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ARTICLE INFO ABSTRACT

Keywords: The force-length characteristics of dense connective tissues (DCTs) vary non-linearly as a function of strain rate.
Dense connective tissues (DCTs) However, there is no class of OpenSim"” available to incorporate the effect of strain rate into the OpenSim” model.
OpenSim’” In this work, a new plugin for OpenSim” was developed to incorporate the non-linear strain rate behaviour of
gi[;:;)l:::icsigam rate (NLSR) dense connective tissues (DCTs) of the human knee. Experimental force-length plots from the literature were

used to extract the shape factor, scale factor, the coefficient of viscosity and elastic stiffness corresponding to
specific strain rates. A new class object termed as NonLinearLigament was formulated using a customized plugin
based on a structural constitutive model. A test platform was created to evaluate the force-length patterns at
multiple strain rates ranging from 0.0001 s™' to 100 s~' for the DCT bundles. Knee kinematics of 25 DCT
bundles were subjected to forward simulation at various strain rates. To understand the significance, the force-
length characteristics of each of the DCTs were simulated as a function of strain rate for both existing Ligament
class of OpenSim” and the proposed NonLinearLigament class. In the proposed ligament class, higher forces were
observed with an increase of strain rate in DCTs. Existing Ligament class in OpenSim” was devoid of any changes
at different strain rates. In summary, the developed plugin takes into account the short term viscoelastic be-
haviour of DCTs and hence, would help in accurate modelling of tissue behaviour specifically for dynamic

Musculoskeletal knee models

situations.

1. Background

Dense connective tissues (DCTs) including ligaments, tendons
(dense regular connective tissue) and joint capsules (dense irregular
connective tissue) are soft tissues in the knee joint [1]. DCTs are car-
dinal for the range of motion of the joint construct, and hence, an ab-
normality in these tissues induce the risk of immobility and permanent
disability [2]. A ligament tear is one of the most common injuries
sustained in these joints and requires conservative treatment or surgical
reconstruction [3-5]. Due to the high rate of injuries in ligaments
during dynamic activities, it is imperative to comprehend the force-
length characteristics at varying strain rates. However, there exists
merely a handful number of studies on varying strain rates of DCTs of
the knee [6-8]. These studies correspond to a specific strain rate while
the day-to-day physical activities encompass a wide range of strain
rates on the knee [9]. Studies also suggest that the stress developed in a
DCT is a non-linear function of strain rate [8,10]. Bonner et al. studied
the tensile properties of the lateral collateral ligament (LCL) of porcine
samples at strain rates ranging from 0.01 to 100 s~ * and concluded that

there is a significant variation of tensile characteristics as a function of
strain rate [11]. Hence, the strain rate effect is an essential feature of a
DCT.

While physical experimentations of DCTs are imperative to the
understanding of real-life behaviour, there are several constraints in
carrying out such experiments for specific strain rate corresponding to
every scenario. At this juncture, musculoskeletal modelling is an in-
tuitive approach to study the effect of strain rate. Musculoskeletal
modelling via rigid body mechanics or soft tissue mechanics are solved
either finite elemental method (FEM) [7,12,13] or discrete elemental
techniques [14-17]. FEM addresses highly complex inputs and provides
quite an accurate solution. However, FEM based approaches suffer from
the convergence of the solution and often demands high infrastructural
costs of computation and time. On the other hand, discrete element
techniques are quicker and highly recommended for studies where the
joint stresses are redundant [18]. In order to accurately model soft
tissue mechanics, the inclusion of inherent properties of the soft tissue
is paramount to achieve results closer to the real-life situations [19].
OpenSim°, an open source musculoskeletal platform provides a
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reasonably easy computation of kinematic and kinetic parameters in-
cluding displacement, strain, velocity, acceleration, the range of motion
etc., as well as joint reaction forces, tissue forces and moment arm using
forward and inverse dynamics. In the past, Xu et al. followed by
Schmitz et al. developed a lower extremity model in OpenSim° with 10
DCT bundles and 18 DCT bundles of the knee joint, respectively
[16,20]. In both the articles, the two research groups defined DCTs with
linear force-length characteristics. The authors of the current work had
extended the above-mentioned knee model by incorporating 7 addi-
tional DCT bundles and identified differential intra-bundle strain as one
of the failure defining parameters [21]. In all the three musculoskeletal
models, the force-length characteristics were linear and were in-
dependent of the strain rate. However, in reality, the strain-rate (re-
ferred to as the short-term viscoelastic property) affects the force-length
characteristics [22]. Koga and Muneta concluded that the injury time
frame for ACL during dynamic activities ranges between 10 and 40 m s
[23]. Therefore, to understand injury mechanics and simulate them, it
is imperative to incorporate the strain-rate dependency of DCTs.

