus hamstring tendon, the gracilis hip adductor, or by
harvesting part of the patella tendon (runs on the front of the knee and around the kneecap).
While ACL reconstruction has been helpful in restoring knee functionality, there are still some issues
that have to be overcome. The main problem is increased knee laxity in anterior-posterior direction
(translation in front-to-back of the body) after reconstruction has taken place [4, 16]. This laxity is
caused by stress relaxation of the graft, resulting in a loss of tension [27, 7, 26, 1, 18, 10]. This increased
knee laxity can have serious consequences for the patient, with studies finding an increase in pain [6],
increase in knee instability, increased risk of reoccurring ACL injuries, and even a significant increase in
the risk of developing early knee osteoarthritis [27].
Since the stress relaxation of the graft is such a serious problem, progress has been made in understanding this effect. Ciccone et al.[7] found that in vitro experiments where the stress was allowed to fully
relax, the tension and stiffness in a tendon graft decrease by 50% and 80% respectively. Similarly Meike
et al.[26] looked at the long term increase in knee laxity and found that the increase in laxity from 1 to
7 years after reconstruction was not significant, whereas the increase from the day of the surgery to 7
years after was significant. This indicates that the stress relaxation of the graft completes shortly after
the surgery. This is in line with Ciccone et al.[7] who found that stress relaxation of a hamstring graft
completes within three hours after reconstruction.
In order to try to limit the stress relaxation problem, research has been done on the the optimal initial
tension value applied to the graft during surgery. With Yasuda et al.[46] in 1997 being one of the first
to test the effect of the initial tension value in patients, they found that initial tension in the range of 20
to 80 N results in the least amount of knee laxity. While some recommend an initial tension magnitude
of around 60 N or higher [7, 5, 15, 28, 46, 1, 39], there is no consensus yet on what the optimal value
should be.
In addition to initial graft tension, other means of limiting the stress relaxation problem have been devised as well. Preconditioning is a process whereby the graft is loaded for an extended period of time
to eliminate the visco elastic creep of the graft as much as possible before applying the initial tension
[30, 11]. The goal of preconditioning is thus to have some of the stress relaxation already take place
before the graft is secured inside the body, to try to maintain as much of the initial tension applied. It
is however not yet clear what the optimal preconditioning protocols should be [30].
The type of graft used is also important, with each type having its advantages and disadvantages. As of
yet, no difference has been found in the functionality of hamstring and patella grafts, but there is some
evidence that the use of a patella graft can cause pain while kneeling due to donor-site morbidity [6].
While Hamstring grafts do not have this problem, they do experience more stress relaxation than patella
grafts [13].
The configuration of the graft is also an issue that could have an impact on the knee laxity due to stress
relaxation. Standard ACL reconstruction is performed with a single graft bundle being secured in one
tunnel in the tibia and one tunnel in the femur. A functional ACL in essence consists of two bundles, so
it was therefore hypothesised that replacing these bundles separately would better mimic the functionality of a functional ACL. This is done by constructing two smaller grafts and running them through
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each their own set of tunnels: so in total there are four tunnels, two in the tibia and two in the femur.
The separate grafts are then joined together in the middle by sutures [27]. It is however not yet known
whether this method improves outcomes, with studies finding no clinical differences between a single or
double bundle construction [27, 24]. Because of this uncertainty and because of the increased complexity
of this procedure, this study will not focus on double graft bundle reconstruction methods, but design
for single bundle reconstruction.
In summary, many different methods have been developed to understand the behavior of ACL-reconstruction
grafts, and try to limit the problem of knee laxity due to stress relaxation in particular. Although, no
solution to the problem has yet been found. This study approaches the problem differently by designing
a prosthetic device that can manage the stress relaxation, by maintaining tension on the graft after
surgery, while the graft heals.
This study is structured as follows: First some theoretical background is included relating to the ACLreconstruction procedure and the structure of ligaments and tendons. Then the material model for the
semitendinosus tendon is presented and calibrated to experimental data. Next, the design process of the
prosthetic is discussed and its effect is shown in numerical simulations. After which the experimental
setup used is presented, including the substitution of the graft by a physical spring-dashpot system and
prototype of the prosthetic. Finally, the most important findings of this study are summarized and
evaluated. This includes a discussion of the limitations of the methods used and some recommendations
for points of further research.
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Chapter 1:
1.1

Theoretical background

Anterior Cruciate Ligament (ACL)

The anterior cruciate ligament (ACL) is one of five ligaments of the knee that make up the stability of
the knee. The ACL runs diagonally from the front of the tibia (shin) to the back of the femur (thighbone), see figure 1.2, and limits the anterior (to the front of the body) translation of the tibia relative
to the femur [27]. In figure 1.2 this is indicated as the z-direction, out of the page. In addition to this
translation, the ACL also limits internal rotation of the tibia relative to the femur and hyper-extension
of the knee.

1.1.1

Structure

Ligaments and tendons exhibit both nonlinear elastic and viscoelastic behavior. This elasticity is caused
by the structure and parallel placement of the fibers and the proteoglycan-rich matrix is the main contributor to the viscoelasticity.
Ligaments and tendons are soft collagenous tissues and have a hierarchical structure. The schematic
in Figure 1.1 illustrates this structure. The largest structure is of course the ligament (or tendon) that
divides into large sections, called fascicles. These fascicles are populated by fibroblasts, which are the
base cells of the ligament (or tendon) and fibrils, which are fiber like in structure.

Figure 1.1: Schematic representation of the structure of a ligament or tendon, showing the typical
hierarchical structure consisting of several layers of bundles. The fibrils in the fascicles have a ‘’waviness”
in their structure, what strongly contributes to the nonlinear stress strain behavior. [31, 20].
These fibrils have a ”waviness” in their structure, also called crimp. This structure gives the tissue its
nonlinear stress strain relationship that can be seen in the example graph of Figure 1.3a. When the
tissue is at rest the fibers have their waviness and when the tissue is loaded these fibers straighten out
causing the non-linear behavior at low strains. This region is also called the toe-region. Then when the
fibers are straightened, linear elastic deformation occurs as the fibers are extended, followed by yield and
rupture of the ligament (or tendon).
The importance of this crimp effect on normal functioning of the ACL should also be mentioned. When
the knee is bent (flexed) is when the ACL is most slack and the fibers are most crimped. If the knee
is extended the ACL is extended too and the fibers are straightened. This increases the stiffness of the
ACL and offers stability. The strain of the ACL or a tendon graft replacement is thus dependent on the
flexion angle of the knee [35]. It therefore matters in surgery what angle the knee is in when tensioning
5

the graft. Tensioning with at a fully extended knee, for example, will result in higher knee laxity as an
increase of laxity at this angle due to stress relaxation results in even more laxity at higher flexion angles.
Similarly, tensioning with a flexed knee will result in a graft that is too stiff when the knee is extended.
A flexion angle of 30◦ (measured from the extended position) is most commonly used in surgery [45].

1.1.2

Reconstruction

Rupture of the ACL is a common sports injury, in particular with sports like basketball or soccer because
it involves often twisting of the body around the knee joint. The ACL runs diagonally from the front
of the shin to the back of the thighbone, see Figure 1.2. Which means that when the foot is placed on
the ground and the body is turned to the other direction, the ACL is hyper-extended. When this is
done with enough force it can result in damage or rupture. Figure A.1.1 in Appendix A illustrates this
specific movement.
Because attempts at reconnecting the torn ends of the ACL come with some problems as discussed before,
often the ACL is instead replaced with a graft. This graft is constructed by taking (part of) a tendon
or ligament from the patient themselves to avoid rejection of the tissue. Common graft options are the
patella ligament, the semitendinosus hamstring tendon and the gracilis hip tendon. It is also common
for a combination of the semitendinosus and gracilis tendons to be used, whereby they are placed on top
of each other. This is usually done if one single tendon is found to be too short or thin to make a strong
enough graft.
There are advantages to both a graft made from the patella ligament and the hamstring tendons. The
patella ligament will display less stress relaxation than the tendon options, however there is a risk of
pain in the front of the knee where the graft was harvested from. Thus the most common procedure is
the tendon graft option.

