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Patellofemoral and tibiofemoral forces during knee extension: 
simulations to strength training and rehabilitation exercises

Forças nas articulações tibiofemoral e patelofemoral 
durante a extensão dos joelhos: simulações 
aplicadas ao treino de força e à reabilitação

Rodrigo Rico Bini*

La Trobe University, Bendigo, Victoria, Australia

Abstract

Introduction: Limited evidence has been shown on ways to optimize the mechanical design of machines 
in order to minimize knee loads. Objective: This study compared six computer simulated models of 
open kinetic knee extension exercises for patellofemoral pressure and tibiofemoral forces. Methods: 
A musculoskeletal model of the lower limb was developed using six different cam radius to change 
resistive forces. A default machine, a constant cam radius, a torque-angle model, a free-weight model 
and two optimized models were simulated. Optimized models reduced cam radius at target knee flexion 
angles to minimize knee forces. Cam radius, human force, tibiofemoral compressive and shear force, 
and patellofemoral pressure were compared for the six models using data from five knee flexion angles. 
Results: Large reductions in cam radius comparing the free-weight model to other models (73-180%) 
were limited to the large human force for the constant cam model to other models (9-36%). Larger human 
force (13 -36%) was estimated to perform knee extension using a constant cam radius compared other 
models without large effects in knee joint forces. Conclusion: Changes in cam design effected human 
without a potential impact in knee loads.
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Resumo

Introdução: As evidências são limitadas quanto às formas de otimização do arranjo mecânico das 
máquinas a fim de minimizar as forças na articulação do joelho. Objetivo: O presente estudo comparou 
seis modelos de extensão de joelhos realizados em cadeia cinética aberta sob a pressão aplicada nas 
articulações patelofemoral e tibiofemoral. Métodos: Um modelo do sistema musculo-esquelético do 
membro inferior foi desenvolvido utilizando seis desenhos de roldana com o objetivo de alterar as forças 
resistivas. Uma máquina referência foi utilizada, uma com uma roldana concêntrica, um modelo baseado 
na relação torque-ângulo dos extensores do joelho, um modelo de peso livre e dois modelos otimizando 
a aplicação de cargas foram simulados. A otimização foi aplicada visando reduzir o raio da roldana 
excêntrica e minimizar as forças aplicadas no joelho. O raio da roldana, a força produzida pelo executante, 
as forças compressivas e de cisalhamento nas articulações tibiofemoral e a pressão na articulação 
patelofemoral foram comparadas para os seis modelos de máquina utilizando cinco ângulos de flexão 
do joelho. Resultados: Reduções no raio da roldana foram observadas comparando o modelo de peso 
livre com os demais modelos (73-180%). Maior força produzida foi observada para o modelo de roldana 
constante comparado aos demais modelos (9-36%). Maior força produzida foi estimada para realizar 
a extensão do joelho utilizando a roldana constante comparada com os demais modelos (13-36%) sem 
efeitos sobre as forças no joelho. Conclusão: O arranjo mecânico das máquinas alterou a força produzida 
pelo executante sem afetar as forças aplicadas no joelho.

Palavras-chave: Joelho. Treinamento de Resistência. Torque.

Introduction
Open kinetic chain exercises have been used for 

strength training and rehabilitation exercises [1]. 
When using strength training machines, the resistive 
load from the machine depends on the characteristics 
of the cam used to transfer the weight to the subjects’ 
lower limb [2-4]. Different types of resistance have 
been found when the radius of the cam changes, 
resulting in different torque production from the 
subject [5-9]. Differently from force and torque 
measures, joint loads have not been analysed 
when cam characteristics were changed. This 
information is important because general users 
of strength training machines will be submitted to 
different loads which may have diverse effects in 
knee joint loads.

The knee joint has been analysed based on 
two separate bone-on-bone connections. The 
patellofemoral joint and the tibiofemoral joint have 
different characteristics and are affected differently 
by knee extension exercises [10-12]. During open 
kinetic knee extension, the patella is compressed 
against the femur with varying force levels and 
contact areas [13]. Greater compressive force at 
greater knee flexion angle has been observed [14] 
followed by increased contact area between the 

patella and the femur [15, 16]. However, force and 
contact area on the patellofemoral joint during 
open kinetic knee extension exercises performed 
using varying cam characteristics are unknown. 
The assessment of these variables may shed light 
on patellofemoral pressure which has been linked 
to patellar cartilage degeneration [13].