In summary, the non-linear strain rate (NLSR) behaviour of DCTs
was incorporated via a custom plugin for OpenSim® musculoskeletal
platform in this work. A graphical user interface (GUI) was developed
in MATLAB® using De Vita and Slaughter's structural model [10,24].
The GUI was used to estimate the material parameters described in De
Vita and Slaughter's model for the 20 DCT bundles (corresponding to
nine ligaments) of knee joint from the experimental data. The re-
maining five DCT bundles were assumed to be similar in force-length
characteristics as that of the menisco-femoral ligament. The material
parameters were used to define the property of the DCT bundles along
with maximum isometric force, resting length, failure strain and strain
rate. The simulation was carried out to calculate the force-extension
behaviour of the bundles at strain rates starting from 0.0001 s~ * to 100
s~ 1. The DCT bundles modelled in this work were simulated under
flexion, internal rotation, external rotation, adduction and abduction in
the time frame of 10 and 40 ms.

2. Methods
2.1. Structural model for DCTs

De Vita and Slaughter's structural hyper-elastic model addresses the
influence of strain rate on the force-length characteristics of the ante-
rior cruciate ligament (ACL) [10]. Equation (1) shows the constitutive
equation proposed by Pioletti et al. describing the first Piola-Kirchhoff
stress tensor P. It was derived based on the assumption that the viscous
potential W, (C, C) accounts for the energy dissipation. The formulation
for P is

P=—pGT +2G. (an(C) + W, C)J

oc oc €))

where, the indeterminate pressure imposing the incompressibility as-
sumption is given by p, the right Cauchy-Green deformation tensor is
represented by G, the elastic potential is given by W,(C), the material
time derivative is indicated by C, and the dot product between vectors
is represented by “.“. The mean axial direction of the collagen fibres are
assumed to be parallel to the direction of loading (E;). Hence, a prob-
ability density function representing the fiber orientation is defined as
R(m) = 8§(m — E;), where § represents Dirac delta function and m
indicates the direction coefficients of the collagen fiber. The elastic and
viscous stresses of the fibers have been defined based on Kelvin-Voight-
type viscoelastic constitutive behaviour as per reference [25]. There-
fore, the Piola-Kirchhoff stress B, is given by Ref. [10],
By =—-pAt+ Q)+ o,@, 4) 2)

where, o, and o, are the elastic and viscous stresses developed in the
collagen fiber. The values of these stresses are given by
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where, G, and &, are the elastic and viscous stresses developed in each
collagen fiber; R(4;) is the probability density function describing the
density of fibers that become active under a stretch Ag; 1, represents the
stretch ratio between 4 and A; K and 7 are the elastic stiffness and the
coefficient of viscosity of the fibers respectively. The term % denotes
the material time derivative. An assumption of traction-free boundary
condition was made by De Vita et al. implicating the pressure term to be
zero, i.e. p = 0. Therefore, Equation (2) can be expressed as.

A
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Previous literature suggests that Weibull [10,24], Beta [26], and
Gamma [27,28] distribution functions were implemented to model the
uncrimping stretch of the collagen fibres. In this work, the probability
distribution (R(1)) of uncrimping of the collagen fibers is given by

RQ) = (ln/l - y)g(ln/l - y)“‘lexp(_[ln,l - y)“)
B B B B 4)

where, a, § and y are the shape, scale and location parameters with
boundary conditions «, 8 > 0. The location parameter (y) when con-
verges to zero modifies Equation (4) to a 2-parameter Weibull Model
[29,30]. Moreover, A; can be expressed as

As = €5

(5)

Hence, the nominal axial stress Pz developed in the DCT can be

expressed as
/ 3]

Py = f af e Ve \B) [K (e — &) + né] deg
0 (6)
where, € and ¢ represents the experimental failure strain and strain rate.
The axial nominal force (F,z) was calculated as scalar multiplication of
physiological cross-sectional area of DCT (A) with the axial nominal
stress as shown in Equation (7).

