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Abstract
The human joint kinematics is an interesting topic in biomechanics and turns to be useful for the analysis of human
movement in several fields. A crucial issue regards the assessment of joint parameters, like axes and centers of rotation,
due to the direct influence on human motion patterns. A proper accuracy in the estimation of these parameters is hence
required. On the whole, stereophotogrammetry-based predictive methods and, as an alternative, functional ones can be
used to this end. This article presents a new functional algorithm for the assessment of knee joint parameters, based on
a polycentric hinge model for the knee flexion–extension. The proposed algorithm is discussed, identifying its fields of
application and its limits. The techniques for estimating the joint parameters from the metrological point of view are ana-
lyzed, so as to lay the groundwork for enhancing and eventually replacing predictive methods, currently used in the
laboratories of human movement analysis. This article also presents an assessment of the accuracy associated with the
whole process of measurement and joint parameters estimation. To this end, the presented functional method is tested
through both computer simulations and a series of experimental laboratory tests in which swing motions were imposed
to a polycentric mechanical analogue and a stereophotogrammetric system was used to record them.
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Introduction

Human movement analysis is one of the main topics of
biomechanics. It aims both at studying the mechanics
of body motion, quantifying it and at evaluating forces
acting on human joints, as well as kinematics. Thus,
applied biomechanics turns to be useful in several areas
like gait analysis, prosthetics and rehabilitation, ergo-
nomics, body biodynamic and so on.

The study of human movement requires both body
modeling and motion capture techniques for data
acquisition. Current biomechanical models treat human
body as a set of rigid bodies connected by mechanical
joints. As an example, the simplest model of lower limb
kinematics consists of seven motion segments: pelvis,
thighs, shanks and feet, connected by six joints, like
hips, knees and ankles.1

By means of biomechanical models, the purpose of
quantitative human movement analysis is to determine
and compare the position and the orientation of bone

segments (i.e. motion segments of the models) involved
in the motion. The relative motion can be described in
terms of kinematic quantities such as joint angles, lin-
ear and angular quantities such as velocities and
accelerations.

Concerning the motion capture techniques, several
systems can be used for tracking human motion.
Among all, optoelectronic systems are widely used for
the reconstruction of human body movements. They
rely on the concurrent use of a set of video-cameras
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and markers, properly attached on the body in order to
be tracked. Thus, the combined use of stereophoto-
grammetry techniques and reflective skin markers
allows to compute joint kinematics.

In detail, the video-cameras system can achieve the
spatio-temporal trajectories of all the markers posi-
tioned on body segments,2–4 so as to allow the tracking
of the relative motion between different body segments.
Two categories of markers can be identified: markers
corresponding to specific anatomical landmarks (anato-
mical markers) and those which are instead positioned
on other points (technical markers). To be effective,
some biomechanical models require the use of anatomi-
cal markers whose positioning must respect several con-
straints. This may constitute a great limit especially in
the case of pathological abnormalities, skin deformities,
presence of prostheses or other medical devices, and so
on.

Methods for joint parameters assessment

Generally, human motion patterns require the assess-
ment of joint parameters like axes of rotation (AoRs)
and centers of rotation (CoRs). This is a crucial issue
due to the direct influence on the computation of both
limb kinematics and dynamics. In the case of people
presenting physical deformities that directly compro-
mise motion tasks, this issue becomes even more criti-
cal. For this reason, a proper accuracy in the
assessment of joint parameters is needed to guarantee
reliable estimations of model parameters required for
further computations, for example, clinical gait
analysis.

The assessment of joint parameters can be obtained
by predictive and functional methods.5,6 Currently,
laboratories for the analysis of human movement typi-
cally adopt predictive methods, which are based on
regression equations experimentally obtained by inves-
tigating a certain numbers of cadavers or by means of
Roentgen stereophotogrammetric analysis.3,7,8 Using
photogrammetric motion data as input, these methods
define the joint parameters as functions of a proper
kinematics of an anthropometric model with known
number and types of degrees of freedom (DoF).

Although predictive methods are simple and imme-
diate from an analytical point of view, they are subject
to errors9 due both to their generic approach which
does not consider bony deformities or gender-based
skeletal differences, and to the lack of accuracy related
to the markers positioning. Protocols that employ pre-
dictive methods require the identification of specific
body landmarks according to well-established mod-
els.3,4 This is generally a difficult task, being condi-
tioned by the amount of tissue under the skin. Also,
the accuracy of the regression equations is unknown
with several sets of relations available to this end.4,9 As
a consequence, predictive methods guarantee a suffi-
cient accuracy only for few categories of people, but in
most cases they are not suitable.

