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Highlights
e The geometry of the patellar mechanism changes as the knee extends
e A femoral to tibial pattern of moment production is seen during vertical jumping

e The changing geometry of the patella can explain 93% of the variance in the

pattern

e Mechanical considerations are important in the organisation of movement
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Abstract

The patella is traditionally understood to be a “joint spacer” that increases the moment arm of
the patellar tendon. This characterisation is unsatisfactory as it fails to explain the more
interesting characteristics of the patella: 1) that the changing pivot point of the patella causes
the ratio of quadriceps to patellar tendon force to almost double as the knee flexes;2) that the
patellar tendon exerts an anteriorly directed force on the tibia when the knee'is extended but
this switches to a posterior draw as the knee flexes; and 3) that the presence of the patella
allows the quadriceps to exert different moments on the femur and/tibia. Here, | use a simple,
model of the geometry of the knee to calculate the changes, in:the“effective moment arms of
the quadriceps on the femur and tibia as the knee extends during vertical jumping. These
effective moment arms are then contrasted with the actual changes in moments seen during a
vertical jump. This analysis demonstrates that the’changing geometry of the knee alone can
explain 93% (p < 0.05) of the variance“in, the characteristic femoral to tibial pattern of
moment production during jumping — suggesting that the mechanics of the patella have a
crucial influence on the coordination of jumping. These results lend support to the contention
that mechanical considerations play a pivotal role in the control of movement by creating a
stronger imperative towards a particular movement solution than might be suggested by the
large degree’ of redundancy in the neuromuscular system. This idea is consistent with
dynamic systems theories of motor control, i.e. the mechanical structure of the
musculeskeletal system itself is important in the organisation of movement (so called

mechanical intelligence).

Keywords: motor control; dynamic systems theory; mechanical constraints; patellofemoral

joint; tibiofemoral joint; knee; vastus; rectus femoris; lower limb extension; movement
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Introduction

The presence of the patella in the human lower limb is normally explained by reference to its
action as a “joint spacer” — that is that the existence of the patella increases the moment arm
of the quadriceps muscle group about the tibiofemoral joint (Amis and Farahmand, 1996;
Gwinner et al., 2016; Kaufer, 1971; Vanlerberghe et al., 2018). However this,rationale,
although true, is somewhat unsatisfactory as it fails to explain three of the‘most interesting
characteristics of the functional anatomy of patellofemoral joint (Cleatheryet al., 2014;
Regnault et al., 2017; Soo Im et al., 2015). This is particularly surprising as these aspects of
the anatomy of the patellofemoral joint have been clearly described in literature dating back
at least 40 years (and that is described below). In this article,'| draw on our previous work
(Cleather et al., 2014) in order to show how these characteristics may contribute to the motor

control movement.

The first characteristic of the pateHofemoral joint which is not explained by the proposition
that the patella is a joint spacer is.the fact that the patella acts as a lever. Furthermore, as the
patella tilts and translates relative to its articular surface on the trochlea, the position of the
pivot point on the~posterior surface of the patella changes as the tibiofemoral joint flexes
(Bishop and Penham,1977; Buff et al., 1988; Gill and O’Connor, 1996; Huberti et al., 1984;
van Eijden et al;"1986), which in turn produces a changing relationship between the tension
in the.quadriceps and patellar tendons (this has been well established in both experimental
(Bishop and Denham, 1977; Buff et al., 1988; Huberti et al., 1984) and in silico work (Gill
and O’Connor, 1996; van Eijden et al., 1986)). The nature of this change is profound: at or
near full extension the tension in quadriceps and patellar tendons is approximately equal,
whereas at around 120° of tibiofemoral flexion the tension in the quadriceps tendon is almost

double that of the patellar tendon (Mason et al., 2008).
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The second interesting characteristic of the patellofemoral joint is that the changing position
of the patella results in a change in the orientation of the patellar tendon relative to the tibia,
and that this relationship is again mediated by the degree of tibiofemoral joint flexion
(DeFrate et al., 2007; Herzog and Read, 1993; Varadarajan et al., 2010). Again, the effect of
this change is profound: when the knee is more extended the line of the patellar tendon is
orientated anteriorly relative to the tibia and tends to load the anterior cruciateligament,
however, this angle decreases approximately linearly with tibiofemoral flexion.such that the
direction of pull of the tendon switches to a posterior orientation that loads the posterior

cruciate ligament at a tibiofemoral angle somewhere between 60° and 905.