Ez =Pz %A @

To normalize the force, a ratio is defined between normal axial force
(F,z) and maximum isometric force (F,). The force-length curve for the
non-linear ligament is further expressed in terms of force ratio (£) and
stretch ratio (1) as shown in Equations (8) and (9).

F=fz
" Fao (®)
/1=£; AL=1L - L

Lo €)]

where, L, is the resting length and L is the extended length of the DCT.
Further, the model accounts for the non-linear material property, finite
deformation characteristics, incompressibility of DCTs and anisotropy.
A flowchart is provided in Fig. 1 to elucidate the various components
involved in the design of the non-linear ligament class.

2.2. GUI for parameter estimation of DCT

In a recently submitted manuscript, the authors of the current work
performed experiments on ACL at various strain rates of 0.003, 0.03
and 0.3 s~ 1. For the sake of reference and convenience, the data is
provided in the supplementary section (Supplementary2.xlsx). A poly-
nomial equation of 6th order was curve fitted, and the values of the
material parameters were obtained. The coefficient matrix p;; was
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Fig. 1. A) Flow diagram of the non-linear plugin creation; B) tensile simulation of DCTs and C) Flexion, internal rotation, external rotation, adduction and abduction
of the knee with 25 DCT bundles.

Table 1
Value for a, B, # and K for DCTs from experimental force-length curve using the GUL
DCT Failure Material parameters derived from the experimental R? Adjusted R> Normalized Normalized Reference
strain data given in the reference column mean standard deviation
a B n (MPa/s) K (MPa)
ACL 0.3 4.5 0.3 20 70 0.998 0.998 112.682 147.496 Experimented by the authors. Data
0.997 0.997 121.147 155.386 given in the supplementary section
0.714 0.711 205.802 236.316
PCL 0.21 1.4 0.34 63 600 0.996 0.995 406.795 336.482 [46]
MFL 0.21 1.81 0.12 70 200 0.921 0.919 206.689 170.052 [31]
TL 0.21° 1.81% 0.12% 70" 200
LCL 0.12 1.2 0.2 40 2000 0.810 0.802 224.542 200.560 [52]
PL 0.21 1.1 0.2 65 2500 0.955 0.954 637.027 494.035 [36]
FL 0.217 1.81° 0.12° 70" 200"
CAP 0.29 1.28 0.15 52 180 0.968 0.968 231.181 182.080 [39]
MCL 0.18 1.62 0.3 56 150 0.982 0.981 246.466 204.824 [53]
DMCL 0.06 1.45 0.3 56 1000 0.988 0.987 74.819 69.365 [53]
PT 0.12 1.55 0.3 70 4500 0.989 0.988 897.937 839.361 [19]
IPFL 0.21° 1.817 0.12% 70° 2007
mPFL  0.217 1.81° 0.12° 70* 200"

@ The failure strain and material parameters are assumed to be the same as MFL.

calculated from the coefficient terms p;; of each of the samples j’ as equation. Regression analysis and estimation of the material parameters
shown in Equation (10) where M and N corresponds to the sample size were carried out. The material properties for DCTs other than ACL were
and the number of coefficients respectively for the 6th order polynomial calculated from the experimental data of frozen-fresh samples as
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reported in the literature (refer Table 1). A graphical user interface
(GUI) was developed in MATLAB® for the estimation of these material
parameters («, 3, 1, K, maximum force, maximum strain). The details of
the GUI are provided in the supplementary section (Supplementary 2)
(Fig. S1).

N
1 Di:
zéLi;j:lmM

by = N

(10)

2.3. Development of the plugin

An open source plugin for OpenSim” platform to predict non-linear
behaviour of DCTs at different strain rates was developed based on a
structural constitutive model given in Equation (6) [10]. Among the
existing structural and phenomenological models, the above-cited
model is the only constitutive model that formulates the stress as a
function of strain rate (¢). The detailed information about the plugin
development is provided in the supplementary and the interfaces of the
plugin in OpenSim"” are provided in the supplementary section.