Figure 1.2: Schematic view of the location of the anterior cruciate ligament (ACL) connecting the front
of the tibia to the back of the femur, and a visualization of a ACL-tear [8].
Another aspect of ACL reconstruction that can influence knee laxity is the fixation method by which the
graft is secured inside the bone tunnels. There are many different fixation methods for ACL reconstruction: the simplest being metallic or bio-degradable interference screws which clamp the graft in the bone
tunnels [33, 2]. Another method is inserting cross-pins through the bone perpendicular to the graft, fixing
it in place. More complex is the suspension fixation method (figure 1.3b): where the graft is secured by
means of an adjustable loop woven suture device, passing through a button outside of the bone tunnel
[3, 33, 27]. It has been shown that for securing tendon-type grafts, screws may experience more graft
slippage and have lower failure loads. Cross-pin devices allow for a more rigid fixation and higher failure
loads, however are associated with other complications during and after surgery [3]. For tendon-type
grafts, suspension fixation remains therefore the best option, and will be the method assumed here.

6

Figure 1.3: a) Typical stress-strain response of a ligament (or tendon) showing the crimp effect [27].
The initial non-linear response is due to the ‘’uncrimping” of the fiber, called the toe-region. Which is
followed by the linear elastic region, as the fibers themselves are strained, and finally yield and failure.
b) Schematic view of the suspension method of ACL-reconstruction where the tendon graft is suspended
by surgical wire through the tibia and femur bone tunnels. Tension is applied by tightening the wire on
the femur side, which is also the location where the prosthetic will be placed.

1.2

Semitendinosus tendon

As discussed before, a common tendon used for the graft is the semitendinosus tendon, which is the
middle of the three tendons on the hamstring muscle. It is very suitable for construction into a graft
because it is quite long and can be looped a few times to make a thick graft. Where the semitendinosus
can be used in a graft singularly because of its length, this is not the case for the gracilis tendon, which
is only used in combination with the semitendinosus. It is for the simplicity of one type of tissue that
for this study a graft is assumed to be constructed from one single semitendinosus tendon.

1.2.1

Strain stiffening

Tendons are soft collagenous tissues and have the same hierarchical structure ligaments (Fig 1.1) and
show the same non-linear stress strain behavior prior to the elastic region as ligaments do [21]. Which
is caused in the same way by ”uncrimping” of the fibers in the tendon, as seen in Figure 1.3a.
In practise this phenomena can be seen at low strains as a strain stiffening effect, whereby the material
becomes stiffer with increasing strain. Because the fibers in the tissue have a distribution of length, the
shorter fibers become straightened earlier than the longer ones. Meaning that as the tissue is strained
more and more fibers are straightened and gathered into the overall stiffness of the material. This results
in an increase of stiffness with an increase of strain, called the strain-stiffening effect. It is this effect in
particular that is important to capture in a material model for tendons or ligaments.
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Chapter 2:
2.1

Material model and calibration

Material model tendon graft

The simplest viscoelastic model that can predict both relaxation and creep that includes this strain
stiffening effect is the model devised by Sopakayang et al. [37]. Their model splits the characteristics of
a tendon into two components: the collagen fibers and the (proteoglycan-rich) matrix in which they are
encased. Therefore the fibers are assumed to behave like linear elastic springs when straightened. The
viscoelastic matrix is modelled in their paper as a single Maxwell element, which was enough modes to
match their rabbit ligament experimental data. However when this model was fitted against experimental
data of the human semitendinosus tendon [7] used here, it became clear that another Maxwell mode was
needed to match this data. Figure 2.1 shows the expanded model as used in this study.

Figure 2.1: Schematic view of the infinite springs material model, based on the model presented by
Sopakayang et al. [37]. Their model is expanded here as two Maxwell elements are needed to represent
the viscoelastic part. Parallel to these are an infinite number of springs to represent the strain-stiffening
phenomenon of soft tissue materials like tendons or ligaments.
The constitutive equation for this model is given by equation 2.1 The expanded model makes use of a
total of seven material model parameters: E1 , E2 , τ1 and τ2 for the Maxwell elements and Ef , α and β
for the fiber distribution. The last three indicating: the elastic modulus of a straightened fiber, shape
parameter and scale parameter respectively. These three parameters are not shown in the constitutive
equation as they are contained within the equations for the fiber stress and its derivatives (2.2 - 2.5).

σ + (τ1 + τ2 )σ̇ + (τ1 τ2 )σ̈ = σf + (τ1 + τ2 )σ˙f + (τ1 τ2 )σ¨f + (τ1 E1 + τ2 E2 )˙ + (τ1 E1 τ2 + τ2 E2 τ1 )¨
 (2.1)
This model represents the gathering of straightened fibers by assuming the fibers become straight at
different strains, represented by a Weibull probability density distribution. This part of the model is
schematically represented in the spring-dashpot diagram in Figure 2.1 by the three springs parallel to
the Maxwell elements. The definitions of the fiber stress σf and the Weibull probability function are
shown in Equations 2.3 and 2.2. Where Ef is the stiffness of each fiber and α and β are the shape and
scale parameters, respectively. [37] A higher value of α means more fibers become straight earlier, at
lower strains. Whereas increasing β means the fibers are straightened more gradually, over a wider range
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of strains. Figure A.2.3 in Appendix A shows the shape of the probability function and the effect of
these two parameters.
(t)

Z

Ef ((t) − s )P (s )ds

σf (t) =

(2.2)

0

P (s ) =

α s α−1 −(s /β)α
( )
e
β β

(2.3)

From which the first and second fiber stress derivatives, as used with Equation 2.1 can be derived as:
α

σ˙f (t) = Ef (t)(1
˙
− e−(s /β) )
σ¨f (t) = Ef ¨(t)(1 − e

−(s /β)α

) + Ef αβ

(2.4)
−α 2 α−1 −(s /β)α

˙ 

e

(2.5)

Equations 2.2 - 2.5 combined with Equation 2.1 form a system of ordinary differential equations that
can be solved numerically.

2.2

Experimental data

The model presented in Figure 2.1 is defined generally for any tendon or ligament. It thus needs to
be calibrated to represent the semitendinosus tendon specifically. This is done by fitting the model to
experimental data, which gives the seven material parameters present in Equation 2.1.
Human semitendinosus tendons are hard to come by as the ones harvested are of course used in the
procedure. Meaning the only real option are cadaver specimens. Therefore there is limited in vitro
research of the semitendinosus tendon, as most research in the relaxation problem is done in vivo by
monitoring knee laxity in ACL-reconstruction patients. The most common graft configuration is the
combination of semitendinosus and gracilis tendons, simply named the ”hamstring” graft. So most in
vitro relaxation research has been done with this configuration, which is unfortunate for this study as
data for the semitendinosus alone is needed. However a study by Ciccone et al. [7] was found that tested
the semitendinosus separately and also included the graft dimensions and sufficient description of the
loading conditions. This dataset is used for calibration of the material model in the next section. Figure
2.2 shows their loading profile which attempts to replicate the conditions during surgery. The tendons
were loaded to 65 N at which point the actuator was fixed in place. This mimics the surgery, where the
graft is pulled to the desired tension at which point the graft is fixed in place.
The loading profile also includes a preconditioning phase in which the sample was pre-loaded to replicate
the preconditioning procedure before surgery where the graft is fixed for a time on a graft-board to
attempt to decrease the viscoelastic effects [13, 12, 11] before fixation of the graft.

