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ABSTRACT

Background. The objective of this study was to apply the dual Euler angles method to investigate the passive motion
characteristics of the human ankle joint complex. Besides the Euler angles and screw axis methods, the dual Euler

angles method has been proposed as an alternative approach to quantify general spatial human joint motion. The dual

Euler angles method provides a way to combine rotational and translational joint motions and to interpret motions in

Cartesian coordinate systems, which can avoid the problems caused by the use of the joint coordinate system due to

non-orthogonality.

Methods. Three-dimensional kinematic data of the ankle joint complex was collected from 10 knee-below foot

cadaver specimens. A non-metal experimental setup was fabricated to generate motion in foot cadaver specimens.

The kinematic data during passive dorsiflexion-plantarflexion was measured using a “Flock of Birds” electromagnetic

tracking device.

Results. The kinematic coupling characteristics and the respective contribution of the ankle joint and the subtalar

joint to the gross motion of the foot with respect to the shank were analysed based on dual Euler angle parameters.

The results obtained in this study were generally in agreement with the observations reported previously.

Conclusion. The dual Euler angles method was suitable for analysing the motion characteristics of the ankle joint

complex. The motion at the ankle joint complex involves rotations about and translations along three axes. Our study

showed that the dual Euler angle methods allows precise identification of the respective contributions of the subtalar
joint and the ankle joint during the motion of the ankle joint complex as a whole.
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INTRODUCTION

The ankle joint complex consists of the ankle
(talocrural) joint and the subtalar (talocalcaneal) joint.
The gross motion between the foot and the shank is
the result of the motions at the ankle joint complex.
Because the ankle joint complex is crucial to human
locomotion, accurate knowledge on the kinematics of
these joints is essential for the proper diagnosis and
treatment of injuries and diseases in this region, and
for the design of effective and reliable
prosthetic devices.

Numerous investigations have been carried out to
analyse the kinematic characteristics of the ankle joint
complex #n vitro ot in vivo."® In previous studies, the
Euler angles and screw axis methods were two widely
used methods to represent ankle joint complex motions
quantitatively.”"" Each method has its advantages and
disadvantages. The screw axis method is not
comparable with clinical motion description and does
not facilitate communication between engineers and
clinicians, though it can describe full six-degree-of-
freedom joint motions. Euler angles can only describe
the rotation of a segment and an additional three-

dimensional position vector is required to describe the
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translation. The position vector is referred with respect
to the coordinate system of the fixed segment while
the Euler angles are usually referred with respect to
the coordinate system of the moving segment. The
difference of the reference systems for rotation and
translation does not facilitate the interpretation of the
parameters. As a variation of the Euler angles method,
Grood ¢t al proposed a non-orthogonal joint coordinate
system (JCS) to avoid some of the difficulties inherent
in the use of Euler angles.'”” Though JCS combines
rotation and translation, it is not orthogonal. Non-
orthogonality presents a serious problem when joint

forces and moments need to be determined.!

As an alternative method for quantifying general spatial
human joint motions, the dual Euler angles method
has been proposed and applied to study the gross
motion between the foot and the shank iz vivo by Ying
et al" In this method, the gross motion of the foot
relative to the shank is represented by three screw
motions through the coordinate axes of the Cartesian
coordinate system fixed in the foot. In this way, the
rotation and translation of the foot are combined and
interpreted with respect to the same Cartesian
coordinate system. Moreover, the dual Euler angles
method has an advantage over JCS because of its

orthogonality.

Because tracking the motion of the talus using non-
invasive 7z vivo techniques is not possible, the respective
contributions of the ankle joint and the subtalar joint
to the gross motion between the foot and the shank
cannot be determined. Studies by Siegler e/ a/ have
indicated that the gross motion between the foot and
the shank is the result of motion at both the ankle
joint and the subtalar joint.? In this study, based on
the kinematic data collected from a total of ten foot
cadaver specimens, the respective motions at the ankle
joint and the subtalar joint and their contribution to
the gross motion produced between the foot and the

shank were analysed using dual Euler angle parameters.

METHODS
Measurement Device and Experimental Setup

The passive motion at the ankle joint complex was
measured using the “Flock of Birds” (FOB)
electromagnetic tracking system (Ascension
Technology Inc, Burlington, Vermont, USA). The
tracking system, consisting of four receivers and one
standard range transmitter, was set at its default
configuration (103Hz, AC wide filter on, DC low pass
filter on) during the measurements. Three of the four

receivers were used to measure the position and
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Fig. 1. Fixture for installing a receiver into a bone (unit: mm).

orientation of the bones while one was fixed on a stylus
to digitise the position of points of interest. The
accuracy of the measurement system has previously

15-17

been reported by various authors.”'” In the authors’
previous work, the accuracy of dual angles obtained
from the FOB system was also evaluated to be less
than 1° and 1mm for rotations and translations,

respectively.'