The developed plugin takes into account of the short-term viscoe-
lastic behaviour of the DCTs with four material parameters viz. a, 3, 5
and K. These parameters are assumed to be identical for the bundles in
a DCT i.e. for instance, both anterior ACL (aACL) and posterior ACL
(pACL) bundles are assumed identical material parameters [31-33].
The values for material parameters and their corresponding references
are provided in Table 1. The force-extension data and cross-sectional
area for five DCTs including TL, mPFL, 1PFL, aFL and pFL were not
available in the literature, therefore the material properties and cross-
sectional area of the bundles were assumed to be similar to that of MFL.
Further the cross-sectional area of some individual bundles (aPCL,
pPCL, cPT, IPT, mPT CAPa, CAPl, CAPo, CAPm, aMCL, iMCL, pMCL,
aDMCL and pDMCL) are not available in the literature, and hence it was
assumed that the bundles in a given DCT are of equal cross-sectional
area to one another as depicted it Table 2.

Table 2
Parameters for defining DCT characteristics.
DCT Bundles Resting Cross- Max. Reference
length sectional isometric
(mm) area (mm?) force (N)

ACL aACL 30 20.7 1500 Data given in the

pACL 23.36 19.3 1600 supplementary
section

PCL aPCL 33.49 21.5 2600 [46]
pPCL 24.74 21.5

MFL aMFL 27.9 7.8 810 [31,37]
PMFL 31.13 6.7 936.2

TL* TL 14 7.8 1020 [54-56]

LCL LCL 69.9 12.22 2000 [52]

PL PL 46 7.1 1620 [36]

FL* aFL 20 7.8 1034 [21,57]
pFL 20 7.8 644

CAP CAPa 53.5 17.55 1350 [39]
CAPI 34.5 2000
CAPo 60 1500
CAPm 34.5 2000

MCL aMCL 70 22.47 2500 [41,52,53]
iMCL 70 22.47 3000
pMCL 85.5 22.47 2500

DMCL aDMCL 36 31.8 2000 [52,53]
pDMCL 37 31.8 4500

PT mPT 53 16.13 6000 [16,19]
IPT 53 16.13 6000
cPT 48 16.13 6000

1PFL? IPFL 34 7.8 1159 [58]

mPFL" mPFL 50 7.8 1965 [59-62]

@ The failure strain and material parameters are assumed to be the same as
MFL.
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2.4. Simulation for DCTs

A simulation environment to understand the force-extension char-
acteristics of the DCTs were formulated wherein the DCTs were sub-
jected to seven different strain rates from 0.0001 s~ ' to 100 s~ '. The
force developed in the tissues were recorded and compared with the
existing linear ligament class of OpenSim” by stipulating a motion file
for elongation about Z-axis. Fig. 1B illustrates the simulation setup.
Furthermore, the literature suggested that the failure time of DCTs
during dynamic activities such as running, playing soccer, single leg
landing etc. range from 10 to 40 m s [34,35]. Therefore, a simulation of
knee joint at the above time frame was conducted for the 13 ligaments,
tendons and capsules (corresponding to 25 DCT bundles) namely,
anterior cruciate ligament (aACL, pACL), posterior cruciate ligament
(aPCL, pPCL), lateral collateral ligament (LCL), medial collateral liga-
ment (aMCL, iMCL, pMCL, aDMCL, pDMCL), popliteofibular ligament
(PL), menisco-femoral ligament (aMFL, pMFL), posterior capsules
(arcuate popliteal bundle: CAPa, oblique popliteal bundle: CAPo, lateral
popliteal bundle: CAPl, medial popliteal bundle: CAPm), medial pa-
tellofemoral ligament (mPFL), lateral patellofemoral ligament (IPFL),
fibular ligament (aFL, pFL), transverse ligament (TL) and patellar ten-
dons (cPT, mPT, 1PT). The prefixes “a”, “p”, “i”, “1”, “m” and “c” sig-
nifies anterior, posterior, intermediate, lateral, medial and central re-
spectively. A knee joint model previously published by the authors was
used for the simulation. Five kinematics viz. flexion (range from 0° to
120°), internal rotation (IR) (range from 0° to 30°), external rotation
(ER) (range from 0° to 40°), adduction (range from 0° to 15°) and ab-
duction (range from 0° to 15°) were simulated for evaluation of force
and elongation between 10 and 40 ms. The simulation was carried out
using the analysis tool in OpenSim”.

3. Results

The results from tensile testing of fresh cadaveric ACL are given in
the supplementary for reference (Supplementary 1). The data was used
to calculate the material parameters of ACL as provided in Table 1.