The final characteristic of the patellofemoral joint which'is of relevance to this discussion is
the fact that the presence of the patella means that the vastus muscle group cannot be
considered as a simple monoarticular musclg. For'most monoarticular muscles it is common
to assume that they exert equal and opposite. moments on the two segments to which they
attach — this is a reasonable assumiption based upon a “joint based” analysis (i.e. considering
that a muscle creates a moment about a joint that is equal to the product of the muscle’s
moment arm about the tentre of rotation of the joint it spans and the tension in the muscle
(Cleather and Bull,;"2012)) and Newton’s third law. However, because the patellar tendon
attaches to the patella‘rather than directly to the femur, such an assumption does not hold for
vastus (although it is often still employed (Arnold et al., 2010; Correa et al., 2011; Ogihara et
al., '2009)). Instead, in order to understand the effect of tension in vastus it is more
appropriate to employ a segment based analysis where the effect of a muscle on a segment is
calculated by considering the rotation effect of all the individual forces that act on the
segment (Cleather and Bull, 2012; Zatsiorsky and Latash, 1993). In our previous work we

used a simple two dimensional, segment based, geometrical model of the lower limb to show
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that the presence of the patella means that tension in the vastus muscle group can produce
quite different rotation effects on the femur and tibia (Cleather et al., 2014). Again, this is a
profound difference that means that the function of vastus is fundamentally distinct from

other monoarticular muscles.

When considered together, the combination of these three characteristics mean that,the effect
of tension in the vastus muscle group is highly dependent on the tibiofemoral knee flexion
angle. In our previous work, we showed that when the tibiofemoral joint is more flexed that
tension in vastus tends to preferentially exert a rotational effect on the femur, whereas when
the joint is more extended tension in vastus creates rotation of‘beth'femur and tibia (Figure 1;
Cleather et al., 2014). This is qualitatively easy to understand from the above discussion.
For instance, when the tibiofemoral joint is flexed to an angle of between 60° and 90° the
orientation of the patella is close to parallel to theAdongitudinal axis of the tibia, meaning that
its ability to provide a rotation moment to-the tibia is diminished. At the same time, in this
position a greater amount of tension inthe quadriceps tendon is required to produce a given
amount of tension in the patellar, tendon than when the tibiofemoral joint is near full
extension. This in turn‘means that the rotation of the tibia will be relatively weaker (as the
muscular force that acts,on the tibia is impressed by the patellar tendon) than the rotation of

the femur (which is retated by the force in the quadriceps tendon).

In our.previous work (Cleather et al., 2014) we speculated that the variation in the rotation
effectof vastus which is created by the presence of the patella is consistent with the
characteristic proximal to distal pattern of movement found in many lower limb extension
activities. The primary purpose of this study was therefore to test this idea within one of the
most fundamental lower limb extension activities — the vertical jump. | hypothesized that the

geometry of the patella would be significant in explaining the variance in the moments
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exerted on the femur and tibia. The most viable alternative to this hypothesis is that the
distinctive pattern of moments is principally created by the central nervous system in
precisely controlling the activation of the individual muscle units. The secondary purpose of
the study was to extend our previous model to include the rectus femoris muscle within the

same analysis.

Methods

This study is essentially a geometrical study of the patella mechanism. Firstly, a simple two
dimensional musculoskeletal model of the knee extensor mechanism is used to evaluate the
effective moment arms of tension in the vastus and rectus femoris muscle groups, following
the example of our previous work (Cleather et al., "2014) based upon purely geometrical
assumptions. The change in these effective. momentrarms is then compared with the actual
pattern of moment production seen in wertical jumping (in particular during the propulsive

phase) in order to evaluate the influence of the patella on coordination during jumping.

Model Description

The model used in this study is extended from a model that we have presented previously
(Cleather-et al., 2014). The model is posed only in the sagittal plane and consists of pelvis,
femur, tibia-and patella segments. The tibia is fixed in the global frame, and the knee is
flexed by rotating the femur around the tibia in 5° intervals. There are no external forces
acting on the system and the only forces that act on each segment are those that arise due to
1N of tension in either the vastus or rectus femoris muscle groups (the effect of vastus and
rectus femoris are calculated separately). For the purposes of this model we consider it

acceptable to model the vastus with just one line element as our interest is only in the
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geometry of the saggital plane. The muscle-tendon forces and the ligament and joint reaction
forces that oppose the forces in vastus or rectus femoris (Figure 2) are calculated based upon
the assumption that in each position each segment is in force and moment equilibrium (this is
a valid assumption as we are simply interested in the geometry which will likely be very
similar under dynamic conditions). In addition, segments are considered to be of zero mass
and joints to be frictionless. The effective moment arm of tension in either vastus,or rectus
femoris is defined to be the external moment that would need to be applied.to either the

femur or tibia in order to maintain its moment equilibrium.