To install the receivers into the bones rigidly, receiver
fixtures were fabricated (Fig. 1). Each receiver fixture
consists of an acrylic square plate, which was used for
attachment of a receiver, and a plastic screw, which
was used for insertion into a bone. The square plate

and the screw were glued together tightly.

An experimental setup made of non-metal materials
was used to generate passive motion to the shank/foot
cadaver specimens (Fig. 2). This is similar to the design
of Stihelin ¢z a/”> The foot plate, which was secured
on the supporting bracket via a vertical screw in the
bracket, was able to rotate around a horizontal axis in
the supporting bracket. The supporting bracket could
be secured on the ground plate in any direction by a
vertical screw in the ground plate. By changing the
direction of the foot plate with respect to its supporting
bracket and the direction of the supporting bracket
with respect to the ground plate, the foot plate could
be placed at any orientation with respect to the ground
plate to introduce different angular movements to the
foot. The shank rod passed through a hole in the
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Legends

1: Vertical stands
2: Beams supporting shank rod
3: Shank rod

4: Foot plate

5

: Screw securing foot plate on supporting
bracket

6: Horizontal axis of the foot plate
7: Supporting bracket

8: Screw securing supporting bracket on ground
plate

9: Ground plate

Fig. 2. Experimental set-up for 7z vitro experiments on foot/shank specimens.

horizontal beam, which was in the anterior-posterior
direction. The diameter of the hole was larger than
that of the shank rod so that the shank rod could move
and rotate in the hole. The position of the shank rod
in the horizontal plane can be adjusted by moving the
anterior-posterior beam in the horizontal plane.
Vertically, the distance of the horizontal beams to the
ground plate could also be adjusted to adapt to the

heights of cadaver specimens.

Experiment Procedure

The passive dorsiflexion-plantarflexion was measured
without considering weight and muscle forces. Ten

below-knee amputation cadaver specimens were tested.

Prior to the experiment, specimens were thawed for
24 hours at room temperature. At the time of the
testing, specimens were prepared as described below.
A hole of 9mm diameter, a little smaller than the
diameter of the lower part of the shank rod, was drilled
along the medullary channel to allow insertion of the
shank rod. Specimens were dissected carefully to
remove soft tissue around the ankle joint complex while
the ligamentous system remained intact. The soft tissue
at the head of the fibula and the tibia tuberosity was
also removed. Four landmarks for definition of the
tibia-fibula anatomical coordinate system were
identified and marked for digitisation — the distal apex

of the medial and lateral malleolus (MM, LM), the apex
head of the fibula (HF), and the prominence of the
tibia tuberosity (T'T). The screws of the receiver
fixtures were inserted into the tibia, talus, and calcaneus
respectively: the screw in the distal part of the tibia
was inserted anteriorly and medially; the one into the
talus at the antermedial aspect of the neck, and that
in the calcaneus at the lateral side of the heel.

The experimental setup was adjusted as follows. The
bracket supporting the foot plate was aligned and
secured on the ground plate with the horizontal axis
in the medial-lateral direction. The foot plate was then
secured on the supporting bracket with its longitudinal
axis in the anterior-posterior direction. After the setup
had been adjusted to the appropriate position, the
specimen with three receivers attached was mounted
to the setup. The foot was fixed on the foot plate in
the anterior-posterior direction and the ankle axis was
approximately parallel to the horizontal axis. The shank
rod was then inserted into the medullary channel. The
position of the anterior-posterior beam in the
horizontal plane was adjusted to align the shank rod
along with the longitudinal axis of the tibia in a vertical
position, that is, perpendicular to the foot. This
position was considered as the neutral position, with
respect to which the motion of the joints would be
described. The foot plate was placed horizontally, so

as to have the foot in a plantigrade and neutral position.
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The foot was not rigidly locked in place. The foot was
placed on the foot plate and the forefoot strapped
down with a low-tension elastic strap. The foot was
allowed to deform freely on the foot plate. The shank
rod was threaded through a small hole in the jig about
1 meter above the foot plate. The hole was roughly
half a centimeter greater in size than the diameter of
the rod, allowing it to rotate freely, and also allowing

more than sufficient degree of angular deflection.

At the neutral position, each of the four landmarks
was digitised. At this joint configuration, the position
and orientation of the receivers attached to the bones
were also recorded. After collecting the required data
at the neutral position, the position and orientation of
the receivers were recorded continuously while the foot
plate was rotated manually and slowly from maximum
dorsiflexion of the specimen to maximum

plantarflexion.