The load at the tibiofemoral joint has been 
analysed in terms of axial and tangential components 
on the tibial plateau [17]. Compressive force on the 
tibial plateau was associated to greater compression 
on the menisci. Moreover, anterior and posterior 
shear (tangential) force on the tibial plateau was 
related to stress on the anterior and posterior 
cruciate ligaments, respectively [18, 19]. Similar to 
observed for the patellofemoral joint, no reports 
were found on tibiofemoral compressive (axial) 
and shear force during open kinetic knee extension 
exercises when resistive load is varied via changes 
in cam characteristics.

With the gaps on patellofemoral and tibiofemoral 
force during open kinetic knee extension exercise 
performed in strength training machines in mind, 
the question of how to minimize knee joint loads 
may be asked. Assuming that, to optimize the design 
of strength training machines the only variable to 
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change is the radius of the cam for a set load (see Figure 1), simulation models may provide important 
information on human force [4] and knee joint force profile.

Figure 1 - Illustration of the mechanical components of the 
knee extension machine used as default in musculoskeletal 
modelling. Resistive force vector indicates the line of action 
of the cable of the resistive weight on the machine. Highlight 
of the possible change in radius of the cam. Knee extension 
performed concentrically counterclockwise.

Therefore, the aim of this study was to optimize 
the radius of a strength training machine to minimize 
tibiofemoral and patellofemoral joint loads via 
computer simulation. Six models were tested with 
focus on reducing tibiofemoral compressive and 
shear forces along with patellofemoral pressure. 

Methods

Computer simulation modelling

The mechanical model of the strength training 
machine was taken from a previous study [20] where 
dimensions of an existing strength training machine 
(Atrex #TR1030, Righetto Fitness Equipment, Brazil) 
were taken. The mechanical description of the 
moving systems of the ensemble machine is shown 
in Figure 1.

The ensemble machine was analysed using a 
measure tape to compute the radius of the cam, the 
machine segment length, distances from predicted 
centre of mass of the counter balance system to 
and segment length to the centre of rotation. Each 
measure was taken at five pre-set knee flexion 
angles (full extension = 0°, 30°, 45°, 60° and 90°) 
using a manual goniometer and assuming that the 

knee joint centre would be in line with the machine 
centre of rotation. An off-set of +20° was observed 
for the machine flexion angle in relation to the knee 
flexion angle due to the interaction between the 
subject leg and the pad of the machine segment, 
regardless the knee flexion angle. An upper 
pulley machine (Atrex #TR2040, Righetto Fitness 
Equipment, Brazil) with weights of similar design 
was used to ascertain on the weight of the resistive 
load. Previously calibrated weights of 0.1 kg were 
attached to the end cable of the upper pulley until 
the load was capable to sustain the weight selected 
in the other end of the cable. We selected one slot 
of weight calibrated as 4.6 kg for the computer 
simulation modelling. The machine moving arm 
and counter balance system weights were assumed 
to be 50 N and 25 N, respectively because it was 
not possible to detach these parts from the strength 
training machine.

Musculoskeletal model 

A musculoskeletal model of the right lower leg was 
developed based on the anatomical characteristics of 
one hypothetical subject of 1.7 m of standing height 
and 70 kg of body mass performing the concentric 
phase of knee extension in an open kinetic chain 
machine at constant angular velocity. 

To determine the force required to overcome the 
set weight of 46 N (human force), the resolution of 
the torque related to the human force was estimated 
using the following equation.

HF = [(RF · dRF) + (ArmW · dArmW) – (CBW.dCBW)]
	 dHF

Equation 1. Human force (HF) computed using 
the resistive force (RF) and the moment-arm of the 
resistive force (dRF), moving arm weight (ArmW) and 
moment-arm of the moving arm weight (dArmW), 
counter balance weight (CBW) and moment-arm of 
the counter balance weight (CBW) and the moment-
arm of the human force (dHF).

For all models, the moment-arm of the resistive 
force (dRF) was the only variable to change because 
it represented the radius of moment-arm of the 
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cam, as shown in Figure 1. Six models of cams were 
then tested:

1)	 Default: cam radius measured on the strength 
training machine.

2)	 Constant: used a fixed cam radius (circular 
shape) of 0.395 m. This model would enable 
the simulation knee forces when the machine 
offers constant resistive force.

3)	 Torque-angle: assumed that the human force 
matched the torque-angle profile measured 
isometrically [5]. This model would enable 
the simulation of knee forces when muscles 
perform at maximal force profile.

4)	 Free-weight: human force was computed 
using a free-body diagram of the right leg 
performing a concentric knee extensions 
using a dead weight of 46 N attached to the 
subject’s leg close to the ankle joint. This 
model would enable the simulation of knee 
forces similar to the ones observed during 
early rehabilitation stages.