The geometry of the model is defined by reference to previousswork (Figure 3). Firstly, the
line of action of the patellar tendon (z) and the anterior. and posterior cruciate ligaments
relative to the longitudinal axis of the tibia are calculated as a function of tibiofemoral flexion
angle (x) using the data of Herzog and Read (Herzog and Read, 1993). The patella tilt
relative to the femur (p) is defined relative'to.tibiofemoral flexion angle based on the work of
Nha and colleagues (Nha et al.,.2008). Finally, the angle of the line of action of vastus
relative to the femur (u) is a‘constant that is taken from the data set of Klein Horsman and
colleagues (Klein Horsman-et al., 2007). Now, given the four angles identified above, the
angles of incidence of vastus («) and the patellar tendon () on the patella can be determined
based upon the geometry (Figure 3) for each tibiofemoral flexion angle. This in turn then
allows the ratio of patellar tendon (P) to vastus (Q) force to be calculated from Equation 1

(baseden the assumption that the patella is in static force and moment equilibrium):

P cosa

Q cosp

... Equation 1
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For rectus femoris, the analysis is markedly similar. The origin and insertion of rectus
femoris is also taken from the Klein Horsman data (Klein Horsman et al., 2007). The main
difference is that the angle of rectus femoris relative to the femur varies with hip flexion

angle, resulting in a different P/Q ratio for rectus femoris.

Next, the origins and insertions of muscles and ligaments and the contact points,between
segments are defined, again using the data of Klein Horsman and colleagues (Klein Horsman
etal., 2007). The following assumptions are made:

1. The contact position of the femur on the tibia remains fixed (within the tibial frame)
throughout tibiofemoral flexion;

2. The contact position of the tibia on the femur is a function of tibiofemoral flexion
angle. The articular surface of the femur issmodelled as a circle and the femur is
assumed to rotate and translate relative to'the tibia in order that this circle remains in
contact with the tibia;

3. The contact position of the patella on the femur is also a function of tibiofemoral
flexion. This articular/surface (representing the trochlea of the femur) is also
modelled as a circle;

4. The vastus tendon.is assumed to wrap around the circle representing the trochlea from
85° of tibiofemoral joint flexion. The rectus femoris tendon wraps around the
trochlea from 95° of tibiofemoral joint flexion — this angle is based on the assumption
that after wrapping around the trochlea the geometry of vastus and rectus femoris
tendons are the same.

5. The contact position of the pelvis with the femur is fixed on the femur.
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Finally, the forces and moments that arise due to tension in vastus and rectus femoris can be
determined, again based on the following assumptions:

6. Force in either vastus or rectus femoris is 1IN. The consequent tension in the patellar
tendon is determined from Equation 1;

7. The cruciate ligaments are the sole restraint to anterior/posterior shear of the tibia
relative to the femur and thus their loading is a direct result of tension in‘the patellar
tendon. Of course, such an assumption neglects the fact that some of these shear
forces would be borne by other ligaments, the joint capsule or the articular surfaces of
the tibiofemoral joint. However, as all of these structures are a similar distance from
the centre of mass of femur or tibia, the difference inithe'moment exerted is small.

8. The tibiofemoral contact force is equal and opposite, to.the sum of the patellar tendon
and cruciate ligament forces and is directed through the centre of mass of the tibia;

9. The patellofemoral joint contact force is{calculated from the vastus/rectus femoris
force and the patellar tendon force.based on the assumption that the patella is in force
equilibrium, following the‘example of previous authors (van Eijden et al., 1986);

10. The hip joint contact foree is.equal and opposite to the tension in rectus femoris;

11. Forces create rotation:of a segment about its centre of mass (the position of the centre
of mass is‘taken from the Klein Horsman (Klein Horsman et al., 2007) data);

12. In this work, moments that act to extend the lower limb are positively valued, and

moments that tend to flex the lower limb are negative.

