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aper deals with internal forces of human knee during
squat exercise. The moderate squat exercise consists
ding phase from standing to the lowest position
éxion angle) in which no significant contact between
calf occurs, and an ascending phase back to standing
his research predicts the internal forces such as
es, contact forces, and ligamentous forces. The
structures in this research consist of Anterior
nent (ACL), Posterior Cruciate Ligament (PCL),
ollateral Ligament (LCL), and Medial Collateral
CL). The ligaments are modeled as nonlinear
(they do not carry compression forces). An
‘technique was used to determine the muscle and

resent in the knee during the squat exercise.

ON
%;J_fnt 8 the largest joint of the body. Unlike other
ried by two bones, the knee is made up of three
patella, and tibia [1]. Although the knee is
 O1as being a single joint, it actually consists of
& In concert to allow movement and provide
M. The two joints that make up the knee are
oI, and tibio-femoral joints [1],

I the knee is achieved through the
SLs of ligaments, the collateral ligaments
armenls. The collateral ligaments are found
apsule and consist of the medial and
m::j‘?:i; éllt-su extra-capsular ligaments help
1], | oreofjpldiiement of the tibia when the
e Taterg) o iﬂ.r: tclle lateral collateral ligament
Media] colllj b?n y‘ic of the fe.mur to the head
o op orateral ligament (MCL) runs from

Uyle :
2 OF the femur 14 1he medial condyle of

*’ligﬁlhe
ellt]jl are found inside the articular
EBCStS, form a cross in the notch

Ongs
: samms(ghe two cruciate ligaments are
' CL) and the posterior cruciate

[ two
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ligament (PCL). The primary function of the ACL is to prevent

knee hyperextension as well as forward sliding of the tibia with
respect to the femur. The PCL’s primary function is to prevent
the backward displacement of the tibia in relation to the femur
[1].

Cruciate and collateral ligaments are known to exhibit
nonlinear viscoelastic properties. A nonlinear property of
ligaments that is of particular interest in this paper is their
nonlinear stress-strain curve. The nonlinear nature of the stress-
strain curve of ligaments is due to the ligament’s composition.
Ligaments are made up of connective tissue, which in turn is
made up of bundles of elastic and collagenous fibers.
According to Butler et al. [2], the stress-strain curve for a
typical ligament can be divided into three zones. Zone 1 is
characterized by the uncoiling of collagenous fibers. Initially,
the stiffness of the ligaments is attributed to the elastic fibers:
however, as the ligament elongates and more collagen is
uncoiled the stiffness of the ligament becomes more and more
dependent on the collagenous fibers [2]. Moreover, the stiffness
increases as the collagens uncoil and get aligned. This stress-
strain relationship can be represented as a quadratic equation
[2]. In zone 2, all of the collagen has been uncoiled, and the
stiffness in the ligament is solely dependent on the collagen
fibers. At this point, the stress-strain behavior is usually treated
as a linear equation. Lastly, the collagen fibers begin to rupture
in zone 3 and continue to rupture throughout the zone until the
ligament fails completely [2].

Knee flexion and extension is achieved primarily by the
antagonistic relationship of two groups of muscles. These two
groups of muscle are commonly known as the quadriceps and
the hamstrings. The quadriceps is subdivided into four
muscles: rectus femoris, vastus lateralis, vastus medialis, and
vastus intermedius. The primary function of the quadriceps is
to extend the knee [3]. Furthermore, the hamstrings are located
along the posterior side of the thigh, and consist of three
muscles: biceps  femoris,  semitendinosus, and
semimembranosus. The primary function of the hamstrings is
to flex the knee [3]. Body movements and balance are achieved
through the collaborate effort of muscles and ligaments.
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Muscles and ligaments exert precise tension forces onto bones
to produce smooth movements and maintain a stable posture.

The purpose of the investigation presented in this paper,
was to determine the internal forces of the knee that develop
during a moderate squat. The overall approach was to collect
the kinematic and kinetic measurements experimentally using
motion capture cameras and force plates, then apply the
collected experimental data to a knee joint model to calculate
the resulting internal forces. The mathematical model for the
knee joint consisted of a 2-dimentional dynamic model that uses
an optimization technique to determine the internal loads found
in the knee. The internal loads determined by the 2-dimentional
model consist of forces generated by muscles and contact
points. Ligament forces are assumed to behave like rubber
strings and are determined geometrically. Furthermore, the
tibiofemoral contact is assumed to occur at a point that
translates along the tibial plateau during the squat exercise and
is identified geometrically using the experimentally measured
kinematic data.

