(ii) Errors due to number of cameras

Ideally, all cameras sec each marker at every point in time. In real situations, this is not
the case, and markers are lost from view. In film analysis, the positions of these lost markers
may be determined using a best estimate based on the position of the body. In video analy-
sis, these markers are lost until they are once again visible to the camera. The position of a
marker at a given point in time is calculated using only those cameras that see the marker.
This may be critical for certain camera placements and camera numbers. -

As an example, an experiment is performed using three cameras:. 1, 2, and 3. Assume
that the optical axes of cameras | and 2 intersect at an angle of 90°, and the optical axes of
cameras | and 3 intersect with an angle of 20°. At time, t;, the position of marker, k, is de-
termined using information from all three cameras. Attime, t,, information from camera 2
is missing. At time, ty, information from all threc cameras is again available. The results
for this example are illustrated for the x and y coordinates in Figure 3.6.4.

For instance, frames 15 and 19 use (for three different norm of residuals} a different
number of cameras than do frames 16, 17, and 18, (which all use the same number of cam-
eras) to determine the position of marker, k.

Obviously, a change from six to five cameras would induce less change in the final co-
ordinate calculation than a change from three to two cameras. In general, noise in coordi-
nates decreases with an increasing number of cameras. However, this is not necessarily
equivalent to an increase in accuracy of the determined marker positions. S

(iif} Errors due to calibration S

The accuracy of the measured data depends considerably on the accuracy of the cali- -
bration procedure. It is often assumed that accuracy increases the more the calibrated vol- " -
ume fills the field of view, However, the sitnation is more complex than this assumption. .
Lenses are not ideal structures, and have errors that influence the accuracy of the collected
data. Consequently, data should be corrected for lens errors. Several software packages do.
this, as described above. If data is not corrected for lens errors, calibration of the central part
of the ficld of view, where the lens usually has fewer errors than at its boundaries, may bé
better than using calibration frames that exploit the entire field of view. Additionally, errors
in determining the position of markers depend on the accuracy of the calibration marker set:
up. Errors in the location of these markers affect the accuracy of marker coordinates.

However, most current commercial camera systems offer calibration procedures and:
software that reduce calibration errors substantially. The most elegant and effective calibra
tion method uses a calibration rod, which is moved in the calibration space and covers the
whole calibration volume. This calibration rod provides data to achieve excellent calibra:
tion results. o

(iv) Errors due to digitization k
Conventional film analysis typically uses manual digitization. Results from manug
digitization may be affected by:

Random inaccuracies of the digitizing operator in positioning the digitization pen::

Such errors can be reduced by employing appropriate marker shapes (spherical),
markers with dots in the middle, and multiple digitization, and '

Placement of cameras (see above).

Video analysis often uses automatic digitization. The accuracy of automatic digitiza
depends on various factors such as: :

Number of cameras (see above),

Placement of cameras (see above), S T
Marker s_hape (spherical markers are typically used because they have the same shape
irrespective of the direction from which they are viewed),

Size of the markers (the centroid can be determined with better accuracy fora large
than for a small marker), - : “

Merging of markers (the centroid of a marker cannot be correctly esfab]iéhed),
Pa:‘itial cover of a marker (the centroid of a marker carinot be correctly established),
an

Threshold level of the video system (determines how well the video screen estimates
the spherical image of the marker).

Most of these problems ¢an be solved with appropriate preparations of the setup and ad-
equate software. :

3.6.3 DETERMINING RIGID BODY KINEMATICS

The three-dimensional marker positions are used to determine limb segment positions
and orientations. This process, and associated errors, are discussed in the first two parts of

= this section, Position and orientation of the limb segments can be used to describe thie rela-

tive orienta'tion and movement of limb segments. Methods used to describe relative limb
segment orientations commonly used in biomechanics are discussed in the balance' of this
section

RECONSTRUCTION OF RIGID BODY MOTION FROM MARKER POSITIONS

Marker based coordinate systems

: A coordinate system is defined for each limb segment or body of interest (F igﬁre 3..6.7).
L]mb segments are often assumed to be a rigid body. Thus, if the position and crientation of
the segment fixed coordinate system is known, then the position of any point on the limb

£2

|

g2

&1

£3

Orientation of a rigid body im space withk an embedded Cartesian coordinate

zure 3.6.7
system, C', relative to a reference Cartesian coordinate system,




segmment is known. Since the positions of the optical markers are measured, it 151,1 egstlestth tc;
da%“me the segment fixed coordinate system based on the markers that are aitached o tha
segment. This can be done with three or more than three markers: .

(i) Using three markers to determine a coordinate system ~ R

“Threé markers is the minimum number required to completely define a coordinate sys-
tem. An example of how a segment coordinate system can be defined for a segment of in-
terest is outlined below. Assume:

A = first marker on the segment of interest

B° = second marker on the segment of interest

C = third marker on the segment of interest

a = position vector of point A in the lab coord}nate system

b position vector of point B in the lab coord%nate system

c position vector of point C in the lab coordinate systen‘n

£’1 = direction vector of the first axis of the segment QOQI_dI__Il_ﬁ?EB system
£2 = direction vector of the second axis of the segment coo.rdmate system
&3 = direction vector of the third axis of the segment coordinate system

. Any po_h_lt.eah be used as the origin, O, of the segment coor.dinate system. Assun,}e that ..
the point A has been selected to be the origin. For this assumpjuon,_the unit vector £ lr::p‘& |
resenting the direction of the first axis can be defined as the direction vector from pou.l_:.. :

to point B:

P b-a
gl LT lb-—al

The unit vector £'3, representing the direction of the third axis can be defined as the

cross-product between the unit vector £'1 and the unit vector pointing from A to C:

¢—a
le— al

£'3 = £1x

The unit vector £'2, representing the direction of the second axis can then be deﬁped

as the cross product of the unit vectors £'3 and £1:

g2 = E3xEl

In this arbitrary example, the unit vectors &'1, £'2 and £’3 are the bases vectors of the

limb fixed coordinate system. They determine position and orientation of the segment.o_f i1
terest.