Functional methods are then introduced to remedy
problems and limitations characterizing the predictive
approaches. Relevance of these methods is mainly due
to the advantages they introduce, given that they do not
rely on strict protocol for markers positioning and they
do not depend on the standardized anthropometric
models. Differently from predictive models, they study
a particular joint relying only on the information about
the relative motion between those body segments con-
nected to the joint. Several functional strategies have
been proposed in the literature, allowing a classification
in (1) variations of sphere fitting-based approaches10–14

and (2) transformation techniques.15–19 Both still
require the use of at least three non-aligned markers per
segment in order to define the pose of the segment itself
on which they are positioned, without any constraint.
The former approaches assume that each marker can
rotate around the same joint axis or center with a sepa-
rate arc13,14 without any rigid body assumption. On the
other hand, transformation techniques combine kine-
matical and geometrical constraints. They model the
joint as the composition of different rigid bodies, pro-
viding joint parameters through rigid body transforma-
tions, like rotation matrices and translation vectors.15–20

Several studies mainly based on comparative simulations
using functional methods to estimate hip joint model’s
parameters have been proposed in the literature,11–14,21,22

and a recent review about available algorithms19 outlines
relative pros and cons.

Generally, the validity of the assessed joint para-
meters is a direct consequence of the degree of con-
gruency between the assumed mathematical model and
the kinematics of the considered joint. Moreover, the
best approach to precisely assess the performance of
both predictive and functional method is throughout
medical imaging techniques. Since, such approaches are
invasive and expensive, the literature manly presents
methods that have been tested using computer simula-
tions or standard mechanical analogues.20,23

Purpose of a new functional method for knee joint

In human motion analysis, either using predictive or
functional methods, human articulations are assumed
as standard single hinge joints or monocentric spherical
ones, estimating just one AoR or a CoR, respec-
tively.3,4,13,16,18,20 However, these assumptions repre-
sent an approximation in most cases; in particular, for
the knee they lack of accuracy, due to the complex pat-
tern of motion of this joint.

Even if physiologically the knee joint allows flexion–
extension, internal–external rotation and abduction–
adduction, in the literature, its kinematics is often
characterized only by the flexion axis.24–27 This is
because the flexion–extension has typically the greater
range of motion (RoM): during some movements, such
as walking or running, the most dominant motion takes
place in the sagittal plane, and hence, flexion–extension
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is one of the first trends evaluated by clinicians to assess
the subject motion soundness.

According to predictive methods, the flexion–
extension axis is estimated as the line passing through-
out the couple of anatomical markers which are fixed
on the medial and lateral epicondyles,2–4 while the knee
joint center is considered as the midpoint between these
markers, as shown in Figure 1. In the figure, black
larger points represent anatomical markers on the knee
according to predictive protocols.

On the other side, functional methods estimate the
flexion–extension axis by evaluating the relative motion
between shank and thigh. For this purpose, markers
are freely placed on the two segments. In Figure 1, gray
points are an example of a set of technical markers used
for a functional protocol.

To the authors’ knowledge, none of the proposed
functional methods has ever assessed the effective knee
joint roto-translation, due to the assumption of the
joint itself as a single hinge or monocentric one. This
study hence proposes a new functional algorithm spe-
cifically focusing on the knee joint kinematics: the
flexion–extension axis is assumed as a mobile one,
according to a polycentric kinematic model of the
articulation. From a metrological point of view, this
article also proposes a possible approach for the accu-
racy analysis of the technique used to estimate the joint
parameters. This also allows to evaluate whether this
functional method can be considered a viable alterna-
tive to the approaches now commonly used in the
laboratories of motion analysis.

In detail, the study focuses on the algorithms imple-
mented for data processing and analysis, with the aim
of giving an estimation of the accuracy and the related
uncertainty associated with the whole process of mea-
surement.28,29 The proposed functional method was
tested using a numerical simulation and an experimen-
tal validation was also carried out by means of a phan-
tom with a two-dimensional (2D) polycentric hinge
mechanism, using its known kinematics as reference.