2-D DYNAMIC MODEL OF KNEE JOINT

A two-dimensional model was developed to calculate the
ligament, muscle, and contact forces. Three bony structures are
accounted for in this model, femur, tibia and patella. The bony
structures are assumed to be rigid bodies. The tibiofemoral
contact is assumed to occur at a point along the tibial plateau.
The location of the contact point is calculated geometrically
using the measured kinematic data. Both the cruciate (ACL and
PCL) and the collateral ligaments (MCL and LCL) are included
in this model.

The internal forces of the human knee consist of articular
contact forces, i.e. tibio-femoral and patello-femoral contact
forces, muscle forces in muscles such as the quadriceps muscle
including rectus femoris and vasti muscles, the hamstrings
muscle, and the gastrocnemius muscle. An inverse dynamic
model is used to investigate the squat exercise. In inverse
dynamics, the accelerations are experimentally determined, and
then the internal forces are predicted through numerical
simulations, The inverse dynamic model, which is an
optimization procedure, consists of an objective function in
which the sum of squares of internal forces is minimized, and
both equality and inequality constraints. The equality
constraints consist of equations of motion of the bony structures
in the model. The inequality constraints consist of forces being
greater than zero for tension forces in the muscles and articular
contact forces. The experiments were conducted in the
Biomechanics Laboratory (Director Dr. Dumitru Caruntu) at
the University of Texas Rio Grande Val ley. The human subject
was a healthy male twenty three years old, 80 kg and 1.80 m.
He went from standing position (zero flexion angle) to
moderate squatting (about 120 degrees flexion angle), and back
to the standing position. Markers on the human subject were
located on bony landmarks such as ankle, tibial tuberosity,
lateral knee condyle, and greater trochanter. The
instrumentation recorded the motion of these markers during
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the exercise. With this data, the motion of the centers o |

of tibia and femur were determined, and then their aceg| el
calculated through numerical differentiation, At the oy
the ground reaction forces were recorded. Both the Kin
and the ground reaction forces were recorded by a
analysis system and two force plates, respectively:

accelerations of the centers of mass of femur and tib ..
ground reaction forces were input data for the inverse dy
model.

The cruciate and collateral ligaments are assiy
behave like elastic strings characterized by a quadratie
elongation curve, for low elongations, and after regg
particular threshold, characterized by a linear force-glo
curve [2]. Therefore, ligament forces can fall under one g
cases depending on the amount of strain the ligatien
undergone [4]. The three cases and there corre
equations are described below
CASE 1: If ligaments do not experience any strain (g, <
then the ligament force will be equal to zero. -

Flig =0

sses through both the marker that was placed on the right
piss dyle and the marker that was placed on the right greater
l:er of the femur. Second, it was assumed that if a
dicular line with respect to the tibial plateau were drawn
the center of the right lateral condyle the line would
{hin the tibial plateau for all flexion angles. Lastly, it
Wed that the resulting translation of a perpendicular
1 respect to the tibial plateau would travel within 14 to
o during the descending phase. This range was selected
I'. on the average anterior/posterior translation of the femur
to the tibia determined by [8] and [9)].

L]
N

*  MARKER

CASE 2: If the ligament strain falls between 0 and the |
threshold (0 < &, < 2¢,), then the ligament force can
expressed by the following equation. 3

2
Fug = Klig(Llig — SLyg)

CASE 3: If the ligament strain is greater than the
threshold (e, > 2¢,), then the ligament force
expressed by the following equation.

Fig = kyg(Lug — SLug)

where ¢, is the strain coefficient, Z¢, is the strain
the linear region, Fy; is the ligament force, kg
constant for the linear region, Ky is the elastic &
quadratic region, and SL;; is the ligament slack
1 shows the free body diagram for ligament forces
tibia, _
Furthermore, the muscles that are included
model are the following: quadriceps (Fg);.
iliacus (F7), rectus femoris (Frf), biceps femorl ‘
gluteus (Fg), vastus (Fv), and gastrocnemitis
contact forces that are included in the model @
y components for the contact point at tl}elhlp
and the x and y components for the tibioft y
and Fcy). These forces are illustrated on the ire

— L i i
03 032 034 036 038 04 042
X axis (meters)
i Free body diagram for ligament forces
on femur and tibia.