5)	 Optimal 1: cam radius was adjusted to 
follow and average profile between patellar 
tendon angle, knee flexion angle and patellar 
area. The rationale of this model was that 
potentially greater patellar tendon angle 
may lead to greater tibiofemoral shear forces, 
greater knee flexion angle may lead to greater 
compressive tibiofemoral forces and smaller 
patellar contact area may lead to enhanced 
patellofemoral pressure. This hypothesis 
assumed a given joint force when either 
patellar tendon, knee flexion angle or patellar 
contact area were changed.

6)	 Optimal 2: After computing the five 
aforementioned models, optimization criteria 
were defined. Cam radius was reduced by 
1% if anytime the tibiofemoral compressive 
force, the tibiofemoral anterior shear force 
and the patellofemoral compressive forces 
measured using optimal model 1 exceeded 
the results found using any of the other 
aforementioned models.

Knee loads were computed as compressive force 
at the patellofemoral joint and compressive and shear 
forces at the tibiofemoral joint (see Figure 2).

Figure 2 - Illustration of the patellofemoral joint and related 
forces (quadriceps, patellar tendon and patellofemoral 
compressive). Patella mechanism angle (β) computed 
according to Matthews et al. [21] (Patella mechanism 
angle = 30.46 + 0.53.knee flexion angle). Highlight of 
tibiofemoral shear and compressive forces.

It was assumed that passive moment at the 
knee joint due to ligaments or knee flexor muscle 
group followed the description provided by Arnold 
et al. [22]. Quadriceps muscle group was assumed 
to apply force at the tibia exclusively via the patellar 
tendon, and that the knee was assumed to perform 
only rotational motion without stiffness from 
joint contact. Foot and shank centre of mass were 
extracted from the literature [23] assuming the length 
of the lower leg of 0.4 m. The inertial moment was 
neglected due to the assumption that the movement 
was performed in constant angular velocity.

For the calculation of patellar tendon force, 
imbalances between quadriceps muscle force and 
patellar tendon force due to different moment-arms 
of the quadriceps and patellar tendon lines of action 
were taken into account using data from Sharma 
et al. [24]. 

Tangential component of the patellar tendon force 
on the tibia accounting for passive knee moment was 
computed using equation 2.

PTF_tangential =
[(HF.HFMa) + (LLW.LLWMa) – KneeMomPass]

PTMa

Equation 2. Patellar tendon force tangential to the 
tibia (PTF_tangential) computed using the reaction 
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analogue of the human force (HF), the moment-arm 
of the human force (HFMa), the weight of the lower 
leg (LLW), the moment-arm of the lower leg weight 
(LLWMa), moment-arm of the patellar tendon (PTMa) 
and the passive knee moment (KneeMomPass) 
predicted by Arnold et al. [22].

Axial component of the patellar tendon force and 
the total force on the patellar tendon were computed 
using the sine and cosine of the patellar angle to the 
axis of the tibia, respectively. Moment-arm of the 
patellar tendon was extracted from the study of 
Arnold et al. [22] and the patellar angle to the axis 
of the tibia were extracted from the study of Herzog 
and Reid [25]. Tangential and axial components of 
the force on the tibia plateau (tibiofemoral shear and 
compressive forces, respectively) were computed 
using Equations 3 and 4.

Tibiofemoral shear force =
PTF_tangential – LLW_tangential – HF

Equation 3. Tibiofemoral shear force computed 
using patellar tendon force tangential to the tibia 
(PTF_tangential), lower leg weight tangential to the 
axis of the tibia (LLW_tangential) and the reaction 
analog of the human force (HF).

Tibiofemoral compressive force =
PTF_axial – LLW_axial

Equation 4. Tibiofemoral compressive force 
computed using patellar tendon force axial to the 
tibia (PTF_axial), and lower leg weight on the axis of 
the tibia (LLW_axial).

Patellofemoral compressive force was then 
computed using Equation 5 adapted from Bressel 
[26] according to the model shown in Figure 2. 

PF = QF · (sin(β)) + PTF · (sin(β))
		  2	 2

Equation 5. Patellofemoral compressive force 
(PF) computed using quadriceps force (QF) and 
patellar tendon force (PTF), where β is the patellar 
mechanism angle.

Patella mechanism angle was estimated 
using the equation presented by Matthews 
et al. [21]. Pressure on the patella was computed 

by the patellofemoral compressive force and 
the patellofemoral contact area estimated by 
the literature [16]. All modelling was conducted 
using custom made scripts developed in Matlab 
(Mathworks Inc, MA) and were grouped into Excel 
2007 (Microsoft Corporation) for analysis.