Methodology

The most commonly used functional methods are those
proposed in the literature.13,16,18 Even if these methods
present many advantages both in terms of emulation of
the considered joint and of evaluation of mechanical
parameters, they roughly model the kinematics of the
knee joint as a simple hinge. As an alternative to these
approaches, this section introduces a different model of
knee joint with a movable rotation axis, in order to con-
sider the behavior of roto-translation mainly occurring
on the sagittal plane.

Polycentric knee joint model

Once established that human knee cannot be perfectly
modeled as a single hinge with a fixed axis, a different
functional joint model has been conceived to consider

the effect of the knee roto-translation kinematics. As a
first step of improvement, this section proposes a poly-
centric hinge model, which considers two AoR: fixed
axes of rotation (fAoR) and mobile axes of rotation
(mAoR), as shown in Figure 2(a).

The model is composed of three elements connected
with flat hinges. Each hinge is then rigidly coupled to a
cogwheel, so as to realize a gear in the center of the
middle element. This allows constraining the entire
movements of the three segments so that if the first ele-
ment is fixed and the second one rotates of a q angle
with respect to its orientation, the third one rotates of
the 2q quantity, as shown in Figure 2(b).

A prototype realization of this functional model con-
sists of a mechanism composed by two equal hinges
rigidly fixed on three rectangular beams (see Figure 3(a)
and (b)). This has also been assembled into a dummy
leg model, reproducing both a thigh and a shank (see
Figure 3(c)). Nominal reference features of the mechan-
ism have been calibrated with a coordinate measuring
machine (CMM—DEA Iota 0101), in order to later
evaluate the trueness and the degree of precision of the
proposed approach in their assessment.

New functional algorithm

Also considering the already existing methods for com-
puting the human knee joint parameters,10,14,15,18 a new

Figure 1. Example of markers positioning protocols for
predictive (black points) or functional (gray points) methods and
predictive flexion–extension knee axis (black dotted line).
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algorithm is here proposed, according to the polycentric
hinge model.

The following approach is referred to the sagittal
plane, considering the main knee motion of flexion–
extension. With reference to Figure 4, for each frame
(or position), the algorithm aims at assessing the two
CoRs, C1 and C2 and their relative distance d.

The directional cosines of the two parallel AoRs can
be obtained by means of the fitting approach algorithm
introduced by Halvorsen et al.13 According to this

approach, the direction of the two parallel AoRs is
given by the unit vector v (see Figure 5), normal to the
plane spanned by all the displacement DPi of each sin-
gle point (marker) Pi. This can be obtained by minimiz-
ing the following scalar product

s1 =
X
i

DPT
i � v

� �2 ð1Þ

This reduces to a simple quadratic optimization with
the condition that the solution is a unit vector

s1 =
X
i

DPT
i � v

� �
DPT

i � v
� �

=vT �
X
i

DPi � DPT
i

� � !
� v=vT � C � v

ð2Þ

subject to

vj j=1 ð3Þ

With reference to the notation introduced in section
‘‘Polycentric knee joint model,’’ during each session of
flexion–extension, the shank moves relative to the

Figure 3. (a) Frontal view of the polycentric hinge, (b) side view of the polycentric hinge and (c) dummy leg model based on the
mechanical polycentric hinge.

Figure 2. (a) Polycentric hinge model and (b) polycentric hinge degree of freedom.

Figure 4. Scheme of joint motion in three positions and
related quantities.
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thigh; hence, the shank rotates of Dq respect to the
intermediate element, as well of 2 � Dq respect to the
thigh. Table 1 defines parameters and quantities used
in the model.

Once spatio-temporal markers trajectories have been
collected, it is possible to express the position of a mar-
ker on the shank as a roto-translation of its original
position. In homogeneous coordinates, this can be for-
mulated as follows (see Figure 4)

Piqj
=RDqj

� Piq1
ð4Þ

where i=1, . . . ,NS represents the i-shank markers
and j=1, . . . ,m is the j-frame of the considered motion
(see Figure 5). Equation (4) can be applied for any rota-
tion which moves a marker from its initial position to a
given j position. Knowing, frame by frame, the position
of each marker, the unknown parameters of matrix RDq

can be calculated. The problem can be solved by a lin-
ear least square approach, described hereafter, with the
only care of avoiding matrices hill-conditioning. This
can be done considering wide flexions–extensions of the
leg and sufficiently large values of Dq.