fiptions were made when deriving the equations of
 forces generated by the biceps femoris (Fbfs and
‘£ Y component of the contact point found at the hip
10 be paralle] 1o the length of the femur. Second,
ced by the quadriceps (/7 q), gastrocnemius (Fgas),
CPOent for the tibiofemoral contact point are
= barallel (o the length of the tibia. Third, forces
mg:IUtells (Fg) and iliacus (Fi) are assumed to
B Up along the global y-axis.
~ *Mponent for the contact point at the hip is
ti:}T’ﬁﬂdu.:ular to the longitudinal axis of the
»

show; itrlll Figs. 2 ;11121 3‘data was  used i 3 es';sagg Elotjip;} of femur and tibia used for the
nthropome ¢ e follow
measurements for the tibial plateau [3] and Wing

radius [6]. Other anatomical features that
anthropometric data include the center 0s
tibia, the mass of the thigh, and the ma‘ias
Furthermore, the right lateral cond)’lef__ it |
circular shape. The radius and center 0 5 o
were selected by applying three assu_l-lll“l_ll1

of the right lateral condyle was aSSEEEE

1 Z Fxf 5 mf X axcf

IEa
YTy X ay, 4

Copy’ '
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Figure 2: Free body diagram for muscle
and contact forces of femur.
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where Fy and F,s are the sum of the forces along the x and y
axes, axcs ayes and ar describe the acceleration of the femur,
Mcyis the sum of the moments about the center of mass of the
femur, myis the mass of the femur, and Iis the moment of inertia
of the femur; and where F\, and F), are the sum of the forces
along the x and y axes, axc;, ayc, and a; describe the acceleration
of the tibia, M, is the sum of the moments about the center of
mass of the tibia, m, is the mass of the tibia, and 7, is the moment
of inertia of the tibia.

Unlike the ligament forces, muscle and contact forces are
determined through an optimization process. Using an
optimization technique is necessary because the number of
muscle and contact forces that are being solved is higher than
the number of equations derived from the dynamic system [7].
In addition to the equations of motion, the optimization method
also requires a set of inequality constraints in order to come up
with a solution. Two assumptions about muscle forces and
contact forces are expressed by the inequality constraints. First,
muscles are assumed to only exhibit tensile forces and thus the
value for muscle forces must be positive; and second, the x
component of the tibiofemoral contact point is assumed to be
equal to zero.

EXPERIMENTAL PROTOCOL

An integrated system consisting of motion capture cameras
and force plates were used to collect the experimental data.
Unlike traditional cameras, motion capture systems, like the
one used to collect the kinematic measurements in this paper,
do not produce colored images; instead, the motion capture
cameras generate a 3-dimensional spatial image in which the
location of specific markers is tracked. Figure 4 shows the 3-
dimensional image produced by the motion capture cameras.
Moreover, the equipment setup consisted of ten Vicon MX T-
Series cameras (motion capture system) surrounding two AMTI
force plates. The ten Vicon MX T-Series cameras and the two
AMTI force plates were used to collect kinematic and kinetic
measurements, respectively. The equipment used during the
experiments is shown in Fig. 5.

Vicon MX T-Series cameras gather the kinematic
measurements by tracking reflective markers that are placed on
the subject. Reflective markers were placed in specific
landmarks on the hip, thigh, and lower leg as shown on Fig. 6.
After markers were placed, the test subject was required to
stretch out and perform 5 practice squats in order to loosen up
the muscles and ensure that the placement of the markers does
not interfere with the subject’s ability to perform the exercise.
The experiment required the subject to perform 5 sets each
consisting of 10 moderate squats. Subjects were allowed to rest
3 minutes between sets. Squats were executed keeping the
heels on the ground. Moreover, the subject was required to take
between 2.5 and 3 seconds to perform the squat as well as to
maintain the standing position for at least half a second.
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exion is approximately the same for both sets of

ﬁgure 6: Image of test subject before performing
' the squat exercise.

Flexion Angle
\
| /
Figure 5: Image of AMTI force plates (left) alt ]
MX T-Series cameras (middle and right)
RESULTS = . ‘ ‘
Kinematic and kinetic measurements Were & 05 4 i s =

applied to the previously described 2D dynamic 0 Time (sec)

to determine the internal forces of the knee- &
plotted using MATLAB and are shown on figu

The subject’s flexion angle during the squd
shown In Fig. 7. During the experiment the tio
angle was considered to be the standing PO
the value for the minimum flexion angle W

X 1
degrees. Also, note that the value for the m

t Flexion angle as a function of time.