3.1. Parameter estimation

Fig. 2(A) and (B) and (C) illustrates the experimental behaviour of
FATC under uniaxial loading at three different strain-rates of 0.003,
0.03 and 0.3 s~ %, respectively. The mathematically predicted values of
the force-length characteristics are also indicated in the plots. At a
given extension, higher strain rate generates higher resistant force in
the ligament. Fig. 2(D) to (K) depicts the comparison of the simulated
curve with the experimented force-length plots of eight DCT ligaments,
tendons and capsules PL, PT, PCL, LCL, CAP, MCL, DMCL and MFL from
respective sources. The remaining four DCTs were assumed to have
material characteristics similar to MFL. The material parameters cal-
culated through curve-fitting (using the GUI) from the experimental
data of the DCTs are tabulated in Table 1. The regression characteristics
in terms of R? value, adjusted R? value, normalized mean and standard
deviation for the DCTs are also provided in Table 1. The correlation
coefficient ranges from 71.1% to 99.8% with mean value of 92.3% and
mean adjusted R-square value of 92.0%.

Fig. 3 depicts the maximum force developed in the 13 DCT liga-
ments, tendons and capsules (corresponding to 25 DCT bundles) (in
logarithmic scale (base 10)) under an extension to their corresponding
failure strains. Fig. 4 depicts the force (in kN) and instantaneous strain
rate (ISR) (in s ') developed in few of theDCT bundles of knee during
flexion (0°-120°), internal rotation (0°-30°), external rotation (0°-40°),
adduction (0°-15°) and abduction (0°~15°) in a time frame of 10 and
40 m s. The individual force-elongation plots at different strain rates are
provided in the supplementary section (Figs. S3 to S5) for easy re-
ference. A few DCTs exhibited minimal or no forces during flexion and
the plots of force as well as the instantaneous strain rate of these
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Fig. 2. Input force-length plot for ACL (A,
experimentation.

B, C), PCL (D), MFL (E), LCL (F),

bundles are illustrated in Fig. S6 in the supplementary section (Sup-
plementaryl.docx). The plots for internal-external rotation and ab-
duction-adduction of all the 25 DCT bundles are given in the supple-

mentary section (Figs. S7 to S10).

PL (G), CAP (H), MCL (I), DMCL (J) and PT (K) curve-fitted from literature and

4. Discussion

A comparison of maximum force was drawn between the existing
class of OpenSim and the developed NonLinearLigament class in loga-
rithmic scale (Fig. 3). The existing class of OpenSim was devoid of the
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variation under strain rate i.e. a constant maximum force was observed.
However, the proposed class yielded an increase in failure force with an
increase in strain rate. The average rate of increase in the maximum
force in DCTs from 0.0001 s ' tol s ' and 15~ to 100 s~ * are 240.3%
and 5904.6% respectively. The maximum increase was evident in ACL
with an rate of increase of 688.4% and 8645.1% from 0.0001 s~ ! tol

s™1and 1 s~ 'to 100 s~ 'respectively. The minimum rate of increase in
the maximum force was evident in PL with 26.5% and 2073.6% from
0.0001 s™'tol s™'and 1 s™! to 100 s~ 'respectively.

As most of the DCTs consist of more than one bundle of tissue,
further studies on flexion/extension, internal/external rotation and
adduction/ abduction were carried out for each of the bundles. The
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Fig. 4. (Al, B1, C1) Force and (A2, B2, C2) instantaneous strain rate (ISR) plot for (Al, A2) aPCL, pMFL (B1, B2) PL, CAPa and (C1, C2) CAPl, CAPm at different

angles of flexion of knee in a time-frame of 10 and 40 ms respectively.

anatomical position of the bundles and their physiology effect the
mechanical properties of the bundles at different kinematics. The force
and instantaneous strain rate (ISR) (Fig. 4) developed in the prominent
DCT bundes under the forward simulation of knee joint for flexion in
the time frame of 10 and 40 ms are depicted below. The force and ISR
characteristics of flexion (remaining), internal/ external rotation and
adduction/ abduction are provided in the supplementary section (Fig.
S6 to S10). Table 3 shows the maximum force in the 25 DCT bundles
under different knee kinematics. The symbol N is indicated for non-
significant values of the forces developed in case of few of the DCT
bundles.

4.1. Flexion (0°-120°)

The forces developed in aPCL, pMFL, PL, CAPa, CAPl and CAPm
(Fig. 4)were higher than the failure force of the corresponding bundles
as per literature [36-39] while in the remaining DCT bundles (such as
in pACL, aPCL, aMFL, pDMCL etc.) (Supplementary Fig. S6) no sig-
nificant force was developed owing to the slackness of the bundles as
reported in the literature [34,37,40,41].