In particular, the whole flexion–extension is divided
into two equal parts, the first one from frame 1 to frame
m=2, the second one from (m=2)+1 to m. Then two
sets of Dq values are considered, a first set is given by
all the angle variations from initial position 1 to all the
frames in the second part of the flexion–extension (i.e.
from 1 to (m=2)+1, from 1 to (m=2)+2, until from 1
to m), the second set is given by all the angle variations
from final position m to all the frames in the first part
of the flexion–extension (i.e. from m to m=2, from m to
(m=2)� 1, until from m to 1).

Therefore, it can be demonstrated that the roto-
translation matrix RDqj

has the following structure

RDqj
=

cos 2 � Dqj

� �
sin 2 � Dqj

� �
aDqj

� sin 2 � Dqj

� �
cos 2 � Dqj

� �
bDqj

0 0 1

2
4

3
5 ð5Þ

where the two translation terms include the center coor-
dinates of C1 (xC1

and yC1
) and the Euclidean compo-

nents of distance d (dx and dy) in the initial position (1

or m respectively for the two halves of the flexion–
extension)

aDqj
= � xC1

� cos 2 � Dqj

� �
� yC1

� sin 2 � Dqj

� �
+ dx � � cos 2 � Dqj

� �
+ cos Dqj

� �� �
+ dy � � sin 2 � Dqj

� �
+ sin Dqj

� �� �
bDqj

= xC1
� sin 2 � Dqj

� �
� yC1

� cos 2 � Dqj

� �
+ dx � sin 2 � Dqj

� �
+ sin Dqj

� �� �
+ dy � � cos 2 � Dqj

� �
+ cos Dqj

� �� �
ð6Þ

For each frame in the two halves of the flexion–exten-
sion, the corresponding roto-translation matrix RDqj

can be evaluated using a linear least square method
applied to the position values obtained for the NT
markers.

This can be done by applying equation (4) to all the
markers and obtaining the following expression

A � X= l ð7Þ

where

A=

xP1q1
yP1q1

yP1q1
�xP1q1

1 0
0 1

..

. ..
.

xPiq1

yPiq1

..

.

xPNTq1

yPNTq1

yPiq1

�xPiq1

..

.

yPNTq1

�xPNTq1

..

. ..
.

1
0
..
.

1
0

0
1
..
.

0
1

2
6666666666664

3
7777777777775

X= cos 2 � Dqj

� �
; sin 2 � Dqj

� �
; aDqj

; bDqj

� �T
l= xP1qj

; yP1qj
; . . . ; xPiqj

; yPiqj
; . . . ; xPNTqj

; yPNTqj

� �T
Hence, the angle variations Dqj can be obtained as the
following average value

Dqj =
cos�1 RDqj

(1, 1)
� �

+sin�1 RDqj
(1, 2)

� �
4

ð8Þ

Afterward, C1 = ( cos (2 � Dqj); sin (2 � Dqj))
T and

d=(dx; dy)
T can be estimated by applying a linear least

square method to the system of equations (6) and using

Table 1. Parameters and quantities used in the algorithm.

Parameters Description

NT Number of markers on the thigh
NS Number of markers on the shank
m Number of frames for each session
Dq Angle variation between two considered

frames
C1 Center Hinge 1 position vector
C20 Center Hinge 2 position vector (initial position)
C2Dq Center Hinge 2 position vector after Du

rotation
d Vector distance between C1 and C2

PDq Marker position after Dq rotation
RDq Roto-translation matrix for each Dq

ω
Piθj + 1

ΔPiθj + 1

Piθj

Figure 5. Scheme of the AoR. Each displacement DPi of a
single marker Pi is normal to the plane containing AoR.
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all the obtained values of Dqj in the first part of the
flexion–extension (with j=1, . . . ,m=2) and in the sec-
ond part (with j=(m=2)+1, . . . ,m), respectively.
This particular choice of j is to ensure values of Dqj

large enough to achieve a more robust estimate of C1

and d.
To this aim, from equation (6), the following system

can be introduced

aDqj
= xC1

� L1j + yC1
� L2j + dx � L3j + dy � L4j

bDqj
= xC1

� L5j + yC1
� L6j + dx � L7j + dy � L8j

�
ð9Þ

Also in this case, the system can be expressed in a com-
pact form in order to have a problem like

A � X= l ð10Þ

where

A=

L11 L21 L31 L41

L51 L61 L71 L81

..

.

L1m2
L5m2

..

.

L2m2
L6m2

..

. ..
.