Figure 2.2: Diagram of the loading profile for the relaxation experiments with semitendinosus tendons
done by Ciccone et al.[7]. The profile attempts to replicate the conditions during surgery, including
a preconditioning phase and temperature increase to examine the influence of body temperature. It
also includes stiffness measurements at important points. Post-reconstruction was deemed 15 min after
application of the tension as this is approximately the time needed to complete the surgery.
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Additionally the profile includes examination of the effect of the increase to body temperature, however
this part of the profile is ignored here as it is not relevant.
Lastly the loading profile includes sharp increases of the load to measure the graft stiffness at certain
important points: when the stress was fully relaxed, when the temperature was increased and again
when it was decreased. The stiffness was also measured 15 minutes after the start of the test, which was
deemed ”post-reconstruction” as this is approximately the time needed to complete surgery after fixation
of the graft. Also of interest is the force-displacement response of the tendon grafts during the loading
ramp, which is included in Figure A.1.2 in Appendix A. It clearly shows the crimp effect characteristic
of tendons and ligaments as discussed in the previous chapter, whereby a non-linear region (called the
toe-region) is present before the linear elastic region starts.
Figure 2.3a shows the relaxation response given by Ciccone et al. for both the semitendinosus and gracilis tendons, where of course only the semitendinosus data is relevant here. The graph shows the mean
response of all samples and includes the standard deviation. It shows that the force decreased sharply
after the start of the test and that the stress is fully relaxed after around 3 hours. It also shows a decrease
in force during the increased temperature part of the test, which is interesting but not relevant in this case.
The relaxation results given in the actuator force have been converted to stress for ease of calibration
with the proposed model, as well as translating the time to seconds (Figure 2.3b). For the conversion to
stress it is assumed that soft tissues like semitendinosus tendons are incompressible, with a Poisson’s ratio
of 0.5 [42]. For these low strains present in this case that means that the decrease in the cross-sectional
area of the tendons is small, meaning the true stress is approximated with the engineering stress.

Figure 2.3: a) Mean relaxation results of the experiments by Ciccone et al. [7] with semitendinosus (and
gracilis) tendons, including the standard deviation. It shows the crucial points as defined by Ciccone et
al. like post-reconstruction and the point where the stress is fully relaxed. b) The relaxation data of the
semitendinosus grafts by Ciccone et al. converted to stress instead of force, with the initial cross-sectional
area of the grafts. The time is also converted to seconds for ease of SI-units.

2.3

Alternative calibration method

With the relaxation data converted to true stress the material model for the tendon can be calibrated.
The method proposed by Sopakayang et al. [37] is not used in our case for two reasons: their calibration
method is less accurate for relaxation, and it uses a data-set type not available for the semitendinosus.
The way Sopakayang et al. calibrated was in two parts. First the determining Maxwell parameters (Ei
and τi ) are determined by fitting to relaxation data [37]. Since, at this point, they don’t have the fiber
distribution parameters yet they temporarily treat the fiber stress, σf , also as a free parameter to be
fitted. Then they determine the fiber distribution parameters (α, β and Ef ) by fitting to isochronal
relaxation data. Which is a stress-strain curve of the stress in relaxation at different constant strain
values taken at a specific time (See Figure A.1.2 in Appendix A). This gives a sort of summation of the
stress relaxation response at different strain loads, which shows the non-linear elastic stress–strain effect
describing strain-stiffening. The problem with this two-step approach is however that they don’t go back
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and check whether the fitted fiber distribution parameters (α, β and Ef ) still work for relaxation. Plotting the relaxation response with all the determined material parameters shows that it is not accurate
for relaxation anymore (see Figure 2.4a, where the experimental data of rabbit medial ligaments is the
one used by Sopakayang et al.). It is of course still accurate for creep.
The second problem with this fitting method, for this study, is that there is very little relaxation research
done for the semitendinosus tendon alone. And thus there is no way to compile relaxation tests to make
an isochronal data-set like Sopakayang et al. used.
To deal with these two issues an alternative calibration method is proposed. Instead of splitting the
calibration in two parts, all parameters are fitted to only the relaxation data, see Figure 2.4b. This
method is of course better for relaxation, however it loses some of the strain-stiffening effect visible in
creep. The focus of this study of course lies on the relaxation response, so this alternative fitting method
will be used to calibrate the model to the semitendinosus tendon relaxation data. It is thereby accepted
that there will be some loss in accuracy when the creep response will be predicted.

Figure 2.4: Infinite springs material model as presented by Sopakayang et al. [37] compared to their
experimental data (rabbit medial ligament). Shows that their calibration method (by fitting the Maxwell
and fiber distribution parameters separately) doesn’t give an accurate relaxation response. An alternative
calibration method that fits all parameters on the relaxation data is of course accurate in relaxation, but
loses some of the strain-stiffening effect in creep.

2.4

Material parameters

The material model can now be calibrated with the experimental data for the semitendinosus tendon
given by Ciccone et al. [7]. It was found that the single-mode model presented by Sopakayang et al. [37]
was not rich enough for the semitendinosus tendon data and the model was expanded to two Maxwell
modes. All seven material parameters (E1 , E2 , τ1 , τ2 , Ef , α and β) are fitted to the relaxation data, see
Figure 2.5a. Fitting was done in Matlab [25] with the nonlinear least squares algorithm.
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Figure 2.5: a) Fit of the two-mode infinite-springs model presented in Equation 2.1 to the relaxation
data taken from Ciccone et al.[7] The data-points are thus the mean of all semitendinosus graft samples,
as shown in Figure 2.3b. Gives the material parameters E1 = 52.0 MPa, E2 = 24.9 MPa, τ1 = 98.6 s,
τ2 = 1743 s, Ef = 784 MPa, α = 1.87 and β = 0.132
b) With these material parameters a prediction can be made for the creep response of the semitendinosus
graft. The constant load applied, σ0 = 3.67 MPa is equal to the stress in relaxation at t0 .

2.5

Prediction creep

As the problem of knee laxity is one of stress relaxation, naturally most research into the viscoelasticity
of tendons is also focused on relaxation experiments. There is very little data available for tendons
loaded in creep conditions and no data was found for the semitendinosus specifically. It is therefore not
possible to verify whether the calibrated model is accurate for creep loading. Figure 2.5b shows the
creep response of the model when a constant load of σ0 = 3.67 MPa is applied. As discussed before, an
alternative fitting method was used by fitting all parameters on the relaxation data. This calibration
method results in a loss of some of the strain-stiffening effect present in the model, as shown for the
example data in Figure 2.4b. However, since the focus of this study is on the relaxation response, this
was found acceptable. So it is assumed that the calibrated model gives a good prediction of the creep
response of the semitendinosus tendon, with the caveat that in reality the strain-stiffening effect will be
somewhat stronger than predicted here.
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Chapter 3:
3.1

Prosthetic design

Concept

Since the problem of knee laxity caused by stress relaxation is such an important one with ACLreconstruction, the goal of this study was to develop a prosthetic device that could maintain tension
on the graft after surgery, when relaxation occurs. The concept devised is a simple one. It consists of
a rubber ring encased in a woven sleeve (similar to a hair-tie) that is positioned between the graft and
the suspension suture. See Figure 3.1. During construction of the graft from the semitendinosus tendon
it is passed through the prosthetic ring through which the TightRope suture suspension mechanism is
passed. The end of the TightRope will have a metallic button that rests on the outside of the bone,
under the skin, which allows the suture loop to be tightened [3]. As the TightRope is tightened in the
usual fashion (by tensioning to a particular load, for example 65 N) the rubber expands until it is limited
by the woven sleeve around it reaching its maximum length. Then the prosthetic acts highly stiff as the
load is fully carried by the sleeve, which transfers the applied tension to the graft. After the desired
tension is applied to the graft the free ends of the TightRope are knotted. Over a period of around three
hours the graft starts to expand due to stress [7, 27, 13, 12]. This elongation is absorbed by the rubber
contracting again. As the prosthetic maintains some tension on the graft it decreases the amount of
stress relaxation that would normally be seen.
The system reaches an equilibrium as the remaining tension from the prosthetic is not enough to expand
the graft further. The graft will then heal and fuse with the bone tunnel, which means it fuses at a
higher tension than normally would be the case. This fusing process happens over a period of around
six weeks [33].

