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Abstract-This study investigates the feasibility of a subject-specific three-dimensional model of the ankle 
joint complex for kinematic and dynamic analysis of movement. The ankle joint complex was modelled as a 
three-segment system, connected by two ideal hinge joints: the talocrural and the subtalar joint. A 
mathematical formulation was developed to express the three-dimensional translation and rotation between 
the foot and shank segments as a function of the two joint angles, and 12 model parameters describing the 
locations of the joint axes. An optimization method was used to fit the model parameters to three- 
dimensional kinematic data of foot and shank markers, obtained during test movements throughout the 
entire physiological range of motion of the ankle joint. The movement of the talus segment, which cannot be 
measured non-invasively, is not necessary for the analysis. 

This optimization method was used to determine the position and orientation of the joint axes in 14 
normal subjects. After optimization, the discrepancy between the best fitting model and actual marker 
kinematics was between 1 and 3 mm for all subjects. The predicted inclination of the subtalar joint axis from 
the horizontal plane was 37.4+2.7”, and the medial deviation was l&O+ 16.2”. The lateral side of the 
talucrural axis was directed slightly posteriorly (6.8+8.1”), and inclined downward by 7.0+5.4”. These 
results are similar to previously reported typical results from anatomical, in vitro, studies. Reproducibility 
was evaluated by repeated testing of one subject, which resulted in variations of about one-fifth of the 
standard deviation within the group. the inclination of the subtalar joint axis was significantly correlated to 
the arch height and a radiographic ‘tarsal index’. It is concluded that this optimization method provides the 
opportunity to incorporate inter-individual anatomical differences into kinematic and dynamic analysis of 
the ankle ioint comolex. This allows a more functional interpretation of kinematic data, and more realistic 
estimates of internal forces. 

INTRODUCTION 

The human ankle joint complex, which connects the 
foot and the shank, can be functionally described as 
two separate joints: the talocrural (or ankle) joint 
between shank (tibia and fibula) and talus, and the 
talo-calcaneo-navicular (or subtalar) joint between 
talus and the foot (Inman, 1976). The ankle joint 
complex plays an important role in the mechanics of 
normal and abnormal locomotion. Injuries in runners 
have been associated with kinematic parameters, such 
as excessive pronation (Clement et al., 1981; James et 
al., 1978; Nigg et al., 1986) and leg rotations produced 
by the peculiar kinematic constraints of the ankle joint 
complex (Benink, 1985). To enhance further the under- 
standing of the aetiology of such injuries, as well as the 
normal behavior of the ankle mechanism, a functional 
analysis of forces and movements in the ankle joint 
complex based on three-dimensional biomechanical 
modelling is required. 

Early three-dimensional models represented the 
ankle joint complex by three degrees of freedom (3- 
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DOF), which is equivalent to a single ball-and-socket 
joint. Such models essentially decomposed move- 
ments between foot and shank into three successive 
rotations, using a joint coordinate system (JCS) 
(Grood and Suntay, 1983), or Euler-Cardanic rota- 
tions (Woltring, 1991). When applied to the ankle joint 
complex, the three rotations are usually labelled: 
plantar-dorsiflexion, inversion-eversion and 
internal-external rotation (Chen et al., 1988; Siegler et 
al., 1988; Soutas-Little et al., 1987), or plantar-dorsi- 
flexion, inversion-eversion, and abduction-adduction 
(Areblad et al., 1990; Engsberg, 1987). A drawback of 
the JCS and Euler-Cardanic methods is that the 
results depend on the particular sequence of rotations 
chosen to represent the movement, leading to six 
different possibilities for quantification of the same 
motion (Areblad et al., 1990; Woltring, 1991). In the 
existing methods for the ankle joint complex, the 
movement in the talocrural joint is reasonably re- 
presented by the Cardanic angle for 
plantar-dorsiflexion. However, the movement in the 
subtarlar joint contains all three Cardanic angles. The 
actual subtalar joint movement (also known as 
pronation-supination movements) cannot be meas- 
ured directly in vivo, because external markers will not 
reflect the movement of the talus. To a certain extent, 
this problem can be resolved by measuring the sub- 
talar joint movement in vitro, and correlating this 
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movement to the Cardanic rotations which can be ments on one subject. Finally, possible applications of 
measured non-invasively (Engsberg et al., 1988). the model for locomotion analysis will be discussed. 

The ball-and-socket model has also been used to 
estimate forces in the ankle joint complex using in- 
verse dynamics analysis (Burdett, 1982). This model 
assumes one fixed centre of rotation for movements 
between foot and shank, which may cause errors in the 
calculation of joint moments. A more serious problem 
is that the loads on the tibia, calculated at the joint 
centre, do not contain bending and torsional mo- 
ments. In reality, the joint has fewer than three degrees 
of movements, and the joint contact surfaces and joint 
ligaments can transmit considerable moments from 
the foot to the shank, especially torsional moments 
about the long axis of the tibia and bending moments 
about an anterior-posterior (AP) axis. A 3-DOF 
model will therefore underestimate the loading of the 
bones (tibia and fibula) and overestimate the forces in 
the muscles, if all three components of the resultant 
joint moment must be satisfied by muscle forces. 

