A method to compensate kinematic cross-talk
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Abstract— In this paper we want to show that it is possiblgo
compensate the misalignment of a joint with respecto a fixed
reference frame or the misalignment of a moving frene with
respect to the joint when the joint angles vary péaodically. In this
case it is possible to calculate a correction mattiwhich strongly
eliminates kinematic cross-talk. If both types of risalignment
occur together, the cross-talk can be minimised by least-
squares optimisation.
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. INTRODUCTION

It is well known that if the principal rotation &isuch as
the flexion/extension axis of the knee is not pettjealigned
with the reference axis of an orthogonal frame,ntlibe
decomposition of the rotation matrix in X,Y and Z-
components gives spurious components along the walieh
are orthogonal to the main axis. ([1],[2]) This pbaen
which is a concern for joints which articulate gipally about
one axis is also known as kinematic cross-talk, (J8]). A
considerable alteration of the predicted screw-hanwion
for the knee with changes in the alignment of thiatjaxis
was reported in [5]. The correction procedurechitéorrects
the misaligment is described as reorientation. ds w&pplied
initially by [6], and the reorientation was baseudthe zeroing
of the abduction/adduction and the internal/exteroiation at
the point of maximum knee flexion. The reorientatizased
on the concept of a mean flexion/extension axigiabtl from
the FHA, is described in [7]. The method was vaédawith
the help of a special set-up modelling a perfeaekrin this
paper we present a method for reorientation basetthe use
of classic rotation matrices. The determinationtled FHA
thus can be avoided and the rotation matrices mdxaivith
several measurement devices can be
differentiation. First we want to show by numerimslation
that for a motion around a principal axis, a neagkact
solution can easily be obtained if this principaisahas a
misalignment with respect to the fixed frame othiére is an
alignment uncertainty of the moving frame with respto the
joint only. Next, to compensate a misalignment leetw the
pincipal axis and both the fixed and the movingrfea an
optimisation technique based on the principle abtesquares

used without

is described. The reoriented reference frame ia tase is
obtained by minimising the components induced logsitalk.

Il.  SINGLE-SIDED MISALIGNMENT

A. The estimation of the amount of misalignment

To illustrate the method for compensating
misalignment, a matrix describing a main rotatiogla 5 and
coupled componentg,3 is generated numerically with the

expression

the

Ra..4.9)=R(a)R (4)Rd)- (1)

The main rotation angle is a sinusoidal fluctuatamound a
mean

0=, +gsifay)- &
The coupled components are given by
a, =0 sinagt) 3)

:Bc = :BCO Slr(a)ot)

The joint rotation matrix in (1) is multiplied ahe right side
with a matrix F{g) to represent a moving frame which is
misaligned with respect to the joint. This matrigalled
misalignment matrix, is described by a finite rimat &
around a unit vecton and is generated with the Rodrigues
expression

R(e)=1 +sin(g)” +(1-code))n A" 4)
with the adjoint matrixn’ given by [6]
0 -n, n
n = n, 0 -n, (5)
- n)’ nx 0

Let the global rotation matriR® , given by this product
(6)

be decomposed in three successive rotations irse¢fj@ence
XYZ, such that

R =R(a,,5,.9)R(e)-

R’ = Rx(ao)Ry(ﬁo)Rz(yo)' (7)



The angle around the Z-axis can be calculated with misalignment angles, , £, . This is a consequence of the fact

0

- ata Ros | 8) that the principal angled is sinusoidal. When the main
Voo rotation angle reaches the val(lpm —é‘z) then the values of

Let one period correspond to 360 samples correspond the H,V exactly correspond to the misalignment angles raiug

integer k, and let the deviation angle Bebe -9° and the unit 0 (14). Observe that his remains true when thexraagle is
vector arbitrary given by periodic instead of sinusoidal. As the angfein (8) is a good
estimate for the main angle, one could use thersevenatrix
n=[1 -3 .948¢. (®)  pased on this estimate rather than the averagethisugives
less good results because the influence of the ledup
components in (14) is accentuated in this case.

0,0

The misalignment corresponds to small rotationsurzdloall
axis of the joint given by
The calculation of the variableg/,V is performed in two

- _ ) o — o), 10
Rle)=R/(-86 )&(2'6 JR{-117) (19) steps. From the product of the two matrices in (14)
Due to the error of8:6° along the Z axis the main rotation codv) sinlv)sin(u) sin(v)cody)
angle y, with (8) is shifted by this amount with respectthe RWR ()= o cody) sin(u) (15)
. N (V)R (1) = -
true angl®din (2) as shown in Fig. 1 “sinlv) codv)sin() codv)cody)
% main rotation axis one can calculate the angjg with the elements (2,3) and
o T (2,2).
Yk -1 0
deg 4 =-ata (RZ_I(ym)RO)z,B . (16)
eeee RZ (ym)R 2,2
Sk

Next the mean valugl/, is used to calculate a modified

matrix which is identified with a rotation matrixaand the Y-
axis
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Figure 1. Given and calculated main-rotation

To calculate the misalignment matrix the mean vaifiehis  This expression allows one to calculate the vagigblwith
main rotation angle is calculated. Next the globwltrix is (R‘l( )ROR‘l( ))
v:atar{ z W x Win ”]- (18)

multiplied from the left with a matrix which corggsnds to an

inverse rotation by this amount around the prirlcipaxis. (Rz_l(ym)ROR;l(/lm))“

Assuming the coupled componentsz.in (1) to be small, one ’

finds with (6) that The mean valug/, | is obtained by averaging over one period

R (. )R ORMy. )R, (6)R(e) =R, (5 -y )R(e).  (11) of the S|gnal.. The mean \{alues of the angdgst/ .around the
X and Y axis, being estimates for the misalignmengles