NR
BR
SBR
CR
Silicone

Shore-A
30 - 90
40 - 90
40 - 80
30 - 95
25 – 90

E [MPa]
1.2 - 30
2 - 30
2 - 17
1.2 - 40
0.9 - 30

Table 3.1: Shore-A and corresponding Young’s moduli
ranges for some common soft
elastomers [32].

Figure 3.1: Schematic view of the location of the designed prosthetic
inside the bone tunnel in the femur. Shows how the prosthetic can
be expanded until its maximum length when tightened with the
TightRope suture in the usual fashion.
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For optimal working of the prosthetic it is advised that a force gauge of some sort is used to apply the
tension to the graft. It is necessary that enough force is applied to fully expand the prosthetic to its
maximum length and there is evidence that surgeons sometimes overestimate the tension they apply if
done by manual estimation [23]. In addition it is advised that the free ends of the TightRope suture
loop are knotted together before the ends are cut, instead of simply cutting the ends as is common
procedure. There is evidence that the friction of the suture loop on itself alone is not enough to maintain
the fixation, as the continued tension on the loop naturally results in slippage [38]. Knotting the free
ends of the suture greatly reduces this issue [3, 29].

3.2

Specifications

From the a review of several studies that measured the length of the tendons harvested for reconstruction it is estimated that a semitendinosus tendon graft in quadruple configuration (meaning in essence,
doubled twice) has a length of around 70 mm [43, 41, 44]. Allowing for a few centimeters at the strand
ends to connect the suspension suture on the tibia side (as in Figure 1.3b) it can be estimated that on
average the free part of the graft is around 40 mm long.
Some recommendations can be found for the desired minimal length of the bone tunnels, at 36 mm [19,
40]. And Xie et al. recommended a maximum distance between the two tunnels of 24 mm. Meaning
that in total a distance of around 96 mm is available for both the graft and the expanded prosthetic.
When subtracting the length of the graft it leaves around 2 cm free for the prosthetic. In addition the
typical drilled bone tunnels have a diameter of around 7 mm and the graft also has a diameter of 7 mm
on average [19, 41, 44, 43, 9].

Figure 3.2: Working of the prosthetic, whereby the stiffness bellow a certain strain is that of the rubber,
which is lower. At a certain strain the woven sleeve is fully extended and the stiffness becomes very high,
which limits further extension of the prosthetic.
Based on these constraints it is decided that the prosthetic can have a length of 10 mm and width of 6
mm. The latter is slightly smaller than the bone tunnel to allow some room for the woven sleeve (these
dimensions are for the prosthetic in ring form). Based on the creep estimation of the graft from the
material model it is assumed that the maximum strain will be 0.06 when loaded to 65 N, see Figure
2.5b. Based on the free part of the graft this means a maximum possible elongation of 2.4 mm. It is
this distance that the prosthetic needs to be able to absorb, which for its assumed length means the
prosthetic has a maximum strain of 0.24, as indicated in Figure 3.2. With the applied stress of 3.67 MPa
(65 N) this gives a desired modulus for the rubber of 14 MPa. Table 3.1 gives the properties for some
common soft elastomers with moduli ranges that include the desired value. For example the elastomer
type ’VMQ Silicone’ offered by the o-ring manufacturer Eriks [14] would be a good option, since silicones
are generally well accepted by the human body [22].
The woven sleeve could be made from the same material as the TightRope suspension device as it is
highly stiff and is already being used in the human body so it will be safe. The Arthrex TightRope RT
suture is made of a ultrahigh molecular weight polyethylene and polyester. Based on the fact that the
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TightRope loop coincidentally also uses a woven structure it is reasonable to assume the material can
be used to manufacture the woven sleeve needed.

3.3

Prosthetic numerical simulation

Before the developed prosthetic is tested in an experimental setup, it is useful to see its workings in
numerical simulations as well. For this the existing infinite springs material model representing the
semitendinosus tendon graft was expanded with a simple linear spring representing the rubber of the
prosthetic. This spring was given an maximum strain based on the maximum expansion of the woven
sleeve.

3.3.1

Script set-up

The constitutive equation of the graft material model of Equation 2.1 is solved in Matlab with the
ordinary differential equation solver ’ode45’. For this the equation was rewritten to calculate the second
stress derivative σ̈(t), which lets the function numerically find the stress σ(t). For relaxation the strain
is kept constant at 0 = 0.035, which is the strain of the graft when loaded to 65 N and kept at that
position. The constant strain of course means that the strain derivatives in Equation 2.1 (t)
˙
and ¨(t)
are zero.
For the situation with the prosthetic the loading conditions are similar, in that the total strain of the
system is kept constant when a force of 65 N is reached. The total strain is defined as the initial strain
of the graft plus the maximum strain of the prosthetic:
0 = g0 + pmax

(3.1)

In addition, the ODE function includes an if-statement to limit the strain of the prosthetic to its maximum
strain.

3.3.2

Results

Figure 3.3a shows the results of the effect of the prosthetic on stress relaxation compared to the situation
without it. Increasing the stiffness of the rubber of the prosthetic decreases the drop in stress due to
relaxation, as can be seen for some example stiffnesses. It may seem like the stiffness of the rubber
can be increased as is desired to get even more decrease in relaxation, however the design constraints of
the prosthetic need to be kept in mind. Based on the constraints laid out in Chapter 3 (meaning the
length of the rubber and maximum length of the woven sleeve) the maximum strain of the prosthetic
p
was found. With this constraint the maximum allowed stiffness of the rubber can be found as Emax
=
p
σ0 /max = 14 MPa. Increasing the stiffness beyond this value means the strain of the rubber will be less
than the maximum strain defined by the woven sleeve, meaning that in that case the woven sleeve is not
participating at all. Which is not the situation we want, as that would mean the tension applied by the
surgeon is not fully applied to the graft.
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Figure 3.3: a) Numerical simulations of the graft-prosthetic combination showing the effect of the prosthetic. The drop in stress due to relaxation is considerably decreased compared to the situation without
the prosthetic. Shows influence of the Young’s modulus of the rubber part of the prosthetic. b) Model
used for the numerical simulations: consists of the infinite springs material model developed for the semitendinosus tendon graft in series with a linear spring representing the rubber with a maximum length
representing the prosthetic.

3.4

Leaf-spring addition

The prosthetic developed in this chapter is functionally simple in its design and would be a good prototype. Nevertheless it has some limitations. The way the prototype works is that tension is applied to
the graft after surgery is completed, but this raises the problem that the end of the graft is not fixed
in place. After relaxation has ended it is still connected to an elastic. Normally the graft will heal
and fuse with the bone tunnel, however the question is if this also happens with a movable graft. It is
important that the patient keeps the knee moving during recovery and an elastic connected to the end
of the graft could mean it will be extended when extending the knee instead of the graft. This very
movable graft-end in the bone tunnel could prohibit fusing of the graft with the bone. To address this
issue an additional concept was developed during the design process of the prosthetic: that of a leafspring type construct in the bone tunnel to limit graft movement in one direction. The basic principle
is to insert a ribbed tube into the bone tunnel and connect to the prosthetic a leaf-spring that could
lock step-wise into the ridges of the tube, preventing movement backwards. See Figure 3.4 for a diagram.
During surgery the graft and prosthetic are guided through the ribbed tube and tensioned in the normal
fashion. A leaf-spring is connected with a ring at the graft-end. As the graft relaxes and extends due
to the tension applied by the prosthetic the leaf-spring moves with the graft-end, moving progressively
to a next ridge in the ribbed tube. The leaf-spring reaches its final position when relaxation has ended
and an equilibrium is reached. If the patient flexes their knee during recovery the leaf-spring will lock
in the ridges and will block movement of the graft-end. This allows normal extension of the graft as is
needed for recovery. Because the graft-end is now fixed the bone tunnel can fuse with the graft. Ideally
the ribbed tube is made from some biodegradable material that will dissolve as the bone fuses around
the graft. Even though this is an potentially useful addition to the developed prosthetic, this concept
was not explored further here.
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Figure 3.4: Diagram of a additional leaf-spring construct to address the issue of a movable graft-end
after relaxation has ended. A ribbed tube is inserted in the bone tunnel and a leaf-spring connected to
the graft-end will block movement in one direction.
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Chapter 4:

Experiments

In addition to theoretical and numerical demonstrations of the graft and prosthetic, it is useful to show
their workings in an experimental setting.