MATERIALS AND METHODS 

Mathematical model 

In vitro anatomical studies have suggested that the 
talocrural and subtalar joints can be approximated as 
hinge joints with a fixed axis of rotation and one 
degree of freedom (Hicks, 1953; Manter, 1941). Ori- 
entations of these joint axes were determined by 
Inman (1976) in 46 cadaver specimens, who found that 
the average talocrural joint axis is approximately 
mediolateral, with the lateral side of the axis pointing 
slightly downward (8”) and posteriorly (6”). The aver- 
age subtalar joint axis is inclined by 42” from the 
horizontal plane, and deviates 23” towards the medial 
side. These approximations lead to a 2-DOF model of 
the ankle joint complex which is a better representa- 
tion of the actual anatomy, when compared to the 
ball-and-socket model, but is still sufficiently simple to 
allow a biomechanical analysis. When using this 
model to analyse ankle movements in uioo, the posi- 
tion and orientation of the joint axes in a specific foot 
must be determined. This requires different methods 
than in the in oitro studies, because the movements of 
the talus cannot be measured, except when implanted 
bone markers are used (Lundberg et al., 1989). It is 
also difficult to perform movements in only one joint 
at a time, in order to separate the analysis. Various 
solutions to this problem have been proposed in 
previous studies (Kirby, 1987; Procter and Paul, 1982; 
Winter, 1991), but none of these allows an accurate 
and objective localization of the joint axes in a specific 
individual. An elegant method, based on mathemat- 
ical optimization of the model, was proposed by 
Areblad (1990) but failed to produce accurate results. 

The mathematical formulation of the two-axis 
model of the ankle joint complex can be conveniently 
developed using the coordinate systems shown in 
Fig. 1 (Areblad, 1990). The model consists of three 
rigid bodies, labelled as: tibia, talus and calcaneus, 
linked by two ideal hinge joints. Coordinate system Cti 
is positioned arbitrarily, but rigidly, in the tibia. 
Coordinate system C, is also fixed in the tibia, but the 
X,-axis coincides with the talocrural joint axis. The 
origin of C, is the point on the talocrural joint axis 
which is closest to the subtalar joint axis. Coordinate 
system C, is fixed on the talus, and has a origin and 
X,-axis common with Co. The Z,-axis passes through 
the subtalar axis, at the point with the least distance 
from the talocrural axis. Thus, the Z,-axis runs along 
the shortest line connecting the two joint axes, and is 
therefore perpendicular to both axes. Coordinate sys- 
tem C, is also fixed in the talus, but has its Z,-axis 
along the subtalar joint axis and its origin on the 
subtalar joint axis. The Y,-axis coincides with the Z,- 
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It is the purpose of this paper to present an im- 
proved optimization method to determine the joint 
axes, based on the work of Areblad (1990). The validity 
of the method and sensitivity to measurement errors 
will be determined theoretically. The method is then 
applied to determine the spatial position and orienta- 
tion of the subtalar and talocrural joint axis in 14 
subjects using kinematic data, and the reproducibility 
of the method will be assessed using repeated measure- 

Fig. 1. Disassembled model of the ankle joint complex, 
showing the coordinate systems used in the mathematical 
formulation of the model. See text for details. From Areblad 

(1990). 
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axis. Coordinate system C, is fixed in the calcaneus, 
having a common origin with C,, and the Z,-axis 
coincides with the Z,-axis. Coordinate system C,, is 
arbitrarily fixed to the calcaneus. Finally, there is the 
laboratory coordinate system CLab, which is the co- 
ordinate system of the kinematic data acquisition 
system. 

The three-dimensional coordinates x, y and z of a 
point with respect to a coordinate system i will be 
represented by a 4-element column vector ir 
=(x, y, z, l)‘, where T indicates the transpose. Using 
this notation, coordinate transformations can be re- 
presented by a 4 x 4 transformation matrix, which 
contains both the rotation and the translation. If ir 
and jr are the coordinates of the same point with 
respect to coordinate systems i and j, any coordinate 
transformation can be written as 

$=‘Aj.jr. (1) 

The matrix iAj is the operator that transforms j- 
coordinates into i-coordinates, and has the following 
structure: 

The 3 x 3 submatrix R is the rotation matrix, which 
satisfies six orthonormalization constraints, and the 
vector t = (t,, t,, t,)= is the translation vector from the 
origin of coordinate system j to the origin of coordin- 
ate system i. Thus, the matrix A in this general form 
contains exactly six degrees of freedom. This notation 
allows a compact mathematical formulation, because 
the 4 x 4 matrices can be multiplied and inverted to 
represent superposition or inversion of coordinate 
transformations: 

‘,&=‘A,.‘& (3) 

and 

jAi=cAj]-i. (4) 

The coordinate transformations for the ankle model 
will now be derived in detail. The differences between 
our transformations and the original version by 
Areblad (1990) will be discussed later. The trans- 
formation matrix between Cti and C, is constant, 
because both coordinate systems are on the same rigid 
body. The transformation must include a three-dimen- 
sional translation vector (pa, p4, pJ* from the origin of 
Cti to the origin of C,, and a rotation to get the X-axis 
along the talocrural joint axis. The rotation can be 
accomplished by two successive Cardanic rotations: 
p2 radians about the Z-axis, followed by pi radians 
about the (rotated) Y-axis. Any other Cardanic se- 
quence which is not too close to a ‘gimbal lock 
(Woltring, 1991) will work equally well, it only serves 
to parameterize the rotation using two parameters. 

The matrix liAo thus depends on five parameters, and 
can be written as 

X i sin 0 0 p2 cosp, 0 0 0 0 1 0. 0 1 1 (5) 

The transformation from C, to C, is only a rotation 
of b: radians about the X-axis (the talocrural joint 
axis), which correspond to one of the two degrees of 
freedom in the model: 

[l 0 0 01 

‘A,= 
0 cos Lx -sina 0 

0 sin TV cos c( 0 
(6) 