(i) Using more than three markers to determine a c'oordmate system Lo

If there were no errors in the marker pOSi’[iOI-lS, and the limb segme}nt was truH{) z{ ; _vg_e
body, then additional matkers beyond t_he required three would b-e 0 1112 use;smon_s__.
since limb segments may not be truly rigid, and.there may be eTrors in m;u’ er pt 08160 rééd
ditional markers may improve the accuracy of limb segment p(?s1t.10n anthoréens honrs i
structions. A least squares method (Veldpaus et al., 1988} or similar method {Soderqt
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Wedin, 1993) can be used to determine the segment position and orientation from the mark-
er positions. .

. These methods are relatively sophisticated algorithms, but simply described, they do the
following. Given the positions of the markers fixed to some segment at two different times
(or positions of the segment of interest), the displacement and rotation of that segment that
occur between these two poitits of time are determined that miniize the sum:

n .

min Z (jmy,; — (d; + Ry )l

k=1
where:
my; = position vector of marker k at time i
my = position vector of marker k at time j
n = total number of markers
Ry = rotation that occurs from time i to time ]
d; = position vector of point A in the lab ceordinate system -

Thus, the displacement and rotation are selected that move the markers at time i so {Hat

- they lie as close as possible to the markers at time j. By using these optimizatiqn methods,

Anatomically significant coordinate systems

The selection or definition of a coordinate system fixed to a specific segment is an im-
ortant step. Usually, the coordinate system is defined such that each of the coordinate di-
ections has somrie anatomical significance. It is common, for example, for the ¢oordinate
ystem to be aligned with the anatomical coordinate system so that when movements or dis-
cements are measured, they can be described in clinically relevant terms. o
- However, markers often cannot be located on limb segments in positions appropriate for
¢ definition of § jnatomically significant coordinate system. In such cases, it is often eas-

to define the orientation of the limb segment fixed coordinate system using a neutral po-
o, v _ _

The use of a neutral position consists of positioning the subject in a neutral or reference
ition (often the anatomical position). Measurements are then made to determine the
atker positions relative to the selected anatomically significant coordinate system. The
rdinate system fixed to the limb segment does not need to be explicitly constructed from
locations of the markers. The positions measured during the neutral trial can then be
mpared to the measred positions during the movement of interest to determine absolute
ition and orientation of the anatomically relevant limb segment fixed coordinate system.,
The comparison of the measured marker positions to the neutral position marker posi-
ns-can be done using the methods developed for using three or more markers to track a
 described above, The least squares method (Veldpaus et al., 1988) or singular value

Iposition method of Séderquist and Wedin (1993) can be used in the following way
or'more markers: _ : e
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define body-fixed coordinate systems for each segment. Markers placed on the skin of a
subject or animal are assumed to represent the location of bony landmarks of the segment
of interest. However, skin movement and movement of underlying bony structures are not
necessarily identical, and substantial errors may be introduced in the description of bone

I-rml-, Lmz,-...Lmn. S position vectors of markers 1 through n, expressed
relative to the anatomically significant limb segment
fixed coordinate system- L (measured using a neutral

ST _ pos%t.lo.r?). IR I T SR ) movement when using skin-mounted marker arrays (Lesh et al., 1979; Ladin et al., 1990).
Amlia _Am;_i',...Amﬁi - bosition vectors of markers 1 thf‘?‘_lg?%; n at time I, Three major approaches have been suggested to correct skin displacement errors: invasive
' ' expressed relative to the absolute coordinate system A marker placement, data treatment, and marker attachment systems. '

i Invasive methods provide the most accurate results for bone movement. Bone pins have
Output: ' ' been used to assess movement of the tibia and femur, e. g., Levens et al. (1948). Knee joint
d; the displacement of the limb segment fixed coordinate kinematics have been compared for data collected from skin-mounted markers arid markers

system relative to the absolute coordinate system at attached to bone pins (Ladin et al., 1990). The results for both methods showed differences
time i ofup to 50% for the knee angle. Results from invasive methods are, however, not applicable
R, ' the Orientati(?n of the limb segment ﬂxe d'coordinate Eenrllc;itd zﬁearch and clinical settings for movement analysis. Therefore, other approaches
;ﬁflin relative to the absolute coordinate system at Mathematical algorithms have been proposed for error reduction in raw data, including

