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ABSTRACT

There are many functional methods for estimating the mean axis of rotation of a joint. However, it is still a controversial issue
which method is superior. The purpose of this study was to compare functional methods for estimated axes of rotation from synthetic
data. The comparison was made in terms of suitabilities on describing humans in sports. For a more practical situation, the axis error
as well as measurement and marker movement error were applied to generated data. Simulations having 1000 times of 80 rotational
displacements were performed. The functional methods used in the study were two transformation methods, two fitting methods, and
one more transformation method called M. The M method is a combination of Soderk & Wedin(1993) and Mardia & Jupp(2000).
Another factor of the study was angular velocity with levels of .01, .025, .05, .5 and 1 rad/s. The method M resulted in unbiased,
stable, and consistent axis of rotation vectors in all levels of angular velocity except .01 radfs. Therefore, the method M had the
highest validity and reliability of all the methods. The fitting methods were very sensitive in small angular velocities and stable only
in the velocities of more than .5 radfs. The most suitable method for analyzing human motion by using marker photogrammetry is M.

Keywords : Axis of Rotation, Functional Method, Joint

rf

I. A

3|7 3(axis of rotation, screw axis)> AT &5 V)&
37] S8l 7P YA o2 AR oA SAWS T o
o] (Metzger, Faruk Senan, O'Reilly, & Lotz, 2010), /484
o7 ﬂ’ﬁ«] $-=82] o] ik(kinematic abnormalities)®] H7}, H
of XIet, xto] FejAA, 28la ZEAA B o]&HH
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(Ehrig, Taylor, Duda, & Heller, 2007). £3], €% (knee joint)Z}

F- (elbow joint)2] 7A-F- #AY 7eS AHEI] A3l F
"JX% o] AREE o] SktHBrownhill, Furukawa, Faber, Johnson, &
King, 2006; Most, Axe, Rubash, & Li, 2004; Sheehan, 2007; Tay
et al., 2010; van den Bogert, Reinschmidt, & Lundberg, 2008). 5=
g A HAFAY FO08M HTE FrBesier, Sturnicks,
Alderson, & Lloyd, 2003; Schache, Baker, & Lamoreux, 2006;
Stokdijk, Meskers, Veeger, de Boer, & Rozing, 1999). ©]= 12
Ao a7t AAE He FO07 XSSk F3iAl(Asano, Akagi,
& Nakamura, 2005; Cappozzo, Catani, Croce, & Leardini, 1995;
Grood & Suntay, 1993; Wu et al, 2004)9H= thEch E4d| A
oF FHFAFE AA BH] FasHEH A ¥7] 9
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Claes, & Diirselen, 2004; Marin, Mannel, Claes, & Diirselen,
2003). oA HEFS T8k WSS -9l F&5hk= v}
A AL o M= AE &4 HIRFHoR
(non-invasional method) 7FH3] ZZAY] £AYUE SAHT & Q)
= "WHo|tHEhrig et al, 2011).

HEFS Foke e T4 F /HE BRE gk A
o] A9z 2A oF AAFEA o] AR BA A ZA
2o 23}Eo] = WA NS e Af, UE o
Ue 7leketE o2 X3 35S FA0E SEehe AAY
37EE AF O 277 (fitting) Aol BAE 7HAE AR
AR = W38 H % (transformation approach), $AR= #1484
A (fitting approach)© |2} F-ETH(Ehrig et al,, 2007; MacWilliams,
2008). °] ¥ 7IXE 5] 7158 (functional method)©]2}
gk, AR - (o] HEH) O Z = Woltring(1990)9] 3
73] 3(mean helical axis), Schwartz 2} Rozumalski(2005)2]
Hol sleom, AXAPHIH(IF AFH) 2= Halvorsen,
Lesser, ¢} Lundberg(1999), Gamage £} Lasenby(2002)2] o]
Aok 7IsAe nddy AR Aede F2 IAF
l(center of rotation)ol] o] BHF|A|ANE S| AEH
eApRe tEE 0% A28 A9 B Fe A
of ZHe] golA Aok A7IM Lol HEFE Ve
(functional axes; Cheze, Fregly, & Dimnet, 1998; Ehrig et al,
2007; Schache et al., 2006)°]2} H-27]= stk
Ehrig et al.(2007)] W% Tl 4= Woltring(1990)2] % 1F3]
%3} Schwartz 9} Rozumalski(2005)9] |H14mode)ol] <J3t )
o] Aol wls) -3 A7E B Yth MacWilliams(2008)
9] ATE Gamage } Lasenby(2002)9] o] $-5=glom,
Schwartz 9} Rozumalski(2005), Spoor 9} Veldpaus(1980)= 23}
7F A F& AR VER} o] A9 ANk AR B
Fi Atk 71 A siE Fely] A YarE]Ealgorithm)
& B% SVD(singular value decomposition)Z ©]&3h= o] £
gttt YAE st oy o= o] T At o
M ThFEE el Y] A7t dastt