4.1

Substitution of the graft

Human tissue like the semitendinosus tendon are hard to acquire as the ones harvested for surgery are
of course used. The only real option is the use of cadaver or animal specimens, but a common problem
with any biological tissue is that the properties can have a large spread based on attributes like age,
height, sex etc. [44] which influences the reproducibility of any experiments. Combined with the limited
availability and added complexity of maintaining the environment of the graft (keeping the tissue coated
in a saline solution), it is decided to substitute the graft by a physical spring-dashpot system. Tendons
consist of a viscoelastic (proteoglycan-rich) matrix material encasing collagen fibers which are assumed
to be linear elastic. These properties were captured similarly in the material model developed in Chapter
1. This model assumes an infinite number of springs which are activated as the strain increases, but
for the physical setup a discrete number of springs need to be chosen. The strain stiffening effect is
not really visible in relaxation as the strain is constant and the number of fibers gathered are constant.
Instead the aim is to replicate the creep response of the model with a discrete number of springs. The
optimally found spring and dashpot properties can be seen in Appendix A Figure A.3.4, however the
actual setup used is based on the equipment available.
The setup devised is shown schematically in Figure 4.1 where the matrix material is represented by a
single Maxwell element consisting of a hydraulic damper filled with oil, and a stiff spring (K1 ). The
collagen fibers are represented by two mildly stiff springs (M1 ) in parallel. The strain-stiffening effect,
whereby more fibers are straightened as the strain increases, is simulated by two additional springs (K2
and M2 ). These are hung slack and are engaged when a certain strain of the system is reached. The
stiff K2 spring is activated first for a strong increase in stiffness early on, followed by the mildly stiff M2
spring for some additional stiffness towards the end.
From calibration of the material model (Figure 2.5) it was found that two dashpots are needed to capture
the viscoelasticity of the matrix of the semitendinosus tendon. However only one damper was used in the
experimental setup to keep the setup simple and symmetrical. Since the focus of the experiments is on
examining the reduction of the total relaxation, accuracy in the initial relaxation and specific relaxation
time is less important. Therefore a single damper is accurate enough for the experimental setup. This
damper is a simple hydraulic fluid damper whereby the fluid above and bellow the piston is passed by
a valve external to the damper, instead of permeability in the piston as is often the case. The valve
consists of a screw that can be tightened to decrease opening in the tube between the top and bottom
of the piston. This valve thus allows the relaxation time of the system to be accurately set. Appendix
A discusses an interesting problem encountered with this damper system, namely that of air bubbles
getting trapped in the valve which prohibit relaxation. Fortunately this problem was solved and the final
configuration of the damper contained no air bubbles and its relaxation was smooth as intended.
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Figure 4.1: a) Picture of the actual test-rig, including the damper, springs and prosthetic. b) Schematic
view of the spring-dashpot system used to represent the semitendinosus graft. A single Maxwell element
represents the (proteoglycan-rich) matrix with a hydraulic damper filled with oil, and a stiff spring (K1 ).
Parallel to this are two mildly stiff springs (M1 ) to represent the collagen fibers. Two additional springs
(K2 and M2 ) are hung slack and are engaged when a certain strain of the system is reached to represent
the strain-stiffening effect, whereby more fibers are straightened as the strain increases. The K2 spring
is activated first at a strain of 0.23, followed by the M2 spring at a strain of 0.27.

4.2

Prosthetic prototype

To test a simple proof-of-concept, the prosthetic was not manufactured with the specific properties as
found in Chapter 3. Instead a prototype with the exact same mechanism was used, namely literally a
hair-tie. The ones used are thicker ones by the brand Zenner and with a simple tensile test were found to
have a modulus of 2 MPa, see Figure 4.2. This low modulus and large expansion allowed by the woven
sleeve resulted in a large displacement of the actuator. Due to the already large size of the setup this
meant the displacement limit of the machine was reached. To decrease the displacement needed in the
end two hair-ties were used and both were doubled. This in essence creates 4 loops.
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L0
Lmax
Ep
D0
A0

Zenner hair-tie
76 mm
160 mm
2 MPa
2.5 mm
5.75 mm2

Figure 4.2: Stress - strain response of the thicker
hair-ties by the Zenner brand. Shows the linear elastic region of the rubber part and transition to the
very high stiffness of the woven sleeve. The modulus
was calculated to be 2 MPa and maximum strain of
the tie of 1.8 at which point the woven sleeve is fully
expanded.

4.3

Test rig

The damper and parallel springs were suspended from a steel strip with evenly spaced holes mounted to
the actuator. The damper was considerably larger than the springs used so highly stiff rope was used
to bridge the distance (Figure 4.1). The bottom of the springs were connected to a similar steel strip,
with the damper in the middle to maintain balance. The prosthetic was connected with steel clips to
the bottom steel strip and the base, aligned in the middle with the actuator and damper.
For relaxation tests the loading conditions are the same as present in surgery, meaning the tension was
increased until 65 N was reached, at which point the position of the actuator is fixed. For creep the
tension was increased until a displacement of 10 mm was reached (0.15 strain) at which point the force
was maintained constant (corresponds to 51 N).
The slackness of the ropes connecting the stiffening springs K2 and M2 was tuned so that they were
activated at a strain of 0.23 and 0.27 respectively. Figure 4.3b shows the creep response and the effect
of the stiffening springs. Because the initial strain with the material model is different from the one of
spring-dashpot system instead the strain ratio is compared to make sure the strain stiffening effect is
accurately replicated.