skin displacement effects (Plagenhoef, 1968; Miller & Nelso, 1973; Winter et al., 1974;
Zernicke et al,, 1976; Soudan & Dierckx, 1979; Woltring, 1985; Veldpaus et al., 1988).
Smoothing algorithms are based on the assumption that the noise is additive and random
- with a zero mean value (Woltring, 1985). However, errors due to skin displacement may not
have zero means. Mathematical algorithms, as currently used, do not seem to be appropriate
- approaches for solving the errors due to marker movement relative to bony landmarks.
Marker attachment systems (frames) have recently been developed to reduce errors due
“to relative marker movement. The following discussion concentrates on the tibia: However,
it may be used in analogy for other segments of hutan or animal bodies. Positional data
rom four different lightweight marker attachment systems (frames} were compared to data
from skin-mounted markers. Frame 1 was constructed from thermoplastic material, frame 2
f rectangular aluminum rods, frame 3 of plastic material of medium stiffhess, and frame 4

d laminated plastic strips. The fifth marker attackment system was the attachment of the
arkers to the skin. Skin displacement errors were analyzed in terms of relative and abso-
te SIrors. :

The relative error was determined as the change in three-dimensional length, AL, , be-
een any two markers with respect to the static length, where:

This method produces similar results to the rigid body reconstruction mpthod using an
explicit definition of the coordinate system in terms of marker positions with the two fol-

lowing advantages:

« The limb segment fixed coordinate system ¢an be defined in a convenient way using a
** nentral position, and ' . _ S B
» " Three or more markers can be used in an optimal way to minimize errors caused by
errors in the marker data or non-rigidity of the limb segment.

ERRORS IN RIGID BODY MOTION USING MARKER INFORMATION

" Markers attached to a segment of interest may not always represent true skeletal loca:
tions. These differences are referred to as relative and absolute errors, The placement of the
markers can also substantially influence the propagation of marker coordinate errors and
relative marker movement errors when calculating segment kinematics:

Relative marker error is the relative movemient f'_o_f
two markers with respect te each other.

Comment: the relative marker srror establishes how
well the markers on the segment estimate the rigid
body assumption. This error is caused by soft tissi
movement. :

= stat _ 1 dyn
ALy Lt —Lgy

.ﬁ}ﬁd:

£
=
I

A/(Xj - Xk)2 +(y;— yk)2 +(z; - Zk)2

Absolute marker error is the movement of 'oﬁ'e_':sp_
cific marker- with respect to specific bony lan

marks of a segment. B
Comment: this error establishes the actual accura

the measurement. '

where:

X Vs % = coordinates of marker, i, at the time, t
Xi Yio Zy = coordinates of marker, k, at the time, t

The results for the relative errors are illustrated in Figure 3.6.8. Marker 1 was mounted
to the distal anterior part of the tibia and marker 2 at the proximal anterior part of the
' The four frames substantially reduced the relative movement of marker 1 with respect

: ”(i) 'E'rr'ors due to refative marker movement O
The three-dimensional motion of body segments is typically described using r1g1d ]
mechanics. The spatial coordinates of segment landmarks are used directly or indirectly
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to marker 2 when compared to the results for the skin-mounted markers. The biggest length

in thi le. Knee Joint : .
. ; kers 1 and.2 was more than 3 cm in this examp nee Join Ankle joint

difference during stance between mar A tructiro ) - ) \

Such differences in length (as measured for the skm—mo;ntl;ed malikﬂl_’;gezi érlezél‘;s sug, 515, Sul?mcn -Su jectm:i [Sublec T sm,ject l
ioid. i ith the accuracy of the results. - L [ R L
ch is assumed to be rigid, inferfere wi _ o g1 e

geh;t that. markers attached to’ frames may fulfil the requuemepFS of a r-lgid boqu, and that s 3

markers attached directly to the skin may not fulfil these conditions satisfactorily. g i |

: - : 2-10 ﬁOO 5
15 =
2 10
AL12 . - -6 5_ ,
feml 4 L | 5 O
2 - / skin mounted éj b :
*
5 : w
. i > frames 1-4 E
+ Lot AP\ R S PR, 8
0 T, H
S : : o~
" Normalized Time -
2 v 20 40 60 3_‘0__ ~ 100 [%] Figure 3.6.9 Lhustration of the positional differences between shin and siceletal muscles for the

calcapeus (heel of the shoe), tibia, and femur, The results for the ankle joint are on
the left. The results for the knee joint are on the right. Shaded areas at the
beginning and end are areas associated with high measuring errors (from

-di ional length between the markers I and 2 during groun
Actual three-dimensional lengt _ gl v 5nd o e Mt

Flgure 3.63. i ing (ti heel strike, time 100% to take off) for
' time 0 corresponds to heel strike, '
;335333;1;{;‘: ?:izlges( and for skin-mounted markers. The graph illustrates resultg =
for one subject and is representative of the general trend.

* Co-linearity (the markers should define a plane and should not be on one lir'le),: :
» Distance between markers (large distances between markers improve accuracy), and
'+ Marker distribution with respect to the axis of rotation of the segment (helical axes are

most accurately determined when the helical axis passes directly through the centroid
of the marker distributjon).

'Th.e'use' of ﬁn.éﬁ‘ray .C')f. more than three markers may help solve for relatw; marlffé -
movement. In this case, the distance between all markers is momto_re_d and the markers w1 h...
the minimal changes in distance, for instance, are used for further calculation.