Anatomically, pMFL attaches to the posterior area of the lateral
mensicus and crosses superiorly and medially behind pPCL attaching to
the medial condyle of femur [42]. Therefore, the attachment site of
these two bundles can be correlated for the high forces and ISRs. PL is
anatomically located at the posterio-lateral aspect of the knee making
an oblique angle with LCL and connected with the popliteous tendon
[43]. During flexion, the obliqueness of the bundles allows it to get
stretched along with the popliteous muscle [43]. This justifies the high
force and ISR developed in the bundle. CAPa, CAPl and CAPm are lo-
cated in the posterior aspect of the knee. They also have an attachment
at the overlapping point proximal to posterior tibia [16,21,44]. Under
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flexion, the attachment from the overlapping region and tibia gets
stretched and hence high forces and ISR values were observed [17,45].
It was noticed that the ISR plots of all the bundles had a kink at ~30° of
flexion. Post 30° of flexion, all the bundles follow a skew asymmetic
parabola which is because of the anterior-posterior translation [20,21]
of tibia over femur.

4.2. Internal rotation (0°-30°) and external rotation (0°-40°)

When subjected to internal rotation, the forces developed in pPCL,
PMFL and CAPm (Supplementary Fig. S7) were higher that the failure
forces of the corresponding bundles as per literature [31,39,46] and
therefore were prone to failure. pPCL, pMFL and CAPm are connected
to the posterio-lateral surface of the medial condyle of femur [21].
During medial rotation, the relative distance between femur and tibia
increases in the direction of attachment of the mentioned bundles and
therefore, the bundles were strained thereby depicting high forces and
ISR. However, the forces generated in the remaining bundles including
aACL, pACL, aPCL, aMFL, CAPa, CAPl, CAPo, aMCL, iMCL and pMCL
(Supplementary Fig. S7) were within the failure forces of the individual
DCTs as per literature [31,39,41,46,47].

During external or lateral rotation, the forces acting on the bundles
PL, CAPl, CAPm, aMCL, iMCL and pMCL (Supplementary Fig. S8)were
higher in comparison to the maximum failure force of the respective
bundles as per literature [36,39,48]. All these bundles excluding PL and
CAPI] are anatomically attached at the posterior-medial part of the knee
[16,21]. Hence during lateral rotation, the bundles were subjected to
elongation in the direction of their anatomical attachment resulting in
higher forces and ISR value. In the case of PL and CAPI, the bundles
underwent elongation in the posterior side during external rotation
[16,21]. This results in elevated forces and ISR values. All the bundles
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Table 3
Significant forces and ISR of DCT bundles at various kinematics.
DCT Name Bundles Flexion Internal Rotation External Rotation Adduction Abduction
@10ms @40ms @10ms @40ms @10ms @40ms @10ms @40ms @10ms @40ms
ACL aACL N N N N N
PACL 1.36° 0.348°
16.6" 4.2"
PCL aPCL 13.76° 3.48° N N
125.7° 31.42°
pPCL N 18.20° 5.04° 18.9° 5.28"
19.8" 49" 19.7 " 4.9°
MFL aMFL N N 9.89° 2.5°
12.9" 3.2°
PMFL 23.86° 6.01° 28" 7.58" 22.72° 6.21°
91.7" 22.9" 19.90" 4.97" 16.6" 4.2°
TL TL N N N
LCL LCL 0.998° 0.265° 8.9" 3.49°
43.9" 11.0° 16.7° 4.2°
PL PL 35.12 9.26 49.50° 17.22° 46.72° 17.65°
50.37" 12.6" 4.1° -2.0" 20.0" 5.0
FL aFL N N N
pFL
CAP CAPa 22.19% 0.55" 5.09% 1.34%
50.62" 12.66" 11.5" 2.9”
CAPI 4.97¢ 1.24° 13.97° 3.61° 8.89 2.33% N
111° 27.74° 1.5" -0.7" 15.2" 3.8"
CAPo N N N
CAPm 11.8% 2.96% 8.3" 2.15% 16.87° 4.35% N 12.96% 3.42°
118.4° 29.59" 16.8" 4.2° 0.1° 0.0" 18.6" 4.7°
MCL aMCL N N 7.98" 2.05° 14.36° 3.71°
2.7" 1.3" 13.8" 3.4°
iMCL 6.992% 1.79° 13.28° 3.43%
2.4° 1.2° 13.3" 3.3°
pMCL 2.53" 0.651° 6.57" 1.69°
2.0° -1.0" 10.3" 2.6°
DMCL aDMCL 33.76° 8.73" 18.4° 4.8°
7.5° -3.8" 26.6" 6.7"
pDMCL 22.63° 5.87° 12.5° 3.3°
6.4° -3.2° 23.6" 5.9°
PT mPT N N
IPT
cPT
IPFL IPFL
mPFL mPFL