Lo 0 0 11 

The transformation from C, to C2 is represented as 
a rotation of pi2 radians about the Z,-axis, followed 
by a translation of p1 , along the same axis, and finally 
a 90” rotation about the X,-axis. The parameters p1 1 
and p12 are constant, and represent the distance and 
relative orientation between the two joint axes on the 
talus. The transformation matrix can be written as 

r cosp,, 0 sinp,, 01 
IA,= sin p12 0 -CCOS~,~ 0 

0 0 1 1 (7) 
PI1 

0 0 0 1 

The transformation from C2 to C, corresponds to 
the second degree of freedom of the model: the rota- 
tion /I about the subtalar joint axis, which is the 
common Z-axis of both coordinate systems. The 
transformation matrix is 

r cos /I -sinfi 0 01 

The transformation between C,, and C3 is para- 
meterized similar to the one between Cti and Co, but 
here it is more convenient to represent the rotation as 
a Cardanic sequence of rotations about the Y-axis 
(p, radians) and the X-axis (p6 radians), since the 
Z-axis is to be aligned with the joint axis. The trans- 
lation vector from the origin of C,, to the origin of C, 
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is (ps, p9, plo)T. This leads to 

According to this mathematical model, the trans- 
formation matrix describing the relative movement 
between the coordinate systems of tibia and calcaneus 
can be written as 

This method was applied to obtain the position and 
orientation of Cti and C,, with respect to the laborat- 
ory coordinate system, expressed by the 6-DOF trans- 
formation matrices labAti and labA_, From these, an 
experimental estimate of the relative position and 
orientation of the tibia with respect to the calcaneus 
can be obtained: 

liAzd=ti&.OA1. lA,.2A3. 3Aca. 
(10) 

We have expressions for all five matrices on the 
right-hand side, which makes the product matrix a 
function of the 12 model parameters p1 . . plz and 
the two joint angles a and fi. The model parameters are 
constant, but may be different for each individual. The 
kinematic variables a and B change continuously 
during movement. 

The movement of a rigid-body segment with respect 
to the laboratory reference frame can be determined 
by placing at least three non-colinear markers on the 
segment, at known locations in the segmental refer- 
ence frame. For the shank {the same method applies to 
the foot), if a marker is placed at a known position tir, 
the position in the laboratory coordinate system will 
be 

ti,p:p = liAlab. lab& = [lab,&] - I . ‘a”,gca. (13) 

If the position and orientation of the joint axes with 
respect to their respective body segments are known, 
the experimental data can be used with equations (S), 
(9) and (13) to calculate the relative position and 
orientation of Co with respect to C,: 

BE OA;xP = [“A01 - 1 . fi&P . Ca,J3 _ (14) 

This matrix B can be used to determine the two joint 
angles from experimental kinematic data, because 
according to the model, the same matrix can be 

labr = k%bA . tir, 
tl (11) - written as 

‘A, = ‘A,. ‘AZ. ‘A, 

cos PllCOS /? -cos plzsin B sin plz 0 

usin plzcos j-sin usin fl -cosasinp,,sin/?-sinacosp -cosucosp12 -p,,sina . 
= ctsinp,,cos B+cos asin b -sin asin p12sin fi+cos tacos B -sin aces plz Pllcosa 1 

L 0 0 

The coordinates labr can be measured. With N 
markers on the segment (N 2 3), this vector equation 
will be valid for all markers, thus providing 3N 
equations to determine the six unknown degrees 
of freedom in IabAti. The least-squares method by 
Veldpaus et nl. (1988) was applied to solve these 
equations.* Since there are more equations than un- 
knows, the residuals of equation (11) provide informa- 
tion about the relative movements between the mar- 
kers, which can be interpreted as a test of the rigid- 
body assumption. If lab& is the optimal estimate 
produced by the least-squares method, we can define 
the average rigid-body error per coordinate as 

uRB= j&_$ l'abri-'abAti.tiri12. (12) J I 1 

* A public-domain implementation of this algorithm in 
Fortran can be obtained by members of Biomch-L (Bogert et 
al., 1992) by sending the command “SEND DISP3DB FOR- 
TRAN” by electronic mail to LISTSERV@NIC.SIJRF- 
NET.NL or to LISTSERV@HEARN.BITNET. 

0 0 J 
The joint angles are now calculated as 

a = arctan (B, JB2 3), 

/?= -arctan(B,,/B,,). 

(15) 

(16) 

(17) 

When presenting a and /?, for example in Fig. 3, the 
values corresponding to the neutral position (stand- 
ing) will have been subtracted, so zero joint angles 
correspond to the neutral position. Positive values for 
a and p represent dorsiflexion and supination, respect- 
ively. 

Optimization method 

The 12 model parameters can be determined by a 
mathematical optimization procedure that fits the 
model to experimental movement data of foot and 
shank. Since the model has only two degrees of 
freedom, it will in general not be capable of repro- 
ducing exactly an observed set of movements between 
foot and shank in a human subject. Any real move- 
ment will require six degrees of freedom to be de- 
scribed exactly. However, we can search for a set of 12 
parameters that will allow the model to perform the 
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observed movements as well as possible. This makes 
it possible to determine the joint axes without using 
kinematic data of the talus. The optimization al- 
gorithm, using as input a number of observed relative 
positions between foot and shank (‘frames’), proceeds 
as follows: 

(1) Start with an initial guess of the 12 model 
parameters. 

(2) In each frame, calculate IiA:ip from the marker 
data, using the Veldpaus et al. (1988) algorithm and 
equation (13). From this matrix, estimate the joint 
angles a and p using equations (14), (16) and (17) and 
the current guess of the model parameters. Note, that 
determination of the joint angles requires only two of 
the six experimentally determined DOF. The other 
DOF will provide information about the goodness of 
fit of the model. 

(3) Using the estimated joint angles, the model can 
predict the relative position and orientation of calcan- 
eus with respect to the tibia (“AZ’,) according to 
equation (10). The model will be perfect fit to the 
experiment if IiAzftr and ‘i A,, mod identical. When they are 
not identical, the quality of the model can be assessed 
by using the theoretical matrix liArd to predict the 
coordinates of each foot marker in the laboratory 
coordinate system: 

labrpred = labA,i. ti&od car (18) 

where 9 are the known coordinates of the marker in 
the segment-fixed coordinate system. This can be done 
for all markers and all frames, and compared to the 
measured coordinates of these markers to give an 
overall measure of the quality of the model: 

Nrr km 
Q= C 1 I’abr~d-labr~,Y’l*, 

i=lj=i 

(19) 

where Nr, is the number of frames with kinematic data, 
and N,, is the number of markers on the foot. 