Data Analysis

To describe the passive motions at the ankle joint
complex, the anatomical coordinate system of the tibia
proposed by Cappozzo ¢ al is used.’® This system is
based on the four landmarks on the shank — MM,
LM, HF, and TT. The coordinate system of the tibia is
defined as:

1. Origin is at the midpoint of the line joining MM
and LM

2. Y-axis is orthogonal to the quasi-frontal plane
defined by MM, LM, and HF

3. Z-axis is orthogonal to the quasi-sagittal plane
defined by the Y-axis and T'T

4. X-axis is the cross product of the Y- and Z-axis

At the neutral position, the coordinate systems of the
talus and the calcaneus coincide with that of the tibia
in both origin and the direction of axes. Figure 3
schematically shows the coordinate systems used for

analysing passive motions of the ankle joint complex.

The relative motion of the calcaneus with respect to
the tibia, that is, the gross motion of the foot with
respect to the shank; the relative motion of the talus
with respect to the tibia, that is, the motion at the ankle
joint; and the relative motion of the calcaneus with
respect to the talus, that is, the motion at the subtalar
joint, were obtained by using the dual Euler angles
method. The sequence of screw motions selected
began through the z-axis, then through the y’-axis, and
finally through the x”-axis of the moving coordinate
systems. According to the definition of the coordinate

The Ankle-Subtalar Joint

Calcaneus Ko

Fig. 3. Coordinate systems for analysing passive motions of ankle
joint complex (X-Y-Z: coordinate system of the tibia; x-y-z:
coordinate system of the talus; x -y -z: coordinate system of the
calcaneus).

systems along with the sequence of screw motions
adopted in this study, the screw motion through the z-
axis could be considered as the flexion-extension and
lateral-medial shift of the bones. Similarly, the screw
motion through the y’-axis reflected the inversion-
eversion and anteroposterior drawer of the bones.
Finally, the screw motion through the x”-axis could be
interpreted as the abduction-adduction rotation and

distraction-compression of the bones.

Though dual Euler angles can be obtained based on
point coordinates,' the method suitable for using raw
data collected from the FOB is provided as follows.
First, using the data measured by the FOB system, at
any joint configuration, the position vector d, and
rotation maxtrix [R ] of a bone relative to the global
coordinate system fixed in the transmitter are

computed as
)=l ] e T, L]

d,=d, [ lrr Ty, -y
where

M

K Y . . -
|_R'_.' J and @, are the rotation matrix and position
vector of the bone with respect to the global coordinate
system when the joint complex is at the

neutral position.

%", ) ana a®

vector of the receiver on the bone with respect to the

. are the rotation matrix and position
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global coordinate system when the joint complex is at

the neutral position.

[R, ] and d , are the rotation matrix and position
vector of the receiver on the bone with respect to the
global coordinate system when the joint complex is at

any joint position.

Let [R ] and d, denote the rotation matrix and position
vector of the tibia with respect to the global coordinate
system. [R ] and d,_ represent the rotation matrix and
postion vector of the talus, respectively, with respect
to the global coordinate system respectively. At any
joint position, the dual-number transformation matrix

of the talus with respect to the tibial" B ] is given

P&, |-[ &) o s.]
e Il b e J8 LR B

2
where

['R,] and ['S,] are the primary and dual parts,
respectively, of the dual-number transformation matrix
of the talus relative to the tibia.

[R,] and [R, ] are the rotation matrix of the tibia and
the talus, respectively, with respect to the global

coordinate system.

is a skew symetric matrix given by
7 1
d, d, d,) =[-’f,.] id,, —d,)

At the same joint position, the dual-number
transformation matrix of the calcaneus with respect
to the tibia |_'.I';!'I -| can be similarly calculated.
Subsequently, at any joint configuration, the dual-
number transformation matrix of the calcaneus with

was computed according

respect to the talus o ]
to the following equation:

[“&]=[&.] [&] 3)
Once the dual-number transformation matrices were
obtained, the dual Euler angles were computed
according to the relationship between the dual-number
transformation matrix and dual Euler angles." Before
computing dual-number transformation matrices, the
raw data obtained from the FOB were smoothed using
the dynamic programming and generalised cross-
validation method to reduce the noise as originally

proposed by Dohrmann e7 al."’