N- Value not prominent during the simulation (force generated < failure force of the corresponding DCT).

@ Maximum force developed in the DCT bundle (in kN).
> Maximum ISR in the DCT bundle (in s~ 1).

with significant variations in force were found to have exponentially
increasing characteristics of force during both the rotations.

4.3. Adduction (0°-15°) and abduction (0°-15°)

During adduction, the forces generated in the bundles pACL, LCL,
PL and CAPI (Supplementary Fig. S9) were found to exceed the failure
forces for the corresponding bundles [36,49,50] and therefore were
prone to failure. The anatomical attachment sites of pACL, LCL, PL and
CAPI are in the lateral condyle of femur and therefore during adduction,
these bundles are stretched to the maximum resulting in high forces and
ISR values developed in them. However, the forces produced in the
other set of bundles such as aACL, aPCL, pPCL, aMFL, CAPa, CAPm,
CAPo, aMCL, iMCL and pMCL were below the maximum failure for
corresponding DCTs [31,39,41,49,51].

In the process of abduction at the knee, the forces on the bundles
pPCL, aMFL, pMFL, CAPa, CAPm, aMCL, pMCL and iMCL
(Supplementary Fig. S10) exceed their respective failure forces
[34,37,39,41]. The anatomical attachment sites of all the above-men-
tioned bundles are in the medial condyle of femur and therefore during
abduction, these bundles experience maximum elongation compared to
the other bundles of knee. This results in development of high forces
and ISR values in these bundles and hence they are prone to failure. All

193

other bundles except the ones discussed demonstrated forces below
their corresponding failure forces as per literature [11,36,39,40,51].

In summary, the new class of ligament helps in simulating the non-
linear behaviour as a function of strain rate. The values of forces ob-
tained during various kinematics are in accordance with the anatomical
location of the DCT bundles.

5. Conclusions

A plugin for short-term viscoelasticity of DCT was developed for
OpenSim®. The characteristics equation for non-linear strain-rate be-
haviour was formulated based on four material parameters of the DCT.
These material parameters were calculated for DCTs of the knee joint. A
simulation was carried out to compare the linear OpenSim” ligament
class with the proposed NLSR plugin at strain rates varying from 0.0001
s™! to 100 s~ It was observed that the linear Ligament class of
OpenSim® was devoid of strain rate dependency and hence was unable
to simulate strain rate dependent kinematics for understanding injury
mechanics. The NLSR plugin created as NonLinearLigament class was
able to predict the variation in force-length characteristics as a function
of strain rates. A simulation of the knee with 25 bundles of DCT was
conducted under flexion, IR, ER, adduction and abduction in a time
frame of 10 and 40 ms. The following DCT bundles underwent forces
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higher than the failure force and hence may fail during the following
kinematics:

a) aPCL, pMFL, PL, CAPa, CAPl and CAPm, during flexion

b) pPCL, pMFL and CAPm, during internal rotation

c) pMFL, PL, CAPm, CAPI and aMCL, pMCL and iMCL during external
rotation

d) pACL, LCL, PL and CAPI during adduction

e) pPCL, pMFL, CAPa, CAPm and aMCL, pMCL and iMCL during ab-
duction

Hence, it is conclusive that the NLSR plugin is capable to simulate
strain rate dependent behaviour of DCTs for investigating injuries and
failure. However, there are a few limitations of the study. For example,
ACL undergoes the highest strains and possible failure during the in-
ternal rotation, but the strain values were not captured due to inherent
nature of OpenSim” that calculates the strain between the attachment
sites and not along the length of the ligament. Further, in real-life in-
juries, failure may also occur at the site of attachment. In OpenSim®
platform, cross-section of the DCT attachment cannot be modelled at
this point of time. Future work may consider the above constraints.
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