(4) With a given set of kinematic data, Q only 
depends on the 12 model parameters p1 . . p12. An 
iterative least-squares optimization algorithm (Leven- 
berg, 1944; Marquardt, 1963) is used to minimize Q as 
a function of these 12 variables.’ This essentially 
repeats steps 2 and 3, while adjusting the twelve model 
parameters, until no further reduction of Q is possible. 
The search for the minimum was terminated when the 
estimated relative errors in the optimal model para- 
meters were less than 10m5. 

The basic principle of the optimization of the model 
is illustrated in Fig. 2. After convergence, the fit error 
(the RMS difference between predicted and measured 
marker coordinates) is calculated as 

J Q 
Ofit= 3NfrN,,’ (20) 

t A public-domain implementation of this algorithm in 
Fortran can be obtained from Nethb (Dongarra and Grosse, 
1987) by sending the command “SEND LMDIFl FROM 
MINPACK” by electronic mail to NETLIB@RESEARCH.- 
ATT.COM. 

two-axis model kinematic data 

(2 DOF) of human subiect 

1 -7 
possible relative measured relative 

foot-shank motions foot-shank motions 

can difference be 

no 

done 

Fig. 2. Flow chart of the principle of the optimization 
procedure. The model can be optimized because a two 
degree-of-freedom (DOF) model allows only certain move- 
ments, which can be fitted to observations. Details on the 

calculations can be found in the text. 

The factor 3 accounts for the implicit summation over 
3 coordinates in equation (19). The least-squares op- 
timization may converge to a local minimum, if the 
initial guess is too far away from the global minimum. 
This risk was minimized by using values based on the 
location of the lateral malleolus as the initial guess for 
the position of the joint axes (parameters p3-ps, 
ps-plo). The optimization software was instructed to 
use many different initial guesses for the other six 
parameters by systematically generating combina- 
tions of parameters on a grid in N-space (N < 6). The 
result of the optimization was only accepted if more 
than one of the optimizations converged to the same 
solution. 

The optimization algorithm was implemented in 
such a way that one or more of the 12 parameters 
could be set to fixed value, thereby reducing the 
optimization problem to a smaller number of para- 
meters. This feature was used to experiment with 
elimination of certain parameters which were more 
sensitive to measuring errors. Also, this allowed a 
graphical ‘mapping’ of Q as a function of any two fixed 
parameters, while optimizing the others. 

Sensitivity analysis 

An artificial set of kinematic data was generated, in 
order to verify the optimization procedure and to 
determine the sensitivity to measuring errors. These 
data were based on marker positions and estimated 
model parameters from one of the subjects. The tibia 
was fixed to the laboratory coordinate system. Using 
typical values for the model parameters p, p12, 
150 matrices ‘iArzd were generated according to equa- 
tion (10) by moving u from -40 to +20” in 15 steps, 
and p from -20 to +20” in 10 steps. Coordinates of 
the hypothetical markers were generated in each of 
these 150 joint orientations using equation (1 l), appli- 
ed to the shank and the foot segments. This kinemati- 
tally simulated data set of 150 frames was used to 
perform three tests on the optimization algorithm. 
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First, a verification of the optimization algorithm 
was done by using it to find the model parameters that 
generated the artificial data. Next, sensitivity to ran- 
dom measurement errors was determined by repro- 
ducing the data set 100 times, with added white noise 
(zero mean, 1 mm standard deviation). Each of these 
100 data sets was used as input for the optimization 
procedure. It is more difficult to obtain insight into the 
effects of systematic (correlated) errors, such as soft 
tissue movement, because these errors may behave 
according to many different complex patterns. As a 
typical error, it can be imagined that the marker on the 
lateral malleolus shifts upward during pronation and 
downward during supination. This effect was pro- 
duced in the simulated data by subtracting fi/3500 
from the Z-coordinate of the lateral malleolus marker 
(the angle expressed in degrees, coordinates in meters) 
in each frame. This simulates a coordinate error which 
is perfectly correlated to joint angle: 11 mm for a 
typical range of motion of 40” in the subtalar joint 
(Fig. 3). The parameter values obtained by the optim- 
ization, using this perturbed data set as input, were 
compared to the true result in order to evaluate the 
sensitivity for systematic errors. 

Experimental protocol 

Data were collected from 14 male volunteers. the 
subjects were healthy, and had no known abnormal- 
ities in the lower extremity, The height of the medial 
longitudinal arch was measured (Hawes et al., 1992). 
A mediolateral radiograph was made, from which the 
‘tarsal index’ (Benink, 1985) was determined. Spherical 
reflective markers (18 mm diameter) were attached at 
three sites on the right shank (head of the fibula, 
anterior aspect of the tibia, proximal of the lateral 
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Fig. 3. Typical example of joint angles during the unloaded 
range of motion test. Joint angles were calculated from raw 
kinematic data of one subject using equations (16) and (17) 
after optimization of the model. Experimental data were 
collected during eight movements (see text), each with a 

duration of 4 s (6400 frames total). 

malleolus) and three sites on the right shoe (posterior 
lateral aspect of the heel, head of the fifth metatarsal, 
navicular bone). The subjects were all wearing the 
same type of running shoe. 

A volume of approximately 1 m3 was calibrated 
using an Expert Vision system (Motion Analysis Cor- 
poration, Santa Rosa, California) with four cameras 
operating at 200 frames per second. The Z-axis of the 
laboratory coordinate system was vertically aligned 
using plumb lines. 