Vertical Jump Data

The vertical jumping data used in this study are taken from Bobbert and van Ingen Schenau
(1988). Firstly, the time series data for the ground reaction force, joint angles, joint moments

and electromyography during vertical jJumping were obtained by digitizing Figures 4, 5 and 7
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of the article using Digitizeit (version 2.1.3; I. Bormann, Am Rohrbruch 41, 38108
Braunschweig, Germany; www.digitizeit.de; Figure 4). The raw moment data were then
interpolated to produce time series data at regular intervals of 5 ms using the spline function
of MATLAB® (R2015b; The MathWorks Inc, 1 Apple Hill Drive, Natick, MA 01760,
United States). Finally, the mean joint moments were used to calculate the net moments
acting upon the femoral and tibial segments, and these data were plotted relative to'both time

and knee flexion angle.

Statistical Analysis

The knee and hip joint angles taken from the Bobbert and van)ingen Schenau data (Bobbert
and van Ingen Schenau, 1988) were used to find-the“effective moment arms of vastus and
rectus femoris on femur and tibia (based on the geometry of the model) for the period of the
jump where the knee was extending. The weighted average of the two effective moment
arms was calculated based on their relative strength (Narici et al., 1992). Simple linear
regression was used to find the relationship between the effective moment arms predicted by

the model and the actualilmoment arms observed by Bobbert and van Ingen Schenau.

Results

The segmental moments derived from the Bobbert and van Ingen Schenau paper (Bobbert
and van Ingen Schenau, 1988) for the period when the knee was extending (i.e. from -0.225s
to take off at 0s) are plotted as a function of knee joint angle in Figure 5 (given that the focus
of this study is on evaluating how the changing geometry of the patellofemoral joint that is
commensurate with changes in tibiofemoral joint angle affects moment production). The

difference between femoral and tibial extension moments decreased steadily as the knee
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extended from approximately 104° to 52° (this change means that the tibial extension
moment relative to the femoral extension moment was increasing — i.e. the proximal to distal
pattern that was expected) and this trend only reversed in the last 0.05s of the jump, when the

ground reaction force had already begun to rapidly decrease.

The effective moment arms of vastus on the tibial and femoral segments as a functien of knee
joint angle are illustrated in Figure 6A. As the knee extends during the propulsive phase of
the jump, the effective moment arm on the tibial segment increases whilerthe effective
moment arm on the femoral segment decreases. The difference between these effective
moment arms is also illustrated in Figure 6A, and it is clear that'the greatest increase in the
effective moment arm on the tibial segment relative to"the femoral segment (as represented
by a decreasing difference) occurs between a knee_flexion angle of 40° and 80°. This
difference is contrasted with the change in femgral/tibial extension moments experienced
during vertical jumping taken from the Bobbert and van Ingen Schenau data (Bobbert and
van Ingen Schenau, 1988) (in the right hand side panel of Figure 6A). The differences
between tibial and femoral4moments and effective moment arms are qualitatively similar

from 104° to 56° of knegé flexion, and are most notably similar between -0.10s and -0.05s.

A similar pattern 1siseen when considering rectus femoris (Figure 6B) — as the knee extends
during the propulsive phase of the jump the effective moment arm on the tibial segment
increases Whereas the effective moment arm on the femoral segment decreases. However,
there are two major differences. Firstly, the decrease in the effective moment arm on the
femoral segment is much more pronounced when the knee is most flexed. Secondly, once the
knee straightens past 80°, the effect of tension is to create flexion (not extension) of the
femoral segment. Again, the difference in effective moment arms is illustrated in Figure 6B.

It is clear that for rectus femoris there is a quite different pattern — the greatest change in the
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effective moment arm on the tibial segment relative to the femoral segment occurs between
approximately 80° and 104° degrees of knee flexion with a smaller change between 40° and
80°. Again there are qualitative similarities with the Bobbert and van Ingen Schenau data
(Bobbert and van Ingen Schenau, 1988), but in this case there are greater similarities between

-0.225s and -0.10s. The data in Figure 6 is also included in the supplemental information.

In Figure 7, the difference in the combined (weighted based upon the relative, strengths of
vastus and rectus femoris) effective moment arms of the complete quadriceps muscle group
on the femoral and tibial segments at a given knee joint angle aré plotted against the actual
differences in moments reported by Bobbert and van Ingen Schenau (Bobbert and van Ingen
Schenau, 1988) at the same joint angle (for the period from -0.225s to -0.05s). The two
measures are highly correlated with the difference _in the effective moment arm of the
complete quadriceps muscle group accounting for 93% of the variation in the difference

between the actual segmental moments (R%=.0.926; p < 0.01).