4.4

Results

Figure 4.3a shows firstly that reproducibility of the tests with the spring-dashpot system is very good,
which indicates that the valve of the damper can be tightened accurately enough.
Most importantly, it also shows the effectiveness of the prosthetic as its inclusion leads to a significant
decrease in stress relaxation. From the creep results (Figure 4.3b) it can be seen that the strain stiffening
effect present in the semitendinosus graft can be really well represented by only two additional springs.
It should be noted that to get a spring-dashpot system that is a full replica of a semitendinosus graft
the optimized springs found in Appendix A need to be used as well as an additional damper. Also it will
need to be compared to a range of experimental data, not just one load. This is another reason why it is
beneficial to gather more relaxation and creep data for the semitendinosus tendon. As a fully calibrated
tendon replica will be very useful for research as it removes the need for biological tissue and with it
some difficulties in ACL-reconstruction (or tendon in general) research.
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Figure 4.3: Experimental relaxation and creep results of the spring-dashpot system for three situations:
Without the stiffening springs and the prosthetic, with stiffening springs and without the prosthetic, and
with both the stiffening springs and prosthetic. a) Relaxation results when the load is increased to 65
N at which point the actuator position was fixed. Shows the effect of the prosthetic compared to the
spring-dashpot system without it. Includes the experimental relaxation data of the real semitendinosus
graft as found by Ciccone et al. [7]. b) Experimental creep results (ratio-ed with its initial strain)
when the load is increased until 10 mm was reached, at which point the actuator force was maintained
constant. Shows the strain stiffening effect of the additional stiffening springs K2 and M2 . Which are
activated at strains of 0.23 and 0.27 respectively.
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Discussion
The aim of this study was to address the issue of knee laxity due to stress relaxation after ACLreconstruction surgery. The goal was to develop a prosthetic that could maintain tension on the graft
after surgery, therefore reducing the drop in tension due to stress relaxation. The experimental results
do show that the designed prosthetic has this effect. For comparison, the setup without the prosthetic
showed a tension drop from start to end of stress relaxation of 77%. Whereas with the prosthetic there
was only a drop of 55%. Ideally when using biological tissues, this drop could be reduced even further
by combining the prosthetic with other methods of stress relaxation reduction already commonly used
(e.g. increasing the tension during preconditioning or graft configuration [12, 27]).
The main limitation of this study, and any study on the viscoelasticity of semitendinosus tendons, is the
limited availability of experimental data. Since the only option for acquiring human tendons is harvesting
of cadaver specimens, the issue of stress relaxation is often investigated by measuring the end result:
knee laxity. Which is not a useful measurement for developing a full material model.
Currently the model was calibrated to the mean relaxation data of semitendinosus tendons of only one
loading condition, which is pretty limiting. Ideally the model should be fitted to isochronal relaxation
data over a range of loads, as was suggested by its authors [37], because it captures the whole relaxation
spectrum, not just one specific load. So in general more experimental data of the relaxation and especially creep response is needed for the semitendinosus tendon to accurately calibrate both the proposed
material model and the physical spring-dashpot substitute.
The infinite springs material model used makes two basic assumptions. First, it splits the complex hierarchical structure of tendons into just two parts. The collagen fibers, which are assumed to behave
linear elastically, and the proteoglycan-rich matrix material that is assumed to be the sole contributor
to the viscoelasticity of the tissue. Even though there is evidence that both the fibers are intrinsically
viscoelastic and that the interface between the fibers and matrix may also contribute to the viscoelasticity of the tissue [36, 34]. If the fibers are also viscoelastic an equilibrium in relaxation and creep might
not be reached, due to continued relaxation of the straightened fibers. Still, these extra viscoelastic contributions could easily be incorporated into the current model, by adding additional Maxwell elements
to capture these effects.
The second assumption is that both the fibers and the matrix are strained equally when the whole tissue
is strained due to the parallel placement of these components. This is different from the model proposed
by Gupta et al.[17] that placed the hierarchical components of the tissue (fibrils, fibers and matrices)
in series, which allowed these components to be strained independently. However the advantage of the
infinite springs model used here is that it can describe both creep and relaxation behavior as well as the
strain-stiffening effect, as opposed to the more commonly used QLV (quasi-linear viscoelastic) models
[1]. While these are found to be very successful in modelling soft tissues, they are limited in that they
do not interrelate creep and relaxation, and are phenomenological and not based on the structure of
the tissue [37]. These are two advantages that the infinite springs model used here does have, which is
important when the goal is to accurately replicate the tendon and its response in relaxation and creep.
The prosthetic designed here is simple in its functionality and could be a good prototype. Though it also
has some limitations that should be explored more. It works because it applies tension to the graft after
surgery is completed, however this raises the issue that after relaxation has ended it is still connected
to an elastic and not fixed in place. Normally the graft will heal and fuse with the bone tunnel, but the
question is if this also happens with a movable graft. During recovery it is important that the patient
keeps the knee moving and an elastic connected to the end of the graft could mean it will be extended
when extending the knee instead of the graft. This also means the graft end is very movable in the bone
tunnel which could prohibit fusing of the graft with the bone. Therefore, during the design process of the
prosthetic an additional concept was developed: that of a leaf-spring type construct in the bone tunnel
to limit graft movement in one direction. The concept of which is explained in Chapter 3. But this idea
was not explored further in this study.
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Finally some improvements could be made to the developed spring-damper system used to substitute a
real soft tissue graft. The springs used in the experimental setup, were used because of their availability,
but are in actuality not stiff enough to accurately replicate the graft. It should also be noted that only
two extra stiffening springs were used to replicate the creep response of the model. Meaning that these
springs are engaged from strains of 0.23 onward (see Figure 4.1). At lower strains these stiffening springs
do not contribute as they hang slack, meaning the setup then acts in essence as a Generalized Maxwell
system. Ideally you would want the system to slowly gather more springs over the full strain range. This
will make the system a better substitute for a real tendon as the stiffening effect will be active at all
loads, not just the specific one used here. It can best be done by calibrating the setup with isochronal
creep data, including the low strain region to capture crimp.
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Conclusions
The main goal of this study was to help with the problem of knee laxity after ACL-reconstruction surgery
by developing a prosthetic that can be placed alongside the tendon-graft. The purpose of this was to
maintain tension on the graft after surgery so stress relaxation is reduced. The elegant design proposed
here is remarkable in its simplicity. With its rubber ring and woven sleeve not too complex to manufacture and easily adjustable based on the patients specific needs.
The viscoelastic material model that was developed for the tendon graft matched the available experimental relaxation data well and gives a reasonable prediction for creep conditions, however to properly
verify it, more datapoints are needed. Not much relaxation data is available of the semitendinosus tendon
on its own and none for creep loading conditions. While the basis of the presented model is supported
by the structure of the semitendinosus tendon, it needs more experimental data to accurately calibrate
it.
Similarly a model for the prosthetic was developed and, combined with the model for the graft, was
investigated in numerical simulations. These showed that the prosthetic maintains tension on the graft
as desired and does indeed decrease the amount of stress relaxation in the graft. This reduction in the
tension was significantly large and comparable to other methods used (like increasing the initial tension).
These promising numerical results were validated with physical experiments using a spring-dashpot system as a substitute for the graft. While it was not possible to test at the exact loading condition present
in the surgery, since the setup had to be scaled, it did show again the effect of the prosthetic. It decreased the amount of relaxation compared to the situation without the prosthetic, again demonstrating
its function and validity for further exploration.
Additionally the physical spring-dashpot system devised for these experiments has shown to give a reasonably accurate representation of a (semitendinosus) tendon and will be useful in future research as
the limited availability of human-tissue tendons is a common problem. Given the limitations of this
study the most immediate recommendations for future research would need to start with gathering more
relaxation and creep data for the semitendinosus tendon, as an accurate material model depends on it.
Additionally the fusing process of the graft with the bone tunnel needs to be studied when attached to
a prosthetic, as the slow stretch of the graft might influence the healing speed. Finally the prosthetic
should be made based on the specifications presented in Chapter 3 that conforms to the surgery loading
conditions and to the size limitations of the bone tunnel.
All of these findings demonstrate that the prosthetic design presented here shows real promise in limiting
the problem of stress relaxation. And if combined with previously proven methods could help in limiting
knee laxity after ACL-reconstruction and is worth further development.
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Appendix A:
A.1

Additional comments

Additional information

Figure A.1.1: The ”plant and pivot” motion is a common movement in soccer and basketball or simply
when changing direction while running. The left leg is placed in a flexed position and to kick the ball
the upper body is pivoted, rotating in the knee. Which overextends the ACL to maintain stability.
A normally functioning ACL is able to handle this condition and it is critical for the stability of this
movement, but when the ACL is damaged or inflamed with overuse it can tear.

Figure A.1.2: a) Loading ramp from the Ciconne et al. [7] semitendinosus (and gracilis) tendon relaxation
experiments. Mean actuator force, with standard deviation, versus displacement. Shows the crimp effect
with a non-linear initial response (called the toe-region) followed by a linear elastic region until the
desired load of 65 N was reached. At which point the position of the actuator was fixed. b) Isochronal
relaxation data for rabbit medial collateral ligaments as used by Sopakayang et al. [37] to calibrate
the fiber distribution part of the material model. The stress-strain curve is compiled of the stress in
relaxation at different constant strain values taken at a specific time, in this case 2.4 s.
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A.2

Fiber distribution probability function

Figure A.2.3: Effect of the shape and scale parameters α and β on the Weibull probability fiber
distribution function 2.3. The solid blue lines are the values fitted for the semitendinosus tendon and
the red and green are example values.
The curves in Figure A.2.3 show the shape of the Weibull probability fiber distribution function 2.3 as
used in the infinite springs material model by Sopakayang et al.[37] and the effect of α and β the shape
and scale parameters, respectively. The solid blue line indicates the fitted values for the semitendinosus
tendon and the two other lines are example values to show the influence of these two parameters. A higher
value of α shifts the curve to lower fiber strains, which means that the fibers will become straight earlier.
Increasing β widens and flattens the curve, which means the fibers are straightened more gradually, over
a wider range of strains.