Data were collected, during one second, from each 
subject while standing in a standardized reference 
position. The head of the fibula and the lateral malleo- 
lus were vertically aligned, and the midline of the foot 
(centre of calcaneus to centre of the second toe) was 
oriented along the Y-axis of the laboratory coordinate 
system. Weight was equally distributed over both feet. 
While the subject was standing in this position, the 
outline of the foot was traced on paper which also 
contained the XY-axes of the laboratory coordinate 
system. A lateral photograph was made, to record the 
outline of the foot and leg in the YZ-plane of the 
laboratory coordinate system. The footprint and pho- 
tograph were later combined with projections of the 
calculated joint axes in the same planes, for visual 
interpretation of the results of the optimization pro- 
cedure. 

Each subject was then instructed to lift the right 
foot, and perform eight different movements with the 
unloaded ankle joint complex, while the knee joint 
remained extended. The eight movements were slow 
cyclic movements: (1) plantar-dorsiflexion movement 
with the subtalar joint in neutral positions, (2) 
plantar-dorsiflexion with subtarlar joint in everted 
position, (3) plantar-dorsiflexion with subtalar joint 
in inverted position, (4) pronation-supination move- 
ment with the talocrural joint in neutral position, (5) 
pronation-supination with talocrural joint in dorsi- 
flexed position, (6) pronation-supination with taloc- 
rural joint in semi-plantarflexed position, (7) 
pronation-supination with talocrucral joint in full 
plantarflexed position, and finally (8) a full range 
circumduction movement of the foot, being a com- 
bined movement of the two joints along the perimeter 
of the range of motion (Fig. 3). From each of these 
eight movements, data were collected for 4 s at 200 
frames per second. 

For one subject, data collection was performed 
eight times in order to test reproducibility and sensi- 
tivity to the data collection procedure. The protocol 
described above was used in four sessions, one of 
which was on a different day. In three sessions, the 
eight movements were replaced by only one, zigzag 
like, combined movement of the ankle joint complex. 
This movement required less time, but considerably 
more skill and the resulting kinematic data were more 
uniformly distributed over the total range of motion. 
Finally, one more session was used to test the influence 
of marker movement, by placing the shank markers on 
a semi-rigid frame (Ronsky and Nigg, 1991). 
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Data processing 

The three-dimensional coordinates of the markers 

in the 200 frames recorded in the standing position 
were averaged, giving one set of reference coordinates 
for all markers. The coordinate systems C,i and C,, 
were defined as coinciding with the laboratory co- 
ordinate system during this standardized standing 
position. These averaged coordinates could therefore 
be used as ‘reference coordinates’ tiri and cari of the 
markers [the coordinates ai in Veldpaus et al. (1988)] 
in the rigid-body analysis of all subsequent movement 
data using equation (11). 

The three-dimensional coordinate data were low- 
pass filtered (10 Hz) using cubic spline smoothing 
(Woltring, 1986).$ The data were subsequently re- 
sampled non-equidistantly, by specifying a fixed min- 
imum amount of movement between two successive 
resampled frames. This amount of movement (usually 
5-10 mm) was chosen in such a way that the original 
6400 frames were reduced to 150-250 resampled 
frames after filtering. This method of resampling en- 
sured an equal distribution of data over the range of 
motion of the ankle complex, independent of changes 
in velocity during the movement (Fig. 4). This prevents 
unequal weighting of the objective function Q, which 
would tend to increase the influence of measurements 
close to the turn-around points in the movement. This 
data reduction largely eliminates the random errors in 
the coordinate data, and reduces the computation 
time during the optimization procedure. Random 
noise in the kinematic data was quantified as the root- 
mean-square (RMS) difference between the original 
and the low-pass filtered coordinates. 

Relative marker movement within each segment 
was quantified according to equation (12), and aver- 
aged over all frames to obtain one quantity indicating 
the validity of the rigid-body assumption. The 
150-250 frames obtained after filtering and re- 
sampling were used as input for the optimization 
procedure, specifically in the calculation of Q using 
equation (17). After optimization, the axes of the best 
fitting joint model (the X0- and Z,-axes) were pro- 
jected on the three perpendicular planes of the seg- 
mental coordinate systems C,i and C,, using the 
transformation matrices ‘iAo and CBA3. An inclination 
and a deviation for each of the two axes were defined 
to quantify the orientations of the joint axes. Inclina- 
tion of the subtalar joint axis was defined as the angle 
between the sagittal (YZ) projection of the axis and the 
horizontal plane. Similarly, inclination of the taloc- 
rural joint axis was defined by its projection in the 
frontal (XZ) plane. The deviation of the axes was 
defined in the horizontal (X Y) projections, and meas- 

$ A public-domain implementation of this algorithm in 
Fortran can be obtained by members of Biomch-L (Bogert et 
a[., 1992) by sending the commain “SEND GCVSPL FOR- 
TRAN” by electronic mail to LISTSERV@NIC.SURF- 
NET.NL or to LISTSERV@HEARN.BITNET. 
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Fig. 4. The joint angles of Fig. 2, calculated after smoothing 
and resampling of the raw kinematic data. Note the reduc- 

tion in clustering, compared to Fig. 2. 

ured with respect of the mediolateral (X) axis for 
the talocrural joint and with respect to the 
anterior-posterior (I’) axis for the subtalar joint. 
Positive signs were chosen for the orientations given 
by Inman (1976), meaning that the anterior endpoint 
of the subtalar joint axis points upwards and medially, 
and the medial endpoint of the talocrural joint axis 
points upward and anteriorly. These four orientation 
parameters are independent of the particular Cardanic 
sequence used to define the original orientation para- 
meters (pl, p2, p6, and p,) in the model. 

Linear regression analysis was used to determine 
the correlation between the subtalar joint inclination 
and the morphological parameters (arch height and 
tarsal index) of the foot. Statistical significance was 
tested at p < 0.05. 