RESULTS

Figures 4 and 5 show the relative motion of the
calcaneus and the talus with respect to the tibia during
dorsiflexion-plantarflexion. The relative motion of the
calcaneus with respect to the talus is shown in Figure
6. The dual Euler angle parameters are plotted against
the primary motion, that is, the flexion-extension angle
of the foot relative to the shank, which is the rotation
angle about the z-axis of the calcaneus with respect to
the tibia.

To analyse the kinematic coupling characteristics and
the respective contributions of the ankle and subtalar
joints to the gross motion of the foot, the average dual
Euler angles of the ten specimens at the maximum
range of dorsiflexion-plantarflexion were obtained.
The results showed that during dorsiflexion-
plantarflexion, at maximum plantarflexion of the foot,
29.2° of plantarflexion of the calcaneus with respect
to the tibia was associated with 27° of plantarflexion
at the ankle joint and with 2.1° of plantatflexion at
the subtalar joint. At maximum of dorsiflexion of the
foot, 18.6° of dorsiflexion of the calcaneus relative to
the tibia was associated with 19.1° of dorsiflexion at
the ankle joint and with 0.6° plantarflexion at the

subtalar joint.

When the foot was moved from the neutral position
to maximum plantarflexion, plantarflexion of the foot
was coupled with about 3.7° of inversion and 5.8° of
adduction. Besides rotations, the foot also moved about
0.7mm in a lateral direction, about 7.5mm in an anterior
direction, and about 4.4mm in a proximal direction.
At the ankle joint, besides plantarflexion of about 27°,
there was about 1.9° of inversion, 3.2° of adduction,
0.3mm of lateral shift, 6.2mm of antetrior drawer, and
5.3mm of compression simultaneously. At the subtalar
joint, besides 2.1° of plantarflexion, the calcaneus also
underwent about 1.9° of inversion, 2.5° of adduction,
0.9mm of lateral shift, 1.4mm of anterior drawer, and

1mm of distal translation.

When the foot was moved from the neutral position
to maximum dorsiflexion, the dotsiflexion of the foot
was coupled with about 2.5° of eversion and about
4.5° of abduction (Table 1). Meanwhile, the foot also
moved about 0.7mm in a medial direction, about
4.9mm in a posterior direction, and about 1.2mm in a
distal direction. At the ankle joint, with respect to the
tibia, besides the dorsiflexion of about 19.1°, the talus
also everted about 2°, abducted about 4.3°, and
translated in the medial, posterior, and distal direction
about 0.6mm, 5.8mm, and 1.6mm, respectively. At the
subtalar joint, though both rotation and translation

occurred as well, the values were relatively small.

30

SGH PROCEEDINGS * VOL 13 * NO 1 * 2004



-
.
1
|

-
=

=

&

2 4 o m 0
R M T Zen ol [N cllcaneun. riana 15 T e (oeg]

i mngie Bbsad e of Hhas cekesnsan meleiee i ths bbin (oeg)
=

=
=
{

[ ]

|

in

—

-
o

-
L=

L]

in

The Ankle-Subtalar Joint

45

FOd Bghs Bl . Dl (e Cakcanses relEee W the Sha ideg]

-

&

- =1 1] L] | = AT
rolmiion segim sbead r-mvin of e csirsrs e reistia (o Hbie (gegl

TR LSS Bhws] E-os o T oEc s ralitee 12 T Ul e
]

W

® a0 s w = %
tmon e Bt T8 oF e Cabanens. st 50 tfe bi0 (e

Vet e i) - s o e cakaneas smalhva Lo e UEe dr)

E=

&

-3

in

=
=]

B

il ong n-ida o te catiree sl ked 0 L L ST
Ll

-3 T o T Fo) Y
rodiaon acgh el E-dnnd o 1N Salcaseus FERIE N e Lind j0EE1

- -10 1] 111 = M o
FOLBOn e Bhoul 2 e oof ey CabCareinis robBlnh iD P Bis (e

— spacimen
e specimen2
— - - Epecimen3
— - specimend
— Spacimens
-eeeee SPECIMENG
== Specimen’
-== Spatimens
—— spacimend
—— spacimen10
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Table 1. Average motions at the ankle joint complex.