719 AlEHold ARellA o] Z(noise) A3

il
i
[e)

=4
2219} 9 H-8-% 0 2Kskin movement artefacts)7HS 11 5=
o] FAol et Tey @A FAIHEA S o
Sk A7 (Most et al., 2004; van den Bogert et al., 2008)5 KW =
Ao 3HFo] o R o)FS ofH, WAt 3 HFY
Wiko] g2 AS & 4 Atk uebd IS A9 WHol
(variation) &= J1&{3Hof gt} Q1A 52 A2 (continuous)

A e rlo

oty 1gjal Ax=FAY] BAS feire dH &1t

HojA= o]4F(discrete)
AgE o8 TEAATH F 9 454 Fe2 28] S8l
Me a7kl s AR wEsle(differential) A5}
a3t o]25E dojAe JHFE ALH ZH YA 2
71 Aoletof QA FTHREAELZA n|7} Qlrt. wEsh WakHsh
o} e SAQlo] A9 dojuA] gk &M E F T o
Aol Efget M5 78 4 ofof ik 71sAEHY
B5 ZH Y @angular displacement)o] W7Fl] 3)H$E0] A
oA Fom Ave] QP A (stability)o] HofZITt. whebA]
PHol & o S-S el AT efdAle] £
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F4TEA) A7 Bert Qo B A7) Bae
9] FZAHN A7 8% AR AE T
& ARE ofe) JisAEOE AL T 9
o)l B85S st} Hmsha ofd W
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B A e 7Pty £ 23 gk AlEgelA
AdS FAs o dake thad 2 33k g1t 914
ke W29 RyFekdirection) +pe AFTALE (1,
1, .99), THAZAAE 426", 5.77°)0]ch 3)A=9] 9loj9] ¢
A (position)= p= (0040, - 3960, .0396) £ 3JA= I}t Ful
dk= WHE st Fgue 1). Qe AN THE 27
AA= FHE AXHH p ZEH m=(0, 0, .05), m=(, 0,-
03), m=(0, - .05, .05), my=(05 - .05, 0), ms=(0, - 4, .05),
ms=0, - 4, - 05°ITHESY] : m). p E ITWH FAHOZHE
EHA 3HETIA oY 24t viA = AulEel| $X]3 lateral
condyle, medial condyle, head of fibula, tibial tuberosity, lateral
malleolus, medial malleolusZ} 7F338l9th viAE 3A= 18 =
Aog T Mo FASFS ) 1A E 1/ 29k A
™ o] Zdejol|A] 22133 e] o] FojXIt} 1438 AR-EolF)
o} 22433 Aol )7 47 AEA0 Ze e Sl
SB=™ 1, 22F K9] Afo]7} 3% P (rotational displacement)
7b #tk SHesol AA dolwe we} HlwE dojuA| &
ks wW 71d W FAHRY BFd 2 P84 HlnE 93l
ZPigIe}h AZES Bl 33 AEEE 8% (facton) 0.2 A
STk 202 01, 025, 05, .5, (TS : rad9= 3Tk

AlEEOd A2 F W ST A WA A2 A3

o191(Ehrig et al., 2007; Gamage & Lasenby, 2002)°l 4 A-&-%
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Yradim' error

&x

® Markers

\4&9 tilt error
a

Figure 1. The position(p) and the direction(n) of the axis of rotation
parameter. Markers are distributed around the axis of
totation. &y ,dy- are radial errors, and €, €, are tilt errors.