L3m2
L4m2

L7m2
L8m2

2
666664

3
777775

X= xC1
; yC1

; dx; dy
� �T

l= aDq1
; bDq1

; . . . ; aDqm
2
; bDqm

2

� �T
From the solution of this system obtained by the least
square method, the distance between the two CoRs is
obtained for the two parts of the flexion–extension

d=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2x + d2y

q
ð11Þ

The final values of the center coordinates C1 (xC1
and

yC1
) and the distance d are given by the mean of the val-

ues obtained for the two parts of the flexion–extension
and for the entire set of flexions–extensions acquired
for the motion analysis.

Computer simulation and laboratory test

A two-step process was considered in order to test the
proposed algorithm: (1) simulated analysis, to verify
the algorithm behavior with inputs having different
accuracies and (2) experimental analysis on empirical
data recorded on the model prototype by means of a
photogrammetric motion capture system designed in
the Industrial Metrology and Quality Engineering
Laboratories of Politecnico di Torino. Following sec-
tions will describe the details of the aforementioned
phases.

Computer simulations

Preliminary computer simulations have been carried
out, in order to validate the proposed algorithm. In par-
ticular, a virtual polycentric knee joint model was

considered. The simulated configuration of the thigh
and the shank is the one described in section
‘‘Polycentric knee joint model’’ and shown in Figure
2(a). According to this configuration, three markers
were considered for the simulated thigh segment, while
five for the simulated shank one. A reference system
was fixed to the thigh segment and in particular, the x-
axis was in the anterior direction, the y-axis in the lat-
eral one and the z-axis in the superior direction. As
explained before, the algorithm was conceived for a 2D
analysis, on planes perpendicular to the y-axis.

Tests were carried out, swinging the shank respect to
the fixed thigh, covering a RoM of about p=2 radians.
This value was chosen lower than the full range of a
physiological knee motion, since most of the human
motions do not involve the full knee RoM; moreover,
this value is conservative with respect to functional
algorithms, since accuracy of joint parameters estima-
tion increases with the amplitude of the motion.18,19

The data set shown in Figure 6 corresponds to an
example of the simulated trajectories of the five mar-
kers on the shank, according to the functional marker
set of Figure 1.

In order to implement and apply the algorithm, three
consecutive flexions and extensions were considered for
the assessment of the AoR direction, the CoRs coordi-
nates and the distance between the two centers.

Simulations were performed in order to evaluate the
influence of the uncertainty of markers positioning. To
this end, a specific Gaussian noise has been applied to
the generated markers data set, varying the standard
deviation of the distribution itself, thus considering
s=0:1mm, s=0:2mm, s=0:5mm and s =1mm.
A mean squared error (MSE) has been measured to
assess the accuracy of the proposed algorithm, quanti-
fying the difference between the estimated value and
the reference one. To this end, the true quantities were
fixed for the coordinates of the CoR and for the dis-
tance between both centers, as C1 = (100; 0)mm and
d=24mm, respectively. Figure 7(a)–(d) shows the his-
tograms of the squared error E, defined as the distances

Figure 6. Example of simulated positions of the markers
placed on the shank segment in swing motion.
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between the simulated markers positions xs, i and the
respective re-calculated ones xc, i using the estimated
parameters

E=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xs, i � xc, ið Þ2

q
ð12Þ

In detail, Figure 7(a)–(d) shows the results of E
obtained with s =0:1mm, s =0:2mm, s =0:5mm
and s=1mm, respectively. Results are summarized in
Table 2.

Laboratory tests

To assess the performance of the proposed algorithm
on a real case study, an assembled three-camera stereo-
photogrammetric motion capture system was used (see
Figure 8). In detail, three Hitachi KP-FD140GV cam-
eras were used, equipped by a 1/2-in 1,450,000pixels
square lattice progressive scan charge-coupled device
(CCD) and characterized by an effective resolution of
13603 1024 pixels, a maximum sample rate of 30Hz

and a shutter variable from 10 to 1/100,000 s. Each
camera was also equipped with circular light-emitting
diode (LED) arrays to light the measuring volume. The
system was calibrated by a fully automatic single-point
self-calibration technique proposed by Svoboda et al.30

This method is able to reconstruct internal parameters
besides than positions and orientations of a camera set
providing an accuracy of a 10th of pixel in terms of
reprojection error.

Figure 7. (a) Histogram of E values (s = 0.1 mm), (b) histogram of E values (s = 0.2 mm), (c) histogram of E values (s = 0.5 mm) and
(d) histogram of E values (s = 1 mm).