Consider the ZYX decomposition of the misalignmmiattrix £,,€, .0ne can reorient the moving frame with respedhto
Re)=R.(&)R (&, R(s.)- (12)  joint frame using these angles.
then (11) becomes B. The XYZ decomposition after correction
Ry )R OR,(5 -y, +€Z)Ry(£y)RA(€x)' (13) The global matrix R°, based on the decomposition

. i . . . sequence YX chosen in (12) and (14), can now becied for
Obviously it is not possible to determine the meahent o misalignment by multiplying with the inversetriges

angle £,. To calculate the misalignment angle‘§,£y, the

. . . . : R® = R°R*(u, )R (V. ) - 19

matrix obtained in (13) is decomposed into X and Y ) Y ) (19)

components only, The XYZ decomposition of this matrix gives the amh, 3
R*(y JR® = R, V)R, (1)- (14) along the X and Y axis

By solving (14) for the variableg/,V one obtains time- a:—atar[ szJ_ (20)

variable solutions, instead of constant values bsedghe Z- 22

component has been ignored in the decompositiore Th

average values of these angles however are anagstfor the B =aS"{R3,z)' (21)



These angles are compared with the coupled compoimen axis into a rotation around the Z-axis with theldaling

Fig. 2 and Fig.3.
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Fig.2 Cross-talk and coupled components along X
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Fig.3 Cross-talk and coupled components along Y

The results (dotted lines) obtained with (20) ard)(
practically coincide with the original coupled cooments in
(3). The full lines shows the effect of the croal-tin the
componentsy, 3 obtained from the global matriR® with (7).

This result shows that the misalignment of the mgvirame

with respect to the joint has been corrected. Mjsatent of

the joint with respect to the absolute referenean& can be
corrected in the same way. In this case the misaiént matrix
is multiplied with the joint matrix at the left, drthe order of
the decompositions is inverted. In practical sitret one does
however not know if the cross-talk is due to a figsenent of

the joint with respect to the absolute frame or doea

misalignment of the moving frame with respect te jhint. In

general one can expect both misalignments to daréito the
cross-talk. The correction for the misalignmentrisch more
difficult in this case because the number of unkmalwubles.

C. Main rotations around different axes

If the main rotation does take place around an difierent
from the Z-axis, then one can apply the same proreedut
the expressions are different because the orderthef
decompositions is different. To apply the previousthod one
can also transform the initial rotatioR, around the X or Y

permutation transform

R, =PRP". (22)
To transform from X to Z one has to use
P, =R/(-90)- (23)
and to transform from Y to Z
P, =R(90)- (24)

I1l.  TWO-SIDED TRANSFORM

The misalignment of both the joint with respect the
absolute frame and the moving frame with respecthégjoint
can be described by the following expression

R =R(&)R (@ )R, (5. )R(O)R(e)-

In this case the method based on a multiplicatigth &
matrix based on the mean value of the main angle &%1)
fails, although the main angle with (8) is well gicted from
(25). Multiplying with the inverse matrix at theftigives bad
estimates of the angl€s and multiplication at the right gives

bad estimates for the angifs This is not unexpected, as to
find the matrices R(e) and R(E)one has to determine 6

unknowns. This problem can be solved by using stisguares
optimisation. If the hypothesis that the cross-t&fflect always
leads to an increase of the components along thedXY axis

is assumed true, then one can minimise these canpobo
reduce the cross-talk. To avoid the convergencearidsv a
solution which eliminates the components completelywas
necessary to search a solution for which the magleadoes
not deviate too much from its first estimate wi).(The
components along the X,Y and Z axes for an XYZ
decomposition, given by (20),(21) and (8) are used.

(25)

To correct the misalignments, the original matrix25) is
multiplied with a correction matrix at the left aatithe right

R =R (0)R°R™(r) (26)

When the misalignment matrices are exactly comgedsa
by these correction matrices, then the followingression is
minimised

2 2
T RC RC
J. atan —= +asir(R82)2+ Vo +@+atan —= || dt (27)
0 Rz ' RGo

Both correction matrices are written with the Rgdds
expression
R(o)=1 +sin(o)a" +(1-codo))u’T’
R(r)=1 +sin(r)v" +(1-codr)V'V’
Both adjoint matrices contain the unknown unit vest
u,V, giving the direction of the axis along which the

correction angles 0,7 are taken. These contain three
components of a unit vector subjected to the candit

(28)
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coupling on x
15 15 T T

The parameteg in (27) is introduced because the cross-
talk effect can cause a difference between theirguessy, a

and the real angled . In total 7 parameters are found by o,
optimisation. The initial values for all componem e set to g
zero. The misalignment matrices used for the catmn are

Re)=R42)R (-3) 0 .
RE)=R.EIR ()R (-5 e

.0,
Fig.5 Cross-talk and coupled components along X

The main angled is a sine-function with an amplitude of
20° and it has a mean value &3 . The coupled components coupling ony
were phase-shifted and have amplitudes’dér o and7° for % I

B.- Fig. 4 shows the main angle in comparison witk th
original values
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Fig.6 Cross-talk and coupled components along Y

This method also can be applied to the more siropfe
which was analysed in §lI.

0 90 180 270 360 IV. CONCLUSION

0 ik 360 A misalignment of a joint with respect to a fixezfarence

frame or the misalignment of a moving frame withpect to a
Fig.4 Main angle joint can be compensated when the angles are jpesmmhals.

The X and Y-components calculated from the originalln the case where both the moving frame and thet jare

. o , misaligned, a least-squares optimisation techntguebe used
matrix R°, and those calculated from the optimised matrix min?mise the crossc-ltalk eﬁegt.

Rop = R_l(g opl)Ro R_l(ropt) (31)
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