RESULTS 

Error analysis 

Random errors in the kinematic data, representing 
the noise in the video digitizing system, ranged from 
0.2 to 0.7 mm in the measurement sessions of this 
study. Soft tissue movement during the unloaded 
ankle movements was quantified, after low-pass 
filtering, by the rigid-body error oRB using equation 
(12) and averaged over all frames collected from each 
subject. Averaged over all subjects, this rigid-body 
error was 1.33 f0.54 mm for the foot segment, and 
1.52 f 0.50 mm for the shank segment. The semi-rigid 
frame did not reduce the rigid-body error during the 
unloaded movements, compared to markers placed 
directly on the skin. 

The optimization procedure, when given the 150 
frames of simulated kinematic data and arbitrary 
initial guesses of the parameter values, converged 
to the exact parameter values (the ‘true values’ in 
Table 1) used to generate the data, with a fit error ofi, 
of zero. Sensitivity to simulated random errors of 
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Table 1. Results of optimizations on simulated data sets, with added pseudo-random noise (1 mm) 
and with one type of systematic error 

Parameter 

With random noise With systematic errors 
average f SD 

True value (N = 100 data sets) 12-par model 1 l-par model 

cRB shank (mm) 
oRB foot (mm) 
Subtalar inclination 
Subtalar deviation 
Talocrural inclination 
Talocrural deviation 
plI (mm) 
pa2 W) 
cfit (mm) 

0 0.93 f 0.02 
0 0.94 f 0.02 

39.21” 39.56 & 0.44” 
- 1.96” -2.20+ 1.75” 

6.84” 6.75 & 0.69” 
19.09 19.19~0.90” 
16.9 16.9kO.7 

-0.141 -0.137,0.029 
0 1.59*0.04 

1.49 
0 

38.55” 39.11” 
4.27” Fixed at 0 
6.99” 6.96 

19.05” . 19.00 
17.1 17.3 

-0.225 -0.166 
0.26 0.29 

Note. The true values are the parameters of the model used to generate the data. Influence of 
simulated random and systematic errors on the rigid body error oRa, and on the optimized 
orientations of the subtalar and talocrural joint, two other model parameters, and the fit error cTi, are 
shown (see text). The data with simulated systematic errors were analysed with the full 12-parameter 
model, as well as with a fixed subtalar deviation (1 I-parameter model). 

1 mm is shown in the second column of Table 1. 
Results of the analysis with simulated systematic 
errors in the vertical coordinate of the malleolus 
marker are shown in the rightmost column of Table 1. 
Note that this systematic error produced a cRB in the 
shank which is about the same as in the human 
subjects. Nevertheless, a close fit could be obtained 
(a,,=0.26 mm), but with a considerable error (about 
6”) in the deviation of the subtalar joint. The other 
parameters were less sensitive to this type of sys- 
tematic error (Table 1). For this particular marker 
movement error, the sensitivity of all parameters could 
be significantly reduced by using a fixed value for the 
deviation of the subtalar joint, which was the most 
sensitive parameter (1 l-parameter optimization in 
Table 1). 

Joint axes in the human subjects 

Minimization of Q, using 150 to 250 frames of 
kinematic data as input, usually required 5-10 iter- 
ations of the Levenberg-Marquardt algorithm. This 
amounted to 47 CPU seconds on a 21 MIPS work- 
station (SparcStation IPC, Sun Microsystems Inc.). 
On each set of kinematic data, 36 optimizations with 
different initial guesses were tried, of which the major- 
ity (more than 99%) converged to what was assumed 
to be a global minimum. Occasionally, local minima 
were encountered at relatively high values of Q and 
therefore easily recognized. The shape of the function 
can be illustrated by collapsing it into a function of 
two variables, for example the two variables describ- 
ing the orientation of the subtalar joint axis. Fixed 
values for these two parameters were generated on a 
rectangular grid, and at each point in the grid, pa and 
p, were calculated by inverting the projection trans- 
formations. At each combination of pa and p,, Q was 
minimized as a function of the other ten model 
parameters. Figure 5 shows how this partially mini- 
mized Q depends on the subtalar joint orientation, 

P6 
Es 
g4 
?3 
ii2 

Fig. 5. The function Q [equation (19)] as a function of the 
two model parameters defining the orientation of the sub- 

equation (20) for easier interpretation. 

talar joint axis. For the other ten parameters, the correspond- 
ing optimal value was used at each point in the grid. 
Calculations are based on kinematic data of one typical 
subject. Q is converted to the fit error clit according to 

using data from one typical subject. The curvature of 
the surface is much smaller in the direction of the 
‘deviation’ than in the direction of the ‘inclination’, 
indicating that the optimal value of the deviation 
parameter is less well-determined. Sagittal and hori- 
zontal projections of the joint axes of the same subject, 
after a full 12-parameter optimization, are shown in 
Fig. 6. 

Results for the entire group are summarized in 
Table 2. All data were analysed by a 12-parameter 
optimization, as well as an 1 l-parameter optimization 
in which the deviation of the subtalar joint had a fixed 
value of zero. The average and standard deviation of 
the eight tests in the same subject are shown as an 
indication of the reliability of the results. The literat- 
ure values from Inman (1976), obtained from a direct 
in oitro measurement, are included in Table 2 for 
comparison. 
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Fig. 6. Projections of the optimized joint axes in one subject, 
superimposed on the footprint and lateral view of the same 
subject while standing in the reference position. A 0.2 m long 
segment of each axis and the mutually perpendicular line that 

connects the two axes are drawn. 

Correlations between the inclination of the subtalar 
joint axes, obtained from the 1 l-parameter optimiza- 
tion, and the arch height and the tarsal index are 
shown graphically in Fig. 7. The correlation coeffic- 
ients were rz =0.730 and r2 =0.396, respectively. Both 
are statistically significant. 