Statistical analysis

Data from five set knee flexion angles (0°, 30°, 45°, 
60° and 90°) were grouped as average and standard 
deviation for each simulation model. To reduce non-
uniformity in data set (i.e. data falling out of normal 
distribution) a logarithm transformation was applied 
to all data. After that, comparisons between models 
were conducted by analysis of differences in mean 
scores computed using data of the five knee flexion 
angles via effect sizes (i.e. differences in mean divided 
by pooled standard deviation). Cohen‘s effect sizes 
(ES) were computed for the analysis of magnitudes 
of differences between models and were rated as 
trivial (<0.25), small (0.25-0.5), moderate (0.5-1.0), 
and large (>1.0) [27]. We chose large effect sizes as 
significant to ensure non-overlap between means 
score greater than 55% [28].

Results

Cam radius resulting from computer simulations 
are shown in Figure 3 for the six machine cam 
models. Large reductions in cam radius were found 
for the free-weight model compared to the default 
machine model, constant cam model and torque-
angle model.

Estimated human force to perform knee extension 
at 46 N of resistive force is shown in Figure 3 for the 
default machine [20], for the constant cam model, for 
the Torque-angle model, for the free-weight model, 
and for the two optimized models (optimal 1 and 
optimal 2).

For the same load set at the machine (46 N), 
differences in the estimated human force were 
observed. These differences affected tibiofemoral shear 
(tangential) and compressive (axial) components, as 
shown in Figure 4, respectively.

Differences were also observed for patellofemoral 
compressive pressure in the patellofemoral joint 
(Figure 4).
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Figure 3 - A- Cam radius estimated by simulation modelling. Results from the default machine, simulation of constant cam 
radius, torque angle profile (5), free-weight profile, and two optimized models (optimal 1 and optimal 2). B- Human force 
required to overcome external torque applied to the shank during knee extension. Results from the default machine, simulation 
of constant cam radius, torque angle profile (5), free-weight profile, and two optimized models (optimal 1 and optimal 2).

Figure 4 - A- Tibiofemoral shear force during knee extension. Results from the default machine, simulation of constant cam radius, 
torque angle profile (5), free-weight profile, and two optimized models (optimal 1 and optimal 2). B- Tibiofemoral compressive force 
during knee extension. Results from the default machine, simulation of constant cam radius, torque angle profile (5), free-weight profile, 
and two optimized models (optimal 1 and optimal 2). C- Pressure on the patellofemoral joint during knee extension. Results from the 
default machine, simulation of constant cam radius, torque angle profile (5), free-weight profile, and two optimized models (optimal 1 
and optimal 2).

Large differences were only observed for human 
force comparing the constant cam model to other 
models. Any large differences were observed for 

tibiofemoral shear and compressive forces or for 
patellofemoral pressure from simulated changes in cam 
radius across the entire range of motion (see Table 1).

Table 1 - �Mean (SD) results of human force, tibiofemoral shear and compressive force, and pressure on the patellofemoral 
joint for the six simulation models

Variables
Default 

machine 
model

Constant cam 
model

Torque-angle 
model

Free-weight 
model

Optimal 
1model

Optimal 2 
model

Radius of cam (m) 0.21 (0.01) 0.32 (0.04) 0.20 (0.20) 0.14 (0.09)*#$ 0.15 (0.03) 0.12 (0.03)

Human force (N) 18 (6)# 23 (3) 17 (6)# 14 (9)# 15 (6)# 14 (6)#

Tibiofemoral shear force (N) 784 (530) 925 (434) 800 (289) 679 (655) 701 (571) 675 (542)

Tibiofemoral compressive force (N) 7757 (8445) 8440 (11519) 7764 (11507) 7523 (5777) 7249 (6687) 6967 (6305)

Patellofemoral pressure (Pa) 18256 
(16004)

19723 
(21406)

18705 
(21237)

17479 
(11353)

16971 
(12908)

16292 
(12122)

Note: * Indicate large differences to default machine model. # Indicate large differences to constant cam model. $ Indicate large differences 

to torque-angle model.
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Discussion

Open kinetic knee extension performed using 
variable resistance resulted in changes in torque-
angle profile [5] with unknown effects in knee 
joint forces. Therefore, the aim of this study was to 
optimize the radius of a strength training machine to 
minimize tibiofemoral and patellofemoral joint loads 
via computer simulation. Six models were tested 
with focus on reducing tibiofemoral compressive 
and shear forces along with patellofemoral pressure. 
Large reductions in cam radius comparing the free-
weight model other models (73-180%) were limited 
to the large human force for the constant cam model 
to other models (9-36%). Larger human force (13-
36%) was estimated to perform knee extension 
using a constant cam radius compared other 
models without large effects in knee joint forces. 
These results are novel because only torque and 
power have been analysed when resistance profile 
was changed during open kinetic knee extension 
exercises [5, 29].

To a set external load, the torque required to 
perform knee extension at constant angular velocity 
depends on the mechanical characteristics of the 
machine. Various options have been used to change 
the resistance of the load to the performer, from the 
attachment of elastic bands to the cable of the weights 
of the machine [2] to changes in the radius of the 
cam of the machine [29]. In our study, using a fixed 
external load (i.e. 46 N) we observed that computer 
simulations using different torque profile (e.g. 
torque-angle optimized from isometric contractions) 
resulted in varying human forces. All models, except 
the one with constant cam radius reduced human 
force, therefore, reducing knee extensors force 
required to perform the exercise.

Tibiofemoral shear force throughout knee 
extension followed a similar profile from passive 
knee moment reported by Arnold et al. [22], resulting 
in large anterior shear force due to increased 
hamstrings tension towards smaller knee flexion 
angles (i.e. full knee extension). Similar tibiofemoral 
shear forces were observed for all models suggesting 
that at low force levels (i.e. 46 N of resistive force), 
knee joint forces may be dictated by passive forces. 
Although differences between models were not large 
(1-10%), increases in resistive force may play a role 
on enlarging differences due to changes in cam radius. 
Likewise, strain at the anterior cruciate ligament is 

expected to increase towards full knee extension [18] 
which may be minimized using a torque-angle model 
(see Figure 4).

Tibiofemoral compressive force was similar 
comparing models developed in the computer 
simulation conducted in this study. However, we 
observed greater compressive force at 60° of knee 
flexion for the torque-angle and constant cam models. 
The constant cam model and the torque-angle model 
resulted in larger cam radius at 60° of knee flexion 
compared to other models (see Figure 3), which 
may explain these results. Overload in menisci due 
to large compressive forces in tibiofemoral joint 
may be minimized by using the second optimization 
model (optimal 2).

For patellofemoral pressure, any large 
difference was observed comparing the six 
cam models. However, differences could be 
observed at the 60° of knee flexion, with smaller 
pressure expected using both optimized models 
(optimal 1 and optimal 2). Larger pressure at the 
patellofemoral joint may lead to chondromalacia 
patellae which are commonly observed at high 
flexion angles [13]. Although, contact area between 
the patella and the femur increases towards high 
flexion angles [15, 16], the 60° of knee flexion angle 
resulted in greater patellar pressure potentially 
due to high compressive forces and potentially 
not optimal contact area to reduce patellofemoral 
pressure. Subjects with anterior knee pain and/
or chondromalacia patellae may avoid using large 
resistive force during open-kinetic chain knee 
extensions when flexion angle is 60°. Further 
reduction in cam radius for optimized models is 
required to reduce patellofemoral pressure.

Changes in cam radius were simulated to 
minimize knee joint forces. Although large changes 
were observed for cam radius and human force, 
no large effects were found for knee forces. Two 
reasons may explain the lack of differences. The first 
is related to the low level of resistive load used for 
modelling simulation. It may be possible that higher 
resistive load may elicit larger differences between 
models. Another explanation may be related to 
the characteristics of the musculoskeletal system. 
Passive moment from hamstrings towards full knee 
extension may have largely affected force required by 
quadriceps muscle group to perform knee extension. 
Therefore, large changes in cam radius may not be 
fully translated into large changes in knee joint forces. 
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Modelling lower limb kinetics and kinematics 
have been limited because various anatomical 
characteristics cannot be measured in vivo (e.g. 
moment-arms and location of centre of mass). In 
this study, computer simulation was performed 
assuming constant angular velocity, and therefore, 
no inertial effect in knee forces. No data is available 
on that issue because most studies used isokinetic 
assessments to compute knee forces (30). However, 
it is expected that large angular velocity would be 
observed towards the high flexion angles due to 
inertial components from resistive force and leg 
segments mass. Further research would perform 
simulations using torque-angle profile of injured 
population (e.g. chondromalacia patellae) to 
ascertain on how resisitive force would change 
during knee extension to minimize a particular knee 
joint force component.

Conclusion

Changing mechanical characteristics of knee 
extension machine may not be fully translated into 
reduced knee joint forces. Large reductions in cam 
radius comparing the free-weight model to other 
models were limited to the large human force for the 
constant cam model to other models. Larger human 
force was estimated to perform knee extension 
using a constant cam radius compared other models 
without large effects in knee joint forces.
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