M the ground reaction forces that were collected

force plates,

! cﬁmpare the ligament forces experienced
él?gga ]t;xlerctse for the experiment presented on
B ligarme cm forces determined by [10] and [11].

angle was approximately 112 degrees: ol 0 L. Out “t‘lorces observed were produced by the
The distance between the tlbiﬂtcmori's- Wl Chin o the two forces the PCL displayed the

the posterior edge of the tibial plateau _ The A € apeak of 1740 N at a flexion angle of 109

. i 5 'p“)duced S ¥
Results for this distance were compare; o a significantly smaller maximum
: data obtained I Mately 640 Y

literature [9]. Furthermore, ; 3 ! during the standing position.
\L:;a a:::mlncjzd to have the same u:tllllﬂl B:;;ude of the “gamegnt forces did iul: match,
determined experimentally, Not that 148/ ared by [10), '

A he stan
tibiofemoral contact point from the
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Figure 8: Distance between the tibiofemoral
contact point and the posterior edge of the tibial
plateau.
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Figure 9: Ground reaction forces versus time for a
moderate squat exercise.

The PCL force does however, fall between the values
obtained by [10] and [11] suggesting that the determined value
is within an acceptable range. Furthermore, no forces were
observed for the MCL and a small force was observed for the
LCL when the subject was in the standing position. Note that
the data points for [10] and [11] are discontinuous because the
flexion angles were lower than what is presented in this paper.
Also, measurements for the descending phase are given in [10].
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Figure 11: Comparison of ACL forces.

Tensile forces generated by the quadriceps, hamstring, and
gastrocnemius are shown Fig. 12. Out of the three muscles, the
quadriceps displayed the highest force, which was 1682 N and
occurred when the subject was at 109 degrees. The hamstring
reached a force of 1278 N at approximately 105 degrees; and
lastly the gastrocnemius got a maximum force of 497 N in the
standing position. Figure 12 also compares the quadriceps and
hamstring forces that were determined experimentally to those
obtained by [10]. The magnitudes of the forces do not seem to
agree, however, the quadriceps do begin to increase at the same
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flexion angle. Moreover, the quadriceps force is greg
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ore, results were in agreement with data reported in

. The maximum PCL force (1740 N) calculated in
jork fell between the PCL forces used for comparison
tely 750 N and 2500 N). Only one source for
on was found for the ACL and it was slightly lower
mately 250 N) than what was obtained in this paper
It was also observed that the overall activity of the
as consistent with data reported in the literature.
also shared several features to those reported by
- The most notable of these features being that
force is greater than the hamstring force during
1 an.gles. It was also observed that the quadriceps
! Increase around the same flexion angle as those
the literatyre
SENSIonal dynamic model was developed in order to

_ a’;‘_:SCle, ligament, and contact forces of the knee
foderate g

Llim

Figure 12: Comparison of quadriceps and
hamstring forces.

Figure 13 shows the contact forces for both the hil
tibiofemoral contact point.  The y-component
tibiofemoral contact point displayed the highest fore
during the squatting exercise. The maximum fi
tibiofemoral contact point was 2689 N and took p!
subject was at the maximum flexion angle. The m:
for the x-component for the hip contact point also:
the maximum flexion angle and was 2139 N.

DISCUSSION AND CONCLUSIONS N

Ligament, muscle, and contact forces relate
when performing a moderate squat are reported_-
Ligament forces were calculated using a set qf )
are dependent on the amount of strain displ
ligament. Physically, these conditions descffbﬁ"
as behaving like elastic strings. Mathematicd .
used to account for this behavior. Muscle angs
were determined using an optimization technig
optimization process muscles were assume i
tensile forces. Results for both ligament and 1
compared to previous studies in order to ¥ I
dynamic model.

. Squat. However, the proposed model does
ltations, most of which are related to the way

_.;llmed to be simple shapes. For example, the
él}:‘;‘-a\:’as modeled as a circ!e.eu}d l_he ;ibial
» .moda]ﬂgt surface. Another [1m|tat|pn is the
"mils.cle cg}; . I_n some cases, the tens;lr_: force

i o 1aclmns_ were assumed to point at a
i S hot entirely accurate; for example,

= Y the iliacuys and gluteus medius were

be
TDivi:?o;upponed by the National Science

grant # 1126763,

telures were modeled. In other words, aspects of
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