--. t
ii} Errors due to absolute marker movemen ‘ -
1(\/I)arkers used to determine segmental movement are typically a?tached {0 thedsklm‘ of:
test subjects. However, there may be relative movement betwegn sk_ln anc%E t:he ruﬂl;ﬂj; ém(l)gr
i igh inerti sent, e.g., during impact in , Or
bone, especially when high mem'a .forces are present, ng impact i runming, |
high changes in muscle activity occur. Relative movemen : ‘ borte.
;};Tlrxllte:igmarker% in dynamic situations has been determined in a few :tlfvaswe e?pfnlnglgi
i ; i 1993; Holden et al., 1994; Lafortune etal,, i
tal studies (Murphy, 1990; Angeloni etal., ; ; ; ortune etal, 19
i i ; 1996; Reinschmidt, 1996; Reinschmi 5
Andriacchi & Toney, 1995; Capozzo et al., ; ‘ Reir nctotas
i bone marker based kinematics in walking dh
1997a). The agreement between skin and : : o T
i irtually no agreement (Reinschmidt et al., . if-
running ranged from good to virtually e i e ol
i tion and the skeletal marker position w
farence between the absolute skin marker posi : . ‘
a:ively small for the leg, but substantial for the foot/shoe and for the thigh (Figure 3.61.1‘3
The results indicated that skin or shoe markers overestimated the actual bone moveme: :

. Most of these factors can be controlled with a carefill preparation of each segment of in-
terest (S&derquist & Wedin, 1993).

EW DEVELOPMENTS

- In recent years, markerless movement analysis started to emerge. This technique does
of rely on optical markers to identify motion variables. This new technique provides total
dependence from any sort of marking devices. There are two different appreaches used in
markerless analysis:

Model-based markerless capture
The model based markerless capture uses the same image capture devices as the marker-

inad acement of the markers oo
(HI) Errors due to ina equate ,UI t t < f erit 1'
SR sed method. However, the image processing algorithm is usually very complex, e.g., sil-

The placement of the markers on the segment of interest may be a further sourc
in determining marker coordinates. Possible factors include: oo
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houette estimation and matching, and is done successive steps. First, the silhouette is ex-
tracted from the background. Second, the picture is segmented, and third, a correspondence
between a chosen model of motion and the extracted silhouette is established, usually using
an iterative closest point (ICP) algorithm. The method is semi-automatic and often imposes
some limits on the complexity of movement that can be reliably traced. .

The main disadvantage of this method is that the quality of the results depends on the
right choice of a predetermined model of motion, which sometimes proves to be difficult,
However, this method has proved to be as reliable as any of the marker-based methods, with
the obvious advantage of not depending on markers and marker-related errors.

Model-free markeriess'cathre

The model free markerless capture is completely independent of the subject or the type
of motion under scrutiny. The method is still in its infancy and some technical aspects must
still be solved. There are no differences betwéen this method and the methods presented
above at the hardwate level. Furtherniore, the image analysis algorithms are almost the
same as described earlier. However, this method uses some additional mathematical algo-
rithms that can automatically identify different body moving parts by fitting primitive
shapes into a three-dimensional shape. The most common fitting technique uses multiple
superquadric shapes to decompose three-dimensional point data into primitive sub-shapes
using neural networks, fozzi clustering cuts and other methods. .

A combination of a marker-based and a markerless system has been presented recently
(Mindermann et al., 2005). This method identifies body segments using a full body laser
scan with markers positioned at the subject (a kind of a calibration). For the actual move:

ment to be studied, the algorithms used to isolate the body from the background are no dif-

ferent from the other markerless methods. The experimental results obtained with this
method were comparable with those obtained by a marker based system.

DESCRIPTION OF RIGID BODY ORIENTATION IN THREE-D[MENSIONS.._' |

Several methods for representing the orientation between two body segments in three:

dimensional space have been proposed (Goldstein, 1950; Chao, 1980; Grood & Suntay,

1983; Yeadon, 1990, Woltring, 1991; Cole et al., 1993). This section discusses some of

these methods (Cole et al., 1993). e

The position of a particle in three-dimensional space may be represented as a vector
with three components, each representing one of the three translational degrees of freedo
(DOF). The description of the position of a rigid body in three-dimensional space addition-

ally requires information that describes its orientation in space. If a Cartesian coordinate:

system with axes, &', (1= 1, 2, 3), is embedded in a rigid body, then the orientation of the
rigid body (Figure 3.6.7) relative to a reference Cartesian coordinate system with axes, &;
(i=1,2,3),isdefined by a 3 x 3 rotation matrix, [R], with components, R;; = cos(E", E,.J
{(1.j=1, 2, 3). This matrix is also referred to as the direction cosine matrix or attitude matrix,
and it can be used as an operator to transform the components of a vector from one coordi-
nate system to the other: '

(&} = [RI{E} and {&} = [R]7'{&}

where {£} and {&'] are a common vector represented in the two sysgems. The;F rotationn
trix has the properties that its inverse is equal to its transpose, {R] = [R] " ; and its'd

matrix is parameterized in terms of free independent

quence of(rotatiqns about_ the axes (i, j, k), of a sclected Cartesian coordinate s
~ Y1 Z;), to obtain the attitude of a second coordinate system (x,,

first (Figure 3.6.10). When the first and the last axes are the same, (i=k), the term Euler an-
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Zeeiz’;‘l:;a;nt ;s equ;ﬂt }tlo one, _IRI = 1. A detailed description of a least squares method for the
. naton of the rotation matrix from the coordinates of landmarks i
given in Veldpaus et al. (1988). o : : fixed to @ body s

E or the interpretation of body segment orientation
metric represenitation of the rotation matrix is usua
tations include: '

1'9 biomechanical analyses, a para-
lly desired. Current parametric represen-

* Cardan/Euler angles,

* Joint Coordinate Systems (JCS),

* Finite helical axes and rotations, and
* Helical angles.