QAMIEHS o] &gk Af5] BAolth 1, 22} 3HF wpAY
2R 99} 2|39 O X(Cappello, Stagni, Fantozzi, & Leardini,
2005; Cappozzo, Cantani, Leardini, Benedetti, & Della Croce,
1996)2 1183t ooz HE vlAd Zzte] Ay eael vE
oo FYg QAE Fof ek AR FFHTERY EF
A= 27 1em, . 1 em ofth F WA AP & T AA14
A sl 7 8759 QakA] s Aotk 3359
QAFE WV (radial), Saxial), 7127](l), 3 (rotation) &2 T
£3F = 9lt(Devitt, 2009). Most et al.(2004)¥} van den Bogert et
al.(2008)] Aol oJstd 3|xFo] F 3 em o|FslH HPA
ESvjt} A zKGnclination) 57, Tx}ZK(deviation) 10° F=2] A
A et 3359 o]soake WAl aidEH, o
2 3 Uthlle eaks 718712kl g thFgure 1).
3AZ9] o) Al WALy, 6y)E SAFAXY
H pol EFHAF 3 om 9 HFEELARE Hath 365 W
el Hol5 st 71e7192Ke), €,)= FEEE(Watson
distribution)d] A9 A=E Yehfj= B4 k= 200 3}
ARE ARG skeire 23 = (.1,.1,.99)
T AFE0] ﬁ?ﬂfﬂ% (rotationally symmetry)©]-FHA] ¥
A A= E¥XZ FS(concentration) E(k )0l A HA e A
=7} @2AE FejoltiMardia & Jupp, 2000). ¥ AToNE
3AFo] 2HTE 28 7HE8E] wlEel Feate} S e AL
Halx] ottt AlEY oA AFHE MATLAB ver 7.3(The
MathWorks) 0= 807)¢] 3|-AHAAEE A3t 2H2+¢] i
S Talgern oyt ro] HxE FEshelyltt oldgh 7
A2 100089 M2 595291 AFS FYstda ke Wit
"%Kmean direction, principal direction)®] 2u2}3EA L7

W2 AR Y= (colatitude) 2} 74 = (longitude), T12]aL Ht
Wkl 95 % 42129 %Y(confidence  cone)7+e] 2= (semi-vertical
angle of 95% confidence cone; Fisher, Lewis, & Embleton, 1993;
Kim, 20102)2 Qo)1 HlmE-A5199c),

2. FAUY

o

715 MR RS <Table 1>l YERT it} 2
Ao M= HSHE 0 2 Soderkvist 9 Wedin(1993), Mardia 2}
Jupp(2000)9] Zgel ofgt WS FUlelth #3A X, YV, Z
AN #5E 1= i8R PG = 1,--,m)9t jEA 28
(G=1,--,0), kRA ARk = 1,---,n)%] SXHE, Ar;, =
iAA B kWA AR T Z Y 7 e, 0=
#Y 7He FIEHEFANHO T (m = 6, [ = 2, n = 80).

Table 1. Functional Methods for Axis of Rotation
Authors

Soderkvist &
Wedin(1993),
Mardia &
Jupp(2000)

Woltring(1990),

T  Woltring, Long,

Osterbauer, &
Fuhr(1994)

Schwartz &
Rozumalski
(2003)

Halvorsen, Lesser,
& Lundberg
(1999

Formulae for representative axis

1 n
M=—3nn]
M g=1

n

1 p
w=—3Y(/-na})
nE=

S:mode(n,)

m.on

H=Y]) ] Ar, A

1=1k=1

Gamage &
Lasenby(2002)

Note T= Transfomatlon approach; F = Fitting approach;

i _ln IZk 1r1jk

B

e A F/HAZ £/ & Aok A Ale MR o
A SHE el vhAQ] X (position) ZA|el 2]l
A% (Challis, 1995; Woltring, 1990) ¥$HE RS o] &3}
otk

e >
o B

%

rp =R_q; +o, D)
rp, =R,q,t+o, 2)