DISCUSSION 

The low fit errors of the model suggest that this two- 
axis ankle model provides a good approximation to 
the kinematics of the unloaded ankle joint complex. 
The repeatability in one subject was better than 
variations in the group. This indicates that the para- 
meters determined by the optimization technique can 

be used to develop a subject-specific model for kine- 
matic and inverse dynamic analysis using methods 
similar to Scott and Winter (1991). The repeatability 
tests also indicated that the method is not sensitive to 
changes in the protocol for data collection. 

Areblad (1990) reported severe numerical difficulties 
when applying a similar optimization method to 
determine the axes of the ankle joint complex, which 
can be explained by several differences between that 
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Fig. 7. Linear regression analysis (y = ax + b) of the relation- 
ship between subtalar joint inclination and morphological 
variables. 95% confidence interval of the regression lines are 
shown. (a) Arch height (Hawes et al., 1992): a=0.45 
+O.O8”/mm, b = 24.6 + 2.3”. (b) Tarsal index (Benink, 1985): 

a= -0.34*0.12”, b=41.9& 1.7”. 

Table 2. Results of optimizations on kinematic data from unloaded movements of the subjects 

Group (N= 14 subjects) One subject (N = 8 sessions) 

Parameter 12-par model 1 l-par model 12-par model 1 l-par model Inman (1976) 

eras shank (mm) 1.52kO.50 1.65+0.12 
uRB foot (mm) 1.33 kO.36 1.65kO.32 N/A 
Subtalar inclination 35.3+4.s” 37.4k2.7” 38.5 + 0.7” 39.3 +0.4 42&9” 
Subtalar deviation 18.0+ 16.2” Fixed at 0 4.5 f. 5.0 Fixed at 0” 23+11” 
Talocrural inclination 4.6 f 7.4” 7.0 * 5.4” 8.2+0.9” 8.5 + 1.0” 8+4” 
Talocrural deviation 1.0* 15.1” 6.8k8.1” 14.0 f 2.8” 14.5 & 2.8” 6&7” 
pll (mm) 10.4k5.5 12.4k2.9 13.7+ 1.4 14.0* 1.3 
ufil (mm) 2.29 + 0.42 2.37 f 0.48 1.70*0.09 1.72+0.09 N/A 

Note. Average and standard deviation are shown for the group and for repeated measuring sessions on one subject (see 
text). Literature in vitro data are shown for comparison. See Table 1 for explanation of variables. 
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method and ours. Areblad (1990) used only five frames 
as input for the optimization: neutral position and the 
extremes in either direction of both joints. We used 
data from 6400 frames, which increases the amount of 
information included in the function Q, and also 
increases the smoothness of the Q by making the 
irregularities smaller in amplitude and in size (in the 
1Zdimensional parameter space). Areblad (1990) used 
14 model parameters instead of 12. Two model para- 
meters are therefore redundant, possibly causing 
problems with convergence of the optimization al- 
gorithm. Areblad’s optimization criterion was the sum 
of squares of differences between the measured matrix 
elements “A,, [equation (13)] and the same matrix, 
predicted by the model (10). Our criterion Q is based 
on the nine coordinates of the foot markers, which are 
also mutually dependent (the foot has only 6 DOF), 
but less so than the 12 matrix elements. Furthermore, 
all terms in Q are in the same length units, eliminating 
scaling or weighting factors. Most importantly, espe- 
cially when using many frames as input, the numerical 
efficiency of the Levenberg-Marquardt algorithm 
for solving least-squares problems is superior to the 
quasi-Newton method used by Areblad (1990). 

The optimizations using simulated kinematic data 
showed that the influence of random errors on the 
determination of joint axes is acceptable, for errors of 
1 mm or less. In our experimental data, the errors were 
typically less than 0.5 mm, and reduced to an even 
lower value by the low-pass filtering procedure. This 
relative insensitivity can be explained by cancelling 
out of the errors in the kinematic data when calcu- 
lating Q [equation (19)]. The influence of systematic 
errors, such as soft tissue movements, is more prob- 
lematic, because the curvature of the function Q is very 
small in certain directions. Therefore, the optimum is 
easily shifted by small artefacts created by systematic 
errors which distort the function Q. In the example of a 
simulated skin movement error (Table l), the subtalar 
joint deviation is much more affected than the other 
model parameters. The same can be expected for other 
types of systematic error, such as non-linearity of the 
kinematic analysis system, because of the shape of Q 
(Fig. 5). 

The group variability in the results of the 12- 
parameter optimization (Table 2) is suspiciously high 
for the subtalar joint deviation (16.2”). It is likely that 
these variations do not reflect true differences between 
the subjects, but indicate uncertainty in the optimiza- 
tion method. This is confirmed by the sensitivity 
analysis, and by the repeated tests in one subject, 
where the same parameter had a standard deviation of 
5.0”, compared to 0.7” in the inclination parameter of 
the same joint. An uncertainty of 5” is too large to 
determine differences between subjects, and therefore 
the optimization procedure is not sufficiently accurate 
to determine the subtalar joint deviation. When this 
parameter is eliminated from the optimization (optim- 
izing only the remaining 11 parameters), the repeat- 
ability of the subtalar joint inclination is also im- 

proved, by about a factor of two, to 0.4”. There is also 
an increase in the optimized inclination, when the 
deviation is fixed at zero (which is probably too low), 
but this is a systematic effect and does not change the 
differences between subjects essentially. It is therefore 
best, when accurate information about the subtalar 
joint inclination is required, to use the ll-parameter 
optimization. In this study, the ll-parameter optim- 
ization was used when correlating the subtalar joint 
inclination to morphological parameters. 

The high standard deviation in the 12-parameter 
model for the talocrural deviation suggests that this 
parameter may also be unreliable for most subjects. 
This was considerably improved in the 1 l-parameter 
model. Apparently, the one subject on which the 
repeated measurements were done did not suffer from 
this problem. 