Rotation (°)*

Translation (mm)**

About z-axis

About y-axis

About x-axis  Along z-axis  Along y-axis  Along x-axis

Plantarflexion  Gross motion of the foot 29.2 3.69
Motion at the ankle joint 27.01 1.86
Motion at the subtalar joint 2.09 1.92
Dorsiflexion Gross motion of the foot -18.6 -2.45
Motion at the ankle joint -19.12 -1.96
Motion at the subtalar joint 0.64 0.06
Inversion Gross motion of the foot 2.72 10.0
Motion at the ankle joint -4.40 2.16
Motion at the subtalar joint 7.11 7.88
Eversion Gross motion of the foot -1.80 -4.5
Motion at the ankle joint 0.66 -0.66
Motion at the subtalar joint -2.52 -3.81

5.77 -0.74 7.45 4.41
3.23 -0.30 6.22 5.25
2.48 -0.86 1.38 -1.03
-4.54 0.71 -4.94 -1.16
-4.33 0.62 -5.78 -1.60
-0.25 0.12 0.69 0.50
8.11 -2.74 3.88 -1.61
0.28 -1.79 0.66 -1.78
7.55 -0.79 3.01 -0.64
-2.12 2.93 -1.10 -0.83
-1.32 0.82 -0.48 0.70
-1.5 2.15 -0.67 -1.57

* Rotations: plantarflexion, inversion, and internal rotation are positive

** Translations: anterior drawer, medial shift, and compress are positive

DISCUSSION

In the past, a lot of effort had been devoted to
analysing the motion characteristics of the ankle joint
and the subtalar joint and their contribution to the
gross motion between the foot and the shank.
Researchers such as Sammarco ¢z a/, Engsberg, Siegler
et al and Lundberg ¢/ a/ had questioned the view held
by Hicks, Isman and Inman that the ankle and subtalar
joints are uniaxial, ideal hinge joints.'***?* During
dorsiflexion-plantarflexion, both the ankle joint and
the subtalar joint rotate about and translate along the
three axes simultancously (Figs. 4 to 6). The kinematic
results from this 7z vitro study indicate that both the
ankle joint and the subtalar joint have six-degree-of-
freedom and their motions demonstrate multiaxial
motion characteristics, which is in agreement with what

has been reported by Engsberg e al.!

Manter modelled the subtalar joint as a spiral of
Archimedes in 1941.% The results from this study
showed that the pitches of the screw motions through
the three axes varied during the movements and could
not be fitted linearly, which meant that it might not be
accurate enough to model the subtalar joint as a screw
with a fixed pitch and rotation axis when detailed

motion characteristics of the joint was required.

The results also indicated that movements of
dorsiflexion-plantarflexion of the foot resulted from
a combination of both the motions at the ankle joint
and the subtalar joint. However, during dorsiflexion-
plantarflexion, the motion of the calcaneus with
respect to the tibia occurred mainly at the ankle joint

with little motion at the subtalar joint, which was similar

to those observed by Siegler ¢f a/ and Leardini es al>*
There was also a significant antero-posterior translation
of the talus during this movement, indicating a
significant rolling motion, and also a lesser amount of
vertical motion. In summary, the results support
previous descriptions of the ankle-subtalar complex.
The ankle joint is primarily a hinge joint, but also has
a significant amount of translational motion. It is easy
to understand in this context why the early constrained
prostheses failed. For example, plantarflexion is
associated with contingent anterior translation in the
normal ankle. With the use of a rigid hinged prosthesis,
plantarflexion would be associated with an anteriorly
directed force due to the surrounding ligaments,

predicting an early failure.

During plantar flexion, there was significant anterior
and proximal translation at the ankle joint. An opposite
translation was associated with dorsiflexion. This
motion may relate to the four bar linkage concept in
ankle motion as described by Leardini e/ @/.* They have
reported that the calcancofibular ligament and
tibiocalcaneal ligament remained approximately
isometric during flexion-extension. These ligaments,
together with the articular surfaces, direct the pathway
of the instantaneous centre of rotation and account
for the sagittal plane motion as described. Based on
the sequence, the axes chosen demonstrated flexion-
extension, followed by inversion-eversion, and finally
internal-external rotation. This sequence of screw
motions was chosen to make the data more clinically
meaningful, by approximating ankle, followed by
subtalar motion, and then finally describing the coupled

internal and external rotations.
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In this study, the 77 vitro measurements on foot cadaver
specimens were performed under conditions where
weight and muscle forces were not applied. The
motions of the foot with respect to the shank were
also produced by applying moments without forces.
Further investigation on the motions of the ankle joint
complex responding to other loading conditions, such
as applying forces in the axial, anterior-posterior, and
medial-lateral direction, is still needed.

CONCLUSION

The results based on the dual Euler angle parameters
indicate kinematic characteristics of the ankle joint
complex consistent with the literature. Compared with
the Euler angles and screw axis methods, this method
provides an alternative approach for describing general
spatial human joint motions by decomposing the
motions into the the axes of orthogonal Cartesian
coordinate systems, which will benefit kinetic studies.
The similarity and relationship of dual-number
transformation matrices and rotation matrices provide
a convenient way of obtaining dual angles when the

FOB is used as a measurement system.
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