These parametric representations are discusse

d in this secti i is pi
Cardan/Buler angles and the JCS. The discussion T Towphasis given to

is based on the following assumptions;

* Cartesian coordinate systems have been embedded in each body segment of interest

with the x-axis pointing antertorly, the i i i i
C X-axis , he y axis vertically, and the z-axis t
the subject is in the anatomical position, Ha ° theright when

* The orientation of a body
by a rotation matrix, and

o The prientation of one body segment with respect to another
specified by a rotation matrix.

segment relative to an inertial reference system is specified
, 1.e., joint orientation, is

Cardan/Euler angles

In the Cardan/Euler angle representation of three-dimensional orientation, the rotation
angles, resulting from an ordered se-
ystem (x, ,
Y2, Z5), relative to the

igure 3.6.19 Seq_ueptml rotations ¢y, ¢;, and ¢, about the axes i, j, and k from the starting

coordinate system (x;, y,, z)) to obtain the orientstion of the second coordinate
system (x,, yz,'zz)'. The axes i, j, and k have been arbitrarily defined as the x, y, and
¥ axes, respectively, although they are not restricted to this definition, 7



gles is used. When all three axes are different, the term Cardan angles is used, and it is this structed as:

representation that is.typically used in-biomechanic_s (qutring-, 1991}). When ré:fe;nng I:g
other sources, caution must be used, because some mveshga}tors use the terms Car ari a :
Euler angles differently. Theiand k axes corr_espond to axes in each of ‘{he-two segment em
bedded coordinate systems, while the j axis is referred to as the nodal axis.

(Rl = R(OIIR, (0)11R, (0,1

(Co,Co.) . (59,C.) (-59,)

) ntation is mathematically defined by: N _ _ o
The parametric represe =t [Rzyx_] = i(=8¢,Co,+ C¢ZS¢'},S¢X) .(.CQ)ZC(DX + sq;zsq)ysq)x) (c@ysq,x)
[Riji ] = [Rk(¢k)][Rj(¢j)] [R;(¢;)] S (59,80, + CQJZSdJyC(bx). (_ _C.q)ZSQ)X + S¢Zs¢yc¢x) (C¢yc¢x)
where: ” where: o
IR ] = parametric representation of the rotation matrix for the chosen SO, = sing,
! sequence of rotations | o
| Co  =cosdy

paraméuié représenfati(')h of the rotation matrix fo'r‘a rqtation,

¢, around the specific axis i. An analogous definition 13 used
1 ? - .

for the rotations about the axes j and k _

_ [R;(¢;)] o If the numerical components of the rotation matrix, [R], are labeled as, R, (m=1,2,
: 3;n=1,2,3), and countervclocl_cwise rotations are chosen as positive, the sine and cogine
_ _ o of each angle can be calculated from: - _ _ P
The parametric rotation matrices for rotations about the X, y, and z axes of a Cartesian ‘ N T 5
coordinate system are defined as: sndy = Ryy S 0S¢y = 41 -sin"g,

10 0 ”” Ry Ry
. sim¢p, = . —= SR coshp, = —=—
[R,(d)] = |0 cosd, sind, o cosd, S O cosd,
—qi CoSs B R R
0 -sing, O sing, = 1z cos, = L
cos ¢:y cosdy,
_ : From these equations, each angle can be determined in the range, - © < 0 <, so that the
cosd, 0 —sing,, - time history of the angle is continuous (Yeadon, 1990),
[Ry(op)l = . 0 10 (i} Sequence sefection in Cardan/Euler angles
_qu)y 0 cosgy The sensitivity of calculations of joint orfentation io the rotational sequence is illustrat-
: q .
~ed in Figure 3.6.11. The differences in component values, AQ, for two different sequences
- of ordered rotations were determined for the ankle joint complex, with the second and third
- i _rotations the reverse of those shown in the previous example. The results indicate that, the-
cosd, sing, 0 retically, there are substantial differences in orientation components for different Cardanic
[R (0,0 = |-sing, cosd, 0 equences. However, the differences are not always relevant in practical applications to hu-
0 0 1 man movement. Differences in relative segmental orientations of the lower extremities in

rimning due to different sequences of ordered rotations are minimal. However, in a side
huffle movement, with a larger in-eversion range-of-motion, the differences can be large.
n range-of-motion (ROM) measurements, the differences are substantial, and results from
ifferent sequences of ordered rotations cannot be compared (Table 3.6.1). These sensitiv-
¥ considerations illustrate the need for a well-defined convention for biomechanical anal-
S1S.. | : o

“In biomechanics, the three Cardan angles are typically used to represent the anatomical
omponents of joint orientation and movement, e. g., flexion-extension, adduction-abduc-
on; and inversion-eversion. The anatomical components of movement are defined with re-
pect to the anatomical position, as follows (Moore, 1980; snell, 1973):