It has been suggested that arch height is a simple 
non-invasive indicator of the subtalar joint inclina- 
tion. This was confirmed by our results (Fig. 7), which 
show that the inclination decreases by about half a 
degree for each mm decrease in arch height. The 
suggestion by Benink (1985) that the tarsal index 
would be superior to the arch height for this purpose, 
could not be confirmed in our subjects, although a 
significant correlation still existed. It is possible how- 
ever, that the tarsal index is more effective than arch 
height for detection of specific abnormalities which 
were not present in this group. 

The orientations of the joint axes found in this study 
are similar to those reported by Inman (1976) in a 
group of 46 cadaver feet (Table 2). In our study, 
slightly smaller subtalar inclinations can be expected 
because the subjects, wearing shoes, were standing in 
the reference position with 2-3” of heel elevation. 
Smaller deviation values in our study can be explained 
by Inman’s definition of the midline of the foot, which 
was between the second and third toe. Our results for 
the subtalar joints axis are comparable to those of 
Manter (1941), who found subtalar joint inclinations 
of 27-47”, and deviations of 8-24” from a midline 
through the centre of the second toe. Manter (1941) 
also observed a small screw motion along the axis of 
the subtalar joint (1.5 mm for every 10” of rotation). 
Considering the fit errors of several mm between 
model and kinematic data, it is not feasible to optimize 
a model with an additional parameter describing such 
a small helical translation. 

Several authors reported that the joint axes are not 
stationary, which means that the 2-DOF hinge model 
is not correct (Langelaan, 1983; Lundberg et al., 1989; 
Lundberg and Svensson, 1993). These studies also 
suggest that the results may strongly depend on the 
loading conditions and the method by which the 
movement was induced. For example, when move- 
ments are induced by rotation about a vertical axis, 
the laxity and ligament loading may result in different 
joint axes compared to a movement induced by pron- 
ation or supination of the foot. For the unloaded 
condition that we studied, we assume that changes in 
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axis of rotation are small (Hicks, 1953). We could not, 
as in these other studies, estimate joint axes for smaller 
parts of the range of motion because that increases the 
sensitivity to measuring errors, which are larger in our 
non-invasive in vivo analysis. The procedure would 
become analogous to trying to estimate the centre of a 
circle of which only a small part is visible. The 
assumption of fixed axes of rotation is therefore an 
unavoidable limitation of this method. The small fit 
errors (an,, Table 2) are an indication that the model is 
a close approximation to reality, but it should be 
noted that a small increase in urit can indicate that 
some model parameters are far away from the 
optimum (e.g. the deviation parameter in Fig. 5). 

When the model parameters of a person are known, 
equations (14) (16) and (17) may be applied to kine- 
matic data obtained during gait to analyse the move- 
ments in the two joints. This is a significant data 
reduction compared to the three rotations obtained 
from an analysis using 3-DOF Euler-Cardanic or 
helical rotations (Woltring, 1991). Also, the rotations 
c1 and /J may be more suitable to recognize clinically or 
biomechanically relevant information, because the 
‘crosstalk’ between the two joints is removed. It is, 
however, possible to obtain the same rotations o! and b 
with an Euler-Cardanic analysis method if C, and C, 
are chosen as segmental reference frames of, respect- 
ively, the shank and the foot. This is perhaps easiest to 
visualize as a mechanical linkage equivalent to an 
Euler-Cardanic analysis [a joint coordinate system 
(JCS), Grood and Suntay, (1983)]. If the proximal 
embedded axis of the JCS is the talocrural joint axis, 
and the distal embedded axis is the subtalar joint axis, 
a JCS analysis will produce the same angles as our 
model. The rotations measured about the floating axis 
(which is mutually perpendicular to the other two) will 
then be small enough to be neglected. In order to 
apply the JCS in this manner, the orientations of the 
joints in a readily standardized anatomical coordinate 
system must be known. 

The main motivation for developing a 2-DOF 
model and optimization method was to analyse the 
moments and forces transmitted by the talocrural 
joint to the tibia. Knowing the locations of the joint 
axes is a prerequisite for calculating moments about 
the joint axes (Scott and Winter, 1991). These compon- 
ents of the total joint moment can be assumed to be 
produced by muscles, and the remaining moments 
must be transmitted by joint structures that restrict 
each joint to one degree of freedom (ligaments and 
surface geometry). Preliminary results (Bogert and 
Nigg, 1993) show that bending moments about the AP 
axis and torsional moments about the long axis of the 
bone are relevant. Ball-and-socket joint models (Bur- 
dett, 1982) can only transmit force, not moment. If no 
moment is transmitted by joint structure, equilibrium 
requires that all moment is provided by muscular 
forces. This may lead to severe overestimation of 
muscle forces, which can be partially avoided by 
omitting the torsional moment from the equilibrium 
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equations (Burdett, 1982). A proper analysis of equi- 
librium in the ankle joint complex using a 2-DOF 
model was done by Procter and Paul (1982), but the 
limitation in that study was that no subject-specific 
joint model could be used. 

We conclude that the model parameters of our two- 
axis ankle model can be determined with sufficient 
reliability to allow its application for functional ana- 
lysis of movement. This requires a simple test invol- 
ving various ankle movements, just before or after 
collection of data during gait. The most important 
limitations of the method presented in this paper are 
that the medial deviation of the subtalar joint axis 
cannot be determined with better accuracy than about 
5”. The present study was carried out in a non- 
weightbearing situation because this is the traditional 
condition for evaluating the subtalar joint axis. Under 
weight, the orientation of the axes may shift. In that 
case, the model will still be applicable to analyse gait, 
provided that the test to determine the axes is carried 
out in a loaded situation. Unfortunately, the kine- 
matic data from gait trails are not suitable to deter- 
mine the joint axes with sufficient reliability, because 
they do not cover the combined range of motion of 
two joints, as (for example) in Fig. 3. There is also a 
possibility that the two-axis mode1 is no longer appro- 
priate when large forces are applied. These questions 
require further study. 
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