Discussion

The purpose of this.study was to test the hypothesis that the patella plays a role in influencing
the motor contrel of movement. The results of this study tend to support this hypothesis. In
particular, these.results demonstrate that the characteristic pattern of proximal to distal
moment production observed in vertical jumping (at least from femur to tibia) could to a
large part be explained simply by the presence of the patella and the changing geometry of
the patellofemoral joint with changes in tibiofemoral joint angle. Such a result is of

importance to the understanding of the control of human movement.
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The mechanisms and motor control of movement are conundrums that have also fascinated
researchers. The musculoskeletal system is a complex mechanical system with a great many
degrees of mechanical freedom (Bernstein, 1967; Latash, 2012). Our principal mechanism
for control of this system is through the coordinated activation of hundreds of muscles — that
is, we have a control mechanism that also has a large number of degrees of freedom. The
calculation of the particular sequence of activation of motor units that produces smooth
coordinated motion and performing such calculations in fractions of a second.is a problem
that remains challenging even for current computing technologies, and so the way in which
the brain is able to achieve this feat is largely a mystery - although a variety of potential
theories have been advanced (Feldman, 1986, 2016; Latash.et al., 2010; Latash, 2012; Scholz
and Schoner, 1999, 2014). The results of this study, are consistent with hypotheses of motor
control that relate to “mechanical intelligence” (Blickhan et al., 2007; Full et al., 2002; Full
and Koditschek, 1999). In particular, that the mechanical arrangement of the musculoskeletal
system itself can effectively reduce the number of degrees of freedom available in movement,
by providing a strong mechanical{imperative for a particular movement strategy. The results
of this study lend weight to.dynamic ‘systems theories of motor control and movement — that
is the idea that movement is the result of self organisation based upon the nature of the
system and its environment (Schaal et al., 2007; Taga, 1995). Clearly, the geometry of the
patellofemoral joint provides a fundamental mechanical constraint that means that, provided
there is/a strong contraction of the quadriceps muscle group, it is very likely that there will be
a proximal to distal transfer of moments between femur and tibia as the knee extends.
Furthermore, these results also provide insight into the variations in motor control that are
often exhibited in skilled movement (that is certain key aspects of the movement are
preserved, while other aspects vary (Bernstein, 1967; Rosenblatt et al., 2014; Yang and

Scholz, 2005)). Clearly the presence of the patella exerts a very strong influence on the
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pattern of moment production during lower limb extension, such that there are a great many
potential patterns of recruitment which will still yield the characteristic gross movement
pattern that is seen during vertical jumping. As one reviewer of this paper described it, the
great many potential variations in muscular activity “are funnelled by the mechanics into

some manifold of the observed variability.”

The coefficients of the line of best fit found in this study also have“a,physiological
interpretation which does lend some support to the findings of this study. Firstly; the gradient
is analogous to the force in the quadriceps implied by the regression analysis. A force of
around 14,000N is certainly towards the upper end of the possible quadriceps forces, but is
within a physiological range. Similarly, the value of the intercept (-660N) is equivalent to the
inverse of the segmental moment applied to the tibia excluding the effect of the quadriceps.
Again, this is towards the upper end of the possible physiological range, but is possible (for
instance, the peak segmental tibial moment.in the Bobbert and van Ingen Schenau study
(Bobbert and van Ingen Schenau,1988) is 590 N). Given the fact that the geometrical data
sets for the model and the actualvertical jumping moments are from entirely distinct sources,
the physiological coherence,of the regression relationship found here is encouraging. It
should also be noted that the relationship found here is based simply on there being a strong
and constant/contraction of the quadriceps. The period where this regression relationship was
found also coincides with the period of greatest vastus and rectus femoris electromyographic
activity.found in the Bobbert and van Ingen Schenau paper (see Figure 4). Clearly, the
strength of the relationship could easily be improved based upon variations in activation of

the quadriceps muscle groups.

A patella structure is found in a very large number of mammalian, reptilian and avian species

(Samuels et al., 2017), yet in this paper | focussed only on the human knee. The reason for
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this is that to date despite a large number of studies describing the form of the patella in
different species, the lever behaviour of the patella has largely not been quantified outside of
the human model. The exception to this is the very recent work from John Hutchinson’s
group (Allen et al., 2017; Regnault et al., 2017). Future work should seek to test the

hypotheses posed in this study in other animal models.