Since matrix multiplication is not commutative, the final pa.rametrig _rota‘uon ;rlllatq
[R;:], depends on which of the axes x, y or z is chosen for the rotagons i, j, and k. ! ; pé-
ranfeterization of the rotation matrix into Cardan angles, therefore, is sequence de;?endedgl
For a given segment or joint orientation, differenﬁ component values can be obta.med =
pending on the sequence selected. Once the r‘otatmnal sequence has been det:;l:rnnul;h:3 o
parametric rotation matrix can be constructed in terms pf the angles 0, 0, an 0. it
sulting expressions can then be equated to the numerical valges of the rotation ma x
the selected orientation to solve for each angle. For example, if th.e axes i, J, and k are att
trarily defined as the axes z, y, and x, respectively, the parametric rotation matrix is cof
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Flexion-extension is motion of a segment in a

parasagittal plane,
Adduction-abduction is motion of a segment away W side shuffle : oyantar ! 0’%.39”
from or toward the sagittal plane. running *© jt 75 Eifference ()
o L g0 [ded] .
Axial rotation of 2 segment is rotation of a segment s :
about its lengitudinal axis. Note: the terminology 4
of the third rotational component differs depend- | 30
ing on the joint. - 15
For practical use in biomechanics, the sequence of ordered rotations should be chosen /gy, 5 9:') e

so that the anatomical definitions are satisfied. Rotational sequences that do not conform to
these definitions should be avoided. The following argument provides evidence that the se-
quence of Cardan angles that satisfies the definitions of flexion-extension, adduction-ab-
duction, and third component rotation occurs in the following order:

L 60 [ded
Table 3.6.1 Compai‘aﬁve numerical results for measurements of angular positions for the ankle 45
joint complex for running, side shuffle, and range of motion (ROM) positions | 30
{unpublished, Cole, 1992, with permission). 5
. L 1
Y.
ACTIVITY COMPONENT ANGLE ANGLE In; S g ) 590
SEQUENCE SEQUENCE Eversig, - 30 1 @) 1009
PL-DO/AD-AB/IN-EV PL-DO/IN-EV/AD-AB 0
RUNNING DO 25 21.4
AB 10 10.6 ' Coon
o rsiol
EV 20 19.7 75 ‘:;‘-iffr‘::ﬁce (30
. u .
SIDE DO 20 30.3 [ 60 (ded]
SHUFFLE AB 15 18.1 45 '
H 35 33.6 [ .
[ 3
ROM ‘ PL 40 26.8 15
AB 40 41.8 i
N 20 15.2
Iny 60 g 75 a0
EVeFSEDn ( )30 15 135 30 45 Sctiof‘ ) [deg]
o Flexion-extension, Hdegy  pgl A

s Adduction-abduction, and e Figure 3.6.11 Differences in the cafculated values for plﬁntar~d‘orsiﬂexion (t‘;p) ad.a[;ducﬁon
;

" Adduction ab gclftlllttlilei};da;lgt i;l.-eversion fgr {3}1;0 ditferent sequences of rotation with the second
ation reversed. The primary sequence that is ill i
dorsiflexion, ad-abduction, and in-eversi itrarily chosen yo aan
- -eversion. ¢, was arbitrarily chosen as 45°
's;zdt I[Pg ‘;r:::l :;i;lgg from 0° 15?1 90° and the rotation matrices wgre generated ba'sgjci
quence. The representations of ¢, ¢,, and ¢, in th
sequence were calculated from the generated rotati)gn Matrices ompared &y
) imatrices a
the primary values (from Cole et al., 1993, with permission), ud compared (o

The flexion-extension component, first in the sequence, must occur within the parasag
itial plane. The second rotation must occur in a plane perpendicular to the sagittal plan
since the coordinate system is orthogonal. Therefore, the second rotation satisfies.the ana
tomical definition of adduction-abduction. Axial rotation is the third rotation in the se
quence. After the first two rotations are completed, the remaining axis must correspond:
the longitudinal axis of the distal segment, which again satisfies the anatomical definitie
for the final rotation. Consequently, the proposed sequence of (1) flexion-extension, (2)ad
duction-abduction, and (3) axial rotation conforms to the anatomical definitions of segne
rotations. :

dIt3can easﬂy be demogstrated that the sequence (1) ﬂexion-extensidn; (2) axial rotation
. { ) adduction-abduction does not satisfy the above anatomical definitions. If axial ro:
lon is chosen as the second rotation, the third rotation no longer conforms to the defini-

n Of &dducfl()]habducﬂ()]! smce lt 18 not COIlStI&l ed t(} a plaJ 1€ pel |>611 ]CLllai fo t € sag-




(i) Advantages and disadvantages of Cardan angles

(1) Cardan angles are widely used in biomechanics, because they represent joint ori-
entation analogous to the anatomical representation that “both clinicians and
researchers are accustomed to using.

@) The fact that Cardan angles-_aije' sequierice dé}ﬁendént has sometimes been viewed
as a disadvantage. Appropriate standardization of the sequence, as proposed
above, is one simple solution to this problem.