A.3

Discretization of the infinite springs model: optimal spring
properties

The relaxation and creep responses in Figure A.3.4 show the discretization of the Infinite springs material
model that was developed for the semitendinosus tendon. The two Maxwell elements remain the same
and the infinite number of parallel springs representing the fibers are replaced by four springs with
different stiffness that are activated at different strains. Table A.3

Es1
Es2
Es3
Es4

E [MPa]
23.3
30.8
3.0
3.0

Stain range active [-]
0 < (t) ≤ ∞
0.038 < (t) ≤ ∞
0.040 < (t) ≤ ∞
0.055 < (t) ≤ ∞

Note that the relaxation response shown in Figure A.3.4 is for a constant strain of 0.035 which means
only the first stiffening spring is active, making the setup akin to a Generalized Maxwell model with two
modes.
The setup displayed here is for an optimal spring-dashpot system that can replace the semitendinos graft,
with the optimal spring stiffnesses. In experiments described in Chapter 4 a different setup is used, due
to limited availability of materials. That setup uses springs with a lower stiffness and uses only one
dashpot (damper).
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Figure A.3.4: Discretization of the Infinite springs material model, in order to substitute the semitendinosus tendon by a physical spring-dashpot system for experimental testing. Relaxation and creep
response of the model with a discrete number of springs, whereby more springs are engaged as the strain
increases. Four parallel springs are needed to get stain-stiffening effect that matches the creep response
of the Infinite springs material model developed in Chapter 2.

A.4

Air bubble problem damper

When setting up the experimental test rig a problem with the damper was encountered. There were
a large number of air bubbles present in the oil, which could be clearly heard passing the valve as the
damper was moved manually. This issue corresponded to very inconsistent results, as can be seen in
Figure A.4.5a. As well as problem of the force reaching a equilibrium value as if there was a parallel
spring present to the Maxwell element, which was not the case. Examining the damper singularly by
applying a simple loading ramp with constant speed showed that the force was larger when the piston
was in the upper part of the damper and decreased significantly in the bottom part. This phenomena
is not due to geometric inconsistencies on the inside of the damper (abrasions etc.) as this problem did
not exist when the damper was simply filled with air.
It is therefore theorised that these issues originated from air bubbles present in the oil that cause a blockage in the valve. This explains the problem of the equilibrium as a blockage in the valve prevents the
piston from extending downward, meaning the spring bellow it maintains some tension. It also explains
the problem of the inconsistency in results as repeating the same test could have moved or decreased the
size of the bubbles giving a blockage at a different time.
The phenomena of the drop in force with the loading ramp tests is less intuitively explained, but a theory
is that the bubbles are mostly present in the top part of the damper, meaning that once these are all
pulled through the valve, the force drops as oil without bubbles is passed through.
The problem was eventually solved by filling the damper again using in a different method. Originally
the damper was filled with a syringe through the opening at the top. Instead only the bottom part of
the tube was disconnected and placed in a beaker of oil. Then the piston was pulled down, pulling the
oil in the chamber above the piston, preventing any air bubbles. This method also ensures that the
tube connecting the top and bottom of the damper also doesn’t contain any air as it is filled as well.
After filling the damper this way no bubbles could be heard in the damper and all described problems
disappeared, proving that the problem was indeed related to the air bubbles.
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Figure A.4.5: a) Relaxation results of the simple Maxwell element consisting of the damper and K-type
spring. Three different valve openings are used and each test is performed twice. Shows that the air
bubbles present in the oil result in very inconsistent results and an asymptote in force, where there
should be none. b) The damper is subjected singularly to a loading ramp at a range of speeds with the
same valve opening used in all cases. It is expected that the force remains constant as a constant speed
is applied, but this is not the case. Illustrates that the air bubbles create a blockage in the valve, as
there is a sharp drop when the bubble is passed.

31

Appendix B:

Research proposal

Theoretical background
The anterior cruciate ligament (ACL) is one of five ligaments of the knee that make up the stability of the
knee. The ACL runs diagonally from the front of the tibia (shin) to the back of the femur (thighbone),
see figure B.0.1, and limits the anterior (to the front of the body) translation of the tibia relative to
the femur [27]. In figure B.0.1 this is indicated as the z-direction, out of the page. In addition to this
translation, the ACL also limits internal rotation of the tibia relative to the femur and hyper-extension
of the knee.
An ACL tear or damage is a common injury in athletes, in particular in soccer players due to the way
the tibia and femur twists around each other, over-extending the ACL, before a kick [27]. The ACL
operates in tension, keeping the knee stable, which is why knee-instability is such a problem with ACL
ruptures. A torn ACL will not heal on its own [27, 33], mainly because the torn ends contract due to
the residual strain of the ACL: meaning the two ends cannot be bridged anymore. Simply stitching the
torn ligament together will not be effective, however. There is evidence that the ACL will try to heal
itself, but the scaffolding that forms during healing processes is broken down by the synovial fluid that
is present inside the knee. This is known because the ligaments on the outside of the knee have no such
problem with healing [27].
Therefore reconstruction of the ACL with a graft is a better option. There are many different reconstruction methods, but usually a graft is constructed from either the semitendinosus hamstring tendon,
the gracilis hip adductor, or by harvesting part of the patella tendon (runs on the front of the knee and
around the kneecap).
While ACL reconstruction has been helpful in restoring knee functionality, there are still some issues
that have to be overcome. The main problem is increased knee-laxity in anterior-posterior direction
(translation in front-to-back of the body) after reconstruction has taken place [4, 16]. This laxity is
caused by stress relaxation of the graft, resulting in a loss of tension [27, 7, 26, 1, 18]. This increased
knee-laxity can have serious consequences for the patient, with studies finding an increase in pain [6],
increase in knee-instability, increased risk of reoccurring ACL injuries, and even a significant increase in
the risk of developing early knee osteoarthritis [27].

Figure B.0.1: Schematic view of the location of the ACL between the tibia and femur [8].
Since the stress relaxation of the graft is such a serious problem, much progress has been made in understanding this effect. Ciccone et al.[7] found that in vitro experiments where the stress was allowed to
fully relax, the tension and stiffness in a hamstring graft decrease by 50% and 80% respectively. They
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also found that the increase in temperature due to insertion into the body decreased the tension and
stiffness even further: to 40% and 70% respectively.
Similarly Meike et al.[26] looked at the long term increase in knee-laxity and found that the increase in
laxity from 1 to 7 years after reconstruction was not significant, whereas the increase from the day of the
surgery to 7 years after was significant. This indicates that the stress relaxation of the graft completes
shortly after the surgery. This is in line with Ciccone et al.[7] who found that stress relaxation of a
hamstring graft completes within three hours after reconstruction.
In order to try to limit the stress relaxation problem, a lot of research has been done on the the optimal
initial tension value applied to the graft during surgery. With Yasuda et al.[46] in 1997 being one of
the few to test the effect of the initial tension value in patients, they found that initial tension in the
range of 20 to 80 N results in the least amount of knee-laxity. While some recommend an initial tension
magnitude of around 60 N or higher [7, 5, 15, 28, 46, 1], there is no consensus yet on what the optimal
value should be.
The initial tension can be applied manually or with the use of a tensiometer. However as Lee et al.[23]
found, when applied manually, the initial tension was considerably lower and less accurate than was
needed. Therefore the use of a tensiometer or weights to apply the initial tension was recommended.
A final issue with the application of the initial tension is that there is not yet an agreed upon rate at
which the initial tension needs to be applied. A hamstring tendon consists of bundles of crimped fibers
which allow the tendon to stretch easily, but also support high loads when needed. This means that
when loaded the initial deformation will be due to the ”un-crimping” of the fibers, and is not part of the
linear elastic region [21], but called the toe region (figure B.0.2a). Because most normal activities occur
at low loads, the length of this toe-region is important. A toe-region too short will give the graft not
enough stretch, resulting in unnecessary strain of the fibers. However a toe-region too long will allow
too much stretch, which reduces support [27].