The patella is not the only structure of the lower limb that might provide,a mechanical
imperative for motor control — another candidate is the biarticular musculature-of the lower
limb. It is sometimes argued that the biarticular muscles contribute to the proximal to distal
movement pattern of lower limb extension by transferring=energy between segments.
However the moment arms of gastrocnemius and the biarticular hamstrings also show a joint
angle dependence. Although some of the evidence is_equivocal, it may well be the case that
this function is enhanced as the limb extendS. ~ For instance, the moment arm of
gastrocnemius about the ankle certainly-inereases with increased plantar flexion and this is
consistent with an increased moment being applied to tibia and foot as the limb extends.
Similarly, in another previous study (Cleather et al., 2015), we showed that recruitment of
either gastrocnemius or thebiarticular hamstrings during closed kinetic chain activity (like
vertical jumping),/then requires a greater recruitment of the quadriceps (when contrasted with
the same movement pattern in a lower limb only actuated by monoarticular muscles). As we
have seen, greater relative force production by the quadriceps will tend to favour a proximal

to distal.pattern of moment production enhancing the influence of the patella.

In summary, the results of this study demonstrate the powerful influence that the geometry of
the patellar mechanism exerts upon the coordination of jumping. This lends support to
dynamic systems theories of motor control, at least for lower limb extension, as the

characteristic patterns seen during movement may be a consequence of the structure of the
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musculoskeletal system itself. Future research should seek to ascertain how other aspects of
the musculoskeletal geometry vary with joint angle, and evaluate the effects of these

relationships on moment production during movement.
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Figure Legends
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Figure 1. Effective moment arm of the vastus muscle“group on femur and tibia and the
combined relative effect. Positive moment arms act to extend the lower limb (figure
reproduced from Cleather et al. (Cleather et al., 2014) under the terms of the Creative

Commons Attribution License).
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Figure 2. Rotation of femur and tibia about their centresof masses (QT = vastus or rectus
femoris tendon force (vastus shown); PFJ = patellofemoral joint contact force; TFJ =
tibiofemoral joint contact force; PT = patellar tendon force; and cruciate ligament forces —

anterior cruciate ligament (ACL) force issshown here). The dotted circle illustrates the

changing point of force application of PFJ and TFJ on the femur as the knee flexes (figure

reproduced from Cleather et al.~(Cleather et al., 2014) under the terms of the Creative

Commons Attribution License).
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Figure 3. The geometry of the knee model used in this study (x= tibiofemoral flexion angle;
7 = patellar tendon angle (relative to the tibia); p = patellaritilt angle (relative to the femur); u
= angle of vastus (or rectus femoris — not illustrated) relative to the femur; a = angle of
incidence of vastus or rectus femoris on thegatella; g = angle of incidence of patellar tendon
on the patella; figure reproduced from Cleather et al. (Cleather et al., 2014) under the terms

of the Creative Commons Attribution License).
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Figure 4. Kinematics and kinetics of verticaljumping extracted from the data of Bobbert and

van Ingen Schenau (Bobbert and4van Ingen Schenau, 1988) (A - ground reaction forces; B -

joint angles; C - segmental moments; D - electromyography).
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Figure 5. Moments acting on femur and tibia during vertical jumping as taken from Bobbert
and van Ingen Schenau (Bobbert and van Ingen Schenau, 1988). Pesitive moment arms act

to extend the lower limb.
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Figure 6. Comparison of effective moment arms of vastus (A) and rectus femoris (B) on
femur and tibia during vertical jumping derived from the model (left hand panel). The
difference between the effective moment arms from the model is compared to the actual
difference in moments found during vertical jumping by Bobbert and van Ingen Schenua

(Bobbert and van Ingen Schenau, 1988) (right hand panel).

Moment(Nm)

100 - -0.2§255

-0.05s -0.10s -0.15s

-100 - |
200 y=13,389x—-660
R* =0.926
-300
0.02 0.03 0.04 0.05 0.06

Effective MA (m)

Figure 7. Relationship between the difference in actual femur and tibia moments from
Bobbert and van Ingen Schenau (Bobbert and van Ingen Schenau, 1988) and the difference in
effective moment arm of the quadriceps muscle group derived from the model (the combined

effective moment arm of vastus and rectus femoris is weighted based on relative strength).

13/03/2018 Cleather

27