(3)  One major disadvantage of Cardan angles is gimbal lock. A mathematical singu-
larity that occurs when the second rotation equals + /2. For example, ¢, and ¢,
are determined from:

o R, Rys
i - dsi =
sind, os ¢y andsing, o q)y
If b = 1n/2,then ¢, and ¢, are upd_eﬁned.
4) Problems may result from the fact that finite rotations are not vector quantities. A

simple subtraction of one orientation. from another one can vield erroneous
results in terms of the path’of tmotion: ;-

Example 1

Consider an initial position of the arm in which it is outstretched laterally, at 90° to the

vertical, with the palm facing anteriorly. This orientation is quantified as 90° of abduction -

of the arm from the anatomical position. The arm is moved in a transverse plane until it

points anteriorly with the palm facing up. This orientation is quantified as 90° of flexion -
from the anatomical position. A subtraction of the two orientations suggests that the arm
underwent adduction and flexion inthe thovement from the first to the second position. In..

reality, the arm axially rotated while moving through a 90° arc in a transverse plane of the
body. S : :

Joint Coordinate System (JCS)

Three-dimensional joint orientation is interpteted as a set of three rotations that oceur’

about the axes of a Joint Coordinate System (JCS) (Figure 3.6.12).

(1) One axis, with unit vector, e, is selected to be the medio-lateral (2) axis of the.
proximal segment coordinate system. This is the rotational axis for flexion-exten-

sion at the joint.

(2) ~ Another axi's', with unit vector, e,, is selected to be the'lbngitudinal axis of i:]ie;

distal segment. The axial rotation component is measured about this longitudi
axis of the distal segment. :

(3) - These two segment-fixed axes define the remaining axis, with mutually-perpen
: dicular unit vector, e, . This remaining axis is the cross-product of the two's ‘
ment-fixed axes, and it defines the axis of rotation for adduction-abduction it th

joint.

fixed coordinate axes 1s used:

F-axis

L-axig

T-axis
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segment 2

Figure 3.6.12 Hustration for the definition of

th i i
and Suntay, 1983, wit permissiun)_e Joint Coordinate System (JCS) (from Grood

pressed in genera) terms using the coordinate axes X, v,andz
2 '

selected for the two segmeni-fixed axes, it i
_ I 8, 1t 18 poss
Jeint Coordinate System, possible o obia

To ensure a right-handed J

: Depending on which axes are
in both a right- and lefi-handed

oint Coordinate System, an alternative labelling of segment-

Flexion-ext'ension axis. Chosen as the axis of the sep-
ment coordinate system that is oriented predominénﬂy

in the medio-Iateral direction. The axis i i
! . XI5 15 di
the unit vector, f. eribed by

Longi‘tudinal axis. Chosen as the axis of the segment
coordinate system that is oriented predominantly

lengthwise along the distal se o
: gment. Th
described by the unit vector, . e axis is

Thh'd axis. Calculated as the cross-product of the Jon-
gitudinal axis and the flexion-extension axis. The axis

is defined by the unit vector, ¢ i
» b resulting
cross-product: ® om the

t = Ixr




where:

x = symbol for vector cross product
The unit vectors, L £, and t are obtained from the rotation matrix that specifies the ori-
entation of the segment of interest that is relative to an inertial reference system. As an il-
lustration, if the flexion-extension axis is chosen as the z-axis, then, £ = {R;;, R4y, Ry5}.
The unit vectors that describe the orientations of the axes of the JCS between a refer-
ence segment, i, and a target segment, j, relative to an inertial reference system are de-

scribed as follows.

e, = f
e3ij xel.-,-
€, =
%
|E3ij X elij' .
where :
E ]
—1if e_.><e1__-)ot.<0 .
3y el N
A . = and :

+1 otherwise ((t=,3ij X elu) xe, ) of, >0
dot product

= scalar multiplication -
= 1 ' '

€ . L

- The three angles that represent the three-dimensional orientation of the target segrhent,.
j» with respect to the reference segment, i, relative to a neutral position are calculated as fol- -

lows. .
For the angle of rotation about the axis for flexion-extension:

o; -

. arccos(ez;j ot}): sign(ezj e L)
ij i i
For the angle of rotation about the axis for adduction-abduction: 3)
: ¢-2ij o= arccos(rel) - sign(el'ij . e3ij)
where:
[ e, X ez_J
r = |—1—4
Eelij X €y
For the angle of rotation about the axis for axial rotation:
¢; = arccos(ezij o) sign(e2ij 1)

il

where:

sign(x) = lif'XE_O
~1if x<0

- Counter-clockwise rotations relative to the neutral position have been defined as posi-

tive. In comparison to the equations originally presented by Grood and Suntay (1983), the
scalar, A, has been added to ensure that each of the three angles is continuous in the range,
=T < <7, and the unit vector, r, has been added to ensire that counter-clockwise rota-
tions about the axis, e,
ande;. - - '

are always positive regardless of which axes are chosen for; e

A comparison of the JCS to the proposed sequence of Cardan angles shows the two

parametric representations to be identical:

- The first body fixed axis, e i » corresponds to the first rotational axis of the Cardanic

sequence,
The axis, e, , corresponds to the nodal axis, and

The second body fixed axis, e, , corresponds to the final rotational axis of the Cardanic
sequence. - :

The three angles are calculated differently in the two methods. However, the principle

remains the same and the results are identical.

(i) Advantages and disadvantages of the JCS

The advantages and disadvantages of the JCS for representing three-dimensional
joint orientation are identical to those described for Cardan angles.