A9 1, v 2FFEA ARz Yeid idA vl 9
A, g, & ool <A BeR ol A Aro
2 Uk oA B SIX9E, o, Aol AuA 97,
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_RT)/4%t (3)

7|14 t= AlZte]™ skew-symmetry matrix®] S-9¢] whet
AEEE Adteld £3138Ad%08  o]&-gth(Woltring, Long,
Osterbauer, & Fuhr, 1994). Z}& =9} 3732 Hlgko] 77] wj &
ojtt. o]ZHE dojxl Y& IHF n, 02 FE W(Table
1) 7P A& Ifrileigenvalue)dl| ST -4 E(eigenvector)
¢l # 23 (optimal axis; Woltring, 1990) F3Ic} oj7]4 ALg-5]
= wAole FHHAE v my, my, my, mE O&3t(Wu
et al, 2002) B3tk o] WS wet sk

T RAle ¢ FaelA #A5E 9 v = FHiEAY
H 9 (displacement) ZAl] |4 FHH(Schwartz & Rozumalski,
2005; Soderkvist & Wedin, 1993; Spoor & Veldpaus, 1980) 3]
g8 RS o83k Wielth

rp, =Rr;; +d 4)

iR bt

A7 1y, 1T A7 TLE FAGNN B5E

A9 #FolH, wEolF AHEeth 181 de BAE
5, R& g dott HaAgHd osix 89 3dhd
R 9] 133l eigenvalue decomposition), SVD, = Z =2
222|(Rodrigues’ formula)ol] oJeix ]SS 78 & Utk

7)ol a7l d-Ae) 373 n, = Mardia & Jupp(2000)<]
HIEWEES o]-83lod(Kim, 2010b) HEZS T3t B Ao
A AQKEE o] WS Molt SSit) <Table 1>9] A /9]
A 7P 2 aagel s fHE7E gEse] doh
Schawartz 9} Rozumalski(2005)= 4] 4)¢h= T2 Wog 3
HPds F8in BE wAE ol8ske Zlo] ofe} ARAE
A ol &gt A THE 7 Dcolumn)?! FE| R,
R, & ol&3tq FHPLs et
R=R'R, ()
Woltring et al.(1994)9] TV A 3)3 FASHI

S=R—-R Global (6)

A7 R Gropa S LRBEFAS] FEAMSYHon] B
AFelld= =0l 7] WiEel] <0° o] Hok 2eja FE S

o] SVDe ofeff d#9] I|H=S Felar HRITE
FE5E Fopy o] Ws St SIStk

HPHE F HAE ol&ske Wt g2 Ze A
Ef(Gamage & Lasenby, 2002) Tt EE ¥ E|(Halvorsen et
al, 1999)9] FEARYETRE HlE o] &3t} Z17he] FEAtkey
g G He<Table 1> 3|WE3 Auwshe WEEQ £3Xo]7]
o] FatyE] P 22 afrgtel] s frEE v}
S|7%] SFETE o] SVDE o|&st a&20F ALE
Aok Azke] WS GoF HE sl

o]-&ste] f

o

m 2 3

2 dA7e =Y Hel o 71
g otk S A} v AE e A WA 434
Y= <Table 2>9} 2t} &3 A WA AgoAe] 2319} Tl
o] 3H=e] LA e F WA AP AT <Table 3>3%
<Figure 2>°Jt}. 7 WY BF R4HE + e AT
(.1,.1,.99), THAFEAAE (84.26 7 ,5.77 ° ) o|t}. <Figure
3> FAAHE FHFRAY At AR HFHF A0

, SAE <Table 3>9) BAFHUE + 9} 95 % 223
o] o]F= Z=olth

<Table 2>5 BRI M3} W 0259] A&EoAE 24
E19} AR ghs F4810H, 05 o] FHE 95, HE B
F R ol TPl SRt AR PgE AoAnE B
afal A2 AAE Kol ok 2ev we M| Hs) Al
73] Awrt A7) i Al loide golxita
& 4