Figure B.0.2: a) Schematic view of the stress-strain curve of a tendon or ligament [27]. b) Schematic
view of part of the femur after ACL reconstruction using suspension fixation.
In addition to initial graft tension, other means of limiting the stress relaxation problem have been devised as well. Preconditioning is a process whereby the graft is loaded for an extended period of time
to eliminate the visco-elastic creep of the graft as much as possible before applying the initial tension
[30, 11]. The goal of preconditioning is thus to have some of the stress relaxation already take place
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before the graft is secured inside the body, to try to maintain as much of the initial tension applied. It
is however not yet clear what the optimal preconditioning protocols should be [30].
The type of graft used is also important, with each type having its advantages and disadvantages. As of
yet, no difference has been found in the functionality of hamstring and patella grafts, however there is
some evidence that the use of a patella graft can cause pain while kneeling [6]. Hamstring grafts do not
have this problem, however do experience more stress relaxation than patella grafts [13].
The configuration of the graft is also an issue that could have an impact on the knee-laxity due to stress
relaxation. Standard ACL reconstruction is performed with a single graft bundle being secured in one
tunnel in the tibia and one tunnel in the femur. However because a functional ACL in essence consists of
two bundles, it was hypothesised that replacing these bundles separately would better mimic the functionality of a functional ACL. This is done by constructing two smaller grafts and running them through
each their own set of tunnels: so in total there are four tunnels, two in the tibia and two in the femur.
The separate grafts are then joined together in the middle by sutures [27]. It is however not yet known
whether this method improves outcomes, with studies finding no clinical differences between a single or
double bundle construction [27]. Because of this uncertainty and because of the increased complexity of
this procedure, this study will not focus on double graft bundle reconstruction methods, but design for
single bundle reconstruction.
Another aspect of ACL reconstruction that can influence knee-laxity is the fixation method by which
the graft is secured inside the bone tunnels. There are many different fixation methods for ACL reconstruction: the simplest being metallic or bio-degradable interference screws which clamp the graft in the
bone tunnels [33, 2]. Another method is inserting cross-pins through the bone perpendicular to the graft,
fixing it in place. More complex is the suspension fixation method (figure B.0.2b): where the graft is
secured by means of an adjustable loop woven suture device, passing through a button outside of the
bone-tunnel [3, 33, 27]. It has been shown that for securing hamstring grafts, screws may experience
more graft slippage and have lower failure loads. Cross-pin devices allow for a more rigid fixation and
higher failure loads, however are associated with other complications during and after surgery [3]. For
hamstring grafts, suspension fixation remains therefore the best option.
In summary, many different methods have been developed to understand the behavior of ACL-reconstruction
grafts, and try to limit the problem of knee-laxity due to stress relaxation in particular. However no solution to the problem has yet been found. This study will approach the problem differently by designing
an additive device that will manage the stress relaxation, by absorbing the loss of tension. In addition
the device will standardize and control the application of the initial tension.

Problem definition
An important problem with ACL reconstruction remains the laxity in the knee due to loss of tension, due
to primarily stress relaxation of the graft. Attempts at limiting the problem in the form of optimizing
the amount of initial tension and different preconditioning protocols, have yet to solve this problem. To
complicate matters, often the application of the initial graft tension is not accurately controlled, resulting
in an inconsistent initial tension or a tension that is applied too quickly.
The goal of this study is to design a device that can be incorporated into the current fixation system
with the following objectives:
• control the rate at which the initial graft tension is applied.
• control the precise amount of initial graft tension.
• counteract the stress relaxation of the graft and maintain the initial tension during the healing
process.
• develop a preconditioning protocol that matches the design.
Since the stress relaxation of the graft is a complex problem to solve, the focus of the design will be on
the other three objectives. Thus keeping the counteraction of the stress relaxation as a secondary goal,
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if the other three are met as well.
The design of the device will be based on a few initial boundary conditions. The type of graft is a single
semitendinosus hamstring tendon in a quadruple loop configuration. The fixation method is by means
of suspension fixation in both the femur and the tibia, with the device added on the femur’s side (figure
B.0.2b). For now the fixation in the tibia is assumed to be a fixed loop-length suture, or EndoButton
CL Ultra, and on the femur side a adjustable loop-length suture, or TightRope RT [3]. However based
on the design of the added device, the type of suspension fixations may be changed. The procedure may
need to be altered slightly the accommodate the added device, however overall it should remain the same
procedure.

Research plan
This study is set up in a few different phases, starting with a short literary review, working towards a
concrete design for the device, and finally testing the device numerically and possibly in practice as well.

The purpose of the first phase, the literary review, will be to further understand the behavior of the
hamstring graft during and after reconstruction surgery. In this way specific boundary conditions can
be developed, upon which the design can be based. This also means that some preliminary decisions
need to be made about the surgery, in particular the amount of pretension and preconditioning protocol.
Both are based on current standards, derived from the literary review. Both will likely be adjusted in
the final phases of the project, to fit better with the final design.
With the boundary conditions defined, designs for the device can be made. The focus of the designing
phase is on the two pretension objectives (as stated before) as these are simpler to achieve and stress
relaxation can be a complex problem to counteract. The purpose of this phase is to come to one design,
including dimensions and material choices, that achieves as many of the objectives as possible.
Based on this specific design a numerical model can be developed in order to validate whether the design
functions as intended. In this modeling phase the design will be tested and tweaked to come to a final
optimal design that can possibly be made and tested in practice as well. It is expected that the modelling phase will take a longer time as, in addition to the development of a model, this is the part of the
project when limitations of the design or preliminary decisions present itself and a lot of problem-solving
is needed. Therefore the model will feed back into the design, helping to finalize it.
The next phase is for practical experiments of the developed device in an experimental setup, including
a hamstring graft. The experiments will match the conditions in reconstruction surgery as closely as
possible. This includes the decided on preconditioning protocol, as well as a creep test simulating the
application of the pretension and relaxation period. Based on the amount of graft tissue that is available,
the experiment can be performed multiple times to achieve more reliable results.
The final phase of the project will focus on compiling the results from the numerical simulations and
the practical experiments, and drawing conclusions from them about the functionality of the designed
device. This phase will include summarizing the findings of this study as well as some recommendations
on further improvements of the design and areas of further research.
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Preliminary designs
Based on the objectives outlined in the section Problem definition, some preliminary designs for the
device have been made. Figure B.0.3 shows two design options incorporated in the femur bone tunnel
(see figure B.0.2b for a full view of suspension fixation reconstruction) that achieve some or all of the
design options. The simplest design is one that aims to solve the two objectives related to controlling the
application of the initial tension. It is a simple rubber ring that will implemented before the narrowing
of the bone tunnel, through which a Tightrope RT suture will pass (see figure B.0.3a). The end of the
TightRope will have a metallic button that will rest on the rubber ring, and another fixed-length loop
suture (green) will connect the graft to the TightRope.
The functioning is as follows: the initial tension is applied by pulling the TightRope tight, which causes
the rubber ring to compress. The effort required to compress the rubber ring allows for a slower application of the initial tension, and the limiting depth of the bone tunnel gives a maximum initial tension
level. This design however does nothing to address the problem of stress relaxation.

Figure B.0.3: a) Design of a rubber ring (dark blue) inserted before the narrowing of the bone tunnel.
b) Design of a rubber band (dark blue) that will counter stress relaxation.
A second design that will address this objective is seen in figure B.0.3b. It consists of a rubber band
encased in a woven sleeve (similar to a hair-tie) that is passed through the graft on one side and through
a TightRope (light blue) on the other side. The device (dark blue) functions as follows: when the initial
tension is applied by tightening the TightRope, the rubber band expands until the woven encasing limits
further extension. With the device fully expanded the load is transferred to the graft, allowing the initial
tension to be applied. Once the graft starts to elongate due to stress-relaxation, the device will contract:
maintaining the initial tension.

Project planning
Below is a general overview of the different phases of the project in a monthly time-frame. Light-colored
areas indicate some buffer where it is expected that work can be done earlier or will experience some
delay. The last month is kept free for any delays in the project.
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