The major difference between the JCS and the Cardan angle representation is
conceptual. For a given joint orientation, the sequential nature of the Cardan
angle approach implies that a movement from the neutral position is occurring to
obtain the joint orientation of interest, which is not necessarily the case. The JCS,
on the other hand, is conceptually an actual representation of a'specific joint ori-

entation. This difference would suggest that the JCS approach is the preferable
one,

The JCS can also be used to describe displacements. The Cardan and Euler angles
only describe the relative orientation of two bodies. However, when using the

JCS, the displacement can be described as three displacements, in turn, along
each of the axes e, , e,, and e;.

inite helical axis

Any finite movement of a body from a reference position can be described as a Totation

bout and a translation along a line in space (Woltring, 1991). This line in space is called the
nite helical axis. To completely describe a movement, the following finite helical axis pa-
meters must be specified:; :




= the unit vector describing the orientation of the finite helical axis
= apoint on the helical axis, locating it in space

the amount of rotation about the helical axis

= the amount of translation along the helical axis

@ ®w g
[

_For any movement, the finite helical axis passes through the centre of rotation. For pure
rotations, the finite helical axis is simply the axis of rotation, like the hinge of a door. If
there are translations in the same plane as the rotations, then the axis can lie some distance
from the body. If there are translations parallel to the axis, then the motion resembles that
of a screw, and d > 0. The helical axis description of a movement can be awkward if there
are translations with very small rotations. In cases like this, the location of the axis s can be
very far from the body.

In addition to describing simply the relative orientations of two bodies, the finite helical
axis provides information about how the displacement took place. When the movement of
one body is described relative to a connected body, the finite helical axis can provide infor-
mation about the joint between the two bodies. For any movements of the forearm with re-
spect to the upper arm, for example, the helical axis will pass though the centre of the elbow
joint and the direction of the rotation n will always be in the same direction, because the el-
bow joint is (for the most part) a revolute joint. For spherical joints, e.g., the hip joint, the
axis will always pass through the centre of the hip, but the orientation can vary. For joints
that are neither spherical nor revolute, the position and orientation of the helical axes can
change. Helical axes can be used for describing the movement at joints because of informa-
tion they provide about how the joint works. ' ' '

The helical axis orientation pardmeters, n, 8, can be calculated from the rotation matrix
for a selected angular displacement from one coordinate frame to the next. The axis posi-
tion s and the translation d, can be determined from the displacement of the origin of the co<

ordinate frame. The methods used to calculate the helical axis parameters in biemechanical |
applications are described in detail elsewhere, e.g., Spoor & Veldpaus (1980} and Woltring .
et al. (1985). In short, the helical axis can be found because for a given rotation and dis< -

placement, all points on the helical axis remain on the helical axis.

“(iv) Advantages of finite helfical axes

8y
tional representation of the movement occurring at the joint, especially when the
finite increments of rotation are chosen to be small.

@
rotation in a joint and linear translations of one body with respect to another,
which cannot be obtained using Cardan or Euler angles.

()

not be represented by finite helical axes.

(v} Disadvantages of finite helical axes
(1)
angles and the JCS. o

When plotted relative to anatomical landmarks, finite helical axes provide a func--
The finite helical axis approach provides information about the actual axes of

Finite helical axes do not sutfer from gimbal lock. No orientations exist that can}_

The finite helical axis does not provide a representation of joint orientation-in
terms of three anatomically and clinically meaningful parameters, as do Cardan
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(2) Helical axis parameters are sensitive to noise i i

: ve. 1o noise in the spatial landmark coordinat
and to the magmtude of the finite rotation (Spoor, 1984; Woltring et al. 198?;9
However, the influence of the former can be substantially reduced with afjpropri—.

ate smoothing of ; . .
al.. 1990) g of the landmark coordinates {Woltring & Huiskes; 1985; Lan o¢ ot

Helical angles

The concept of helical angles has been propos ' i )

. : : 1 proposed as an alternative to Cardan o6r JCS an-
gle;s (Wol‘trmg,. 1991 ; Woltmg, 1992). Helical angles are a condensation of the information
included in finite helical axes, and only include the components involved in the changé or

difference in orientation (translations are not descr ez :
escribed). The three helical ang] ' -
lated from the components of the finite helical axis: e a?‘c-: CE_II_CU

(0,0,0)T = on

unit direction vector of the finite heljcal axis (as above)

_ Helical angles have many of the same advantages (and disadvantages) as the finite he-
lical axes. Howc?ver, one advantage that they have over the helical axes is that they aré as
compact a description of orientation as Euler or Cardan angles (with only three parameters)

Helical angles (and finite helical axes) eliminate the problem of gimbal lock Addition—'
ally, for rotations about a single coordinate axis, helical angles are the same as.Cardan or
JCS angles. As with Cardan or JCS angles, helical angles are not additive. However, they re-

C 1 - p p 1 p omt orie ta' \;7\‘() -
I] 1CE 1C 110N [ neaig ropert £8 0[ I:l]e parameEI'IC Ire I‘ESEIlfatIOIl Of

Final comments

. The__selection of the appropriate methodology for describing three-dimensional joint
orientation must be determined by the application. Each approach has its own inheren}t ad-
vantages anFl disadvantages. The JCS approach, for example, produces a result that is easil
pnderstooq in clinical and anatomical environments. The helical axis approach, on the othei
hand, provides results that better represent the functional movement that occu,rs at a joint