Table 2. Results obtained with the simulation analysis.

Gaussian noise
distribution,

s (mm)

Coordinates
of CoR1,
C1 (mm)

Distance
between

CoRs, d (mm)

Mean Squared
Error

MSE (mm)

0.1 (100.1; 0.0) 24.0 0.4
0.2 (99.6; 21.2) 24.6 1.0
0.5 (102.6; 20.2) 22.7 1.6
1 (102.9; 21.2) 30.2 4.0
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A personal computer with an AMD A6-4400M
CPU and 4GB RAM was used as data processing unit
(DPU). Each camera was connected to the DPU via
Gigabit Ethernet cable to transmit images for data pro-
cessing and real-time tracking. Furthermore, all the
cameras were synchronized by a centralized trigger con-
trolled by the same DPU. A detail of the layout of the
system and the hardware connection scheme of its com-
ponents is given in Figures 8 and 9, respectively.

The system—nominally able to digitize the position
of a point in a space of few cubic meters with an accu-
racy in the order of a tenth of a millimeter—was used
to replicate the simulated analysis presented in the pre-
vious section. On the dummy leg, three markers on the
thigh segment and five on the shank one were freely
placed, according to the functional marker set of
Figure 1.

A number of three consecutive flexions and exten-
sions sessions of the mechanism described in section
‘‘Polycentric knee joint model’’ were considered. In each
session, a RoM of about p=2 radians was artificially
produced by swinging the shank of the dummy leg
respect to the thigh. For each session, the motion cap-
ture system was able to produce a scan of about 60
points for each of the five markers on the shank. At
each time of the scan, a roto-translation was applied to
the position of the five points on the shank so as to have
a fixed reference system defined by the three points on
the thigh.

Figure 10 reports the empirical distribution of the
squared error Ê, defined for each frame as the distance
between the measured marker positions xm, i and the re-
calculated positions using estimated parameters xc, i

Êi =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xm, i � xc, ið Þ2

q
ð13Þ

The average estimated parameters are d=26:3mm
and MSE=0:7mm, which are compatible with the
nominal distance, equal to 24.0mm. Note that the
obtained results comply with the nominal geometry of
the mechanism. Also the histogram of the squared
error Ê shows that the experimental results are

consistent with the simulations (with a standard devia-
tion of the measured points in between 0.1 and
0.2mm).

Conclusion and future developments

In human motion analysis, the accurate assessment of
joint parameters is crucially important in several fields
of applications. As a consequence, the definition of the
articular joint models is crucial to enhance subject-
specific kinematical and dynamical analyses. Recently,
several functional methods have been proposed with
the aim of estimating the CoRs and the AoRs of princi-
pal human joints. While these approaches have already
a clear application for the hip joint, there is a lack of
application for other joints. Compared to other articu-
lations, knee joint has indeed a complex pattern of
motion which made it difficult to perfect its modeling.
In this article, a first attempt to introduce a functional
model that takes into account a more realistic knee
joint kinematics is presented. In detail, a polycentric
hinge model has been considered. This new functional
algorithm gives evidence of interesting results, provided
that the motion tracking system has a sufficiently high
accuracy. A specific simulation proved that under a
certain level of uncertainty in the measurement of mar-
kers positions (e.g. s40:5mm), the proposed method
produces reliable results. Such level of accuracy is nor-
mally achievable by most of the available commercial
system for human motion tracking. Moreover, the
simulation analysis has also demonstrated that aver-
aging the results obtained from successive multiple flex-
ions–extensions, the values tend to the nominal ones.
That means that the larger the number of collected
flexions–extensions during motion acquisition, the
more reliable the parameters estimation.

Future works will further stress the analysis of the
influence of the stereophotogrammetric system accu-
racy in order to understand the strength of the algo-
rithm. A specific experimental plan will be designed in
order to analyze the influence of a series of factors,
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Figure 8. Layout of the photogrammetric system.
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which may affect the correct behavior of the algorithm,
such as the number of markers, the extent of flexion–
extension, the number of consecutive flexions and exten-
sions, the number of frames in each session and so on.

Moreover, current model enhancement will be neces-
sary to allow its use in a wider context of applications,
for example, directly during walking. Further studies
will address the design of a three-dimensional (3D) knee
joint functional model, also considering abduction–
adduction and internal–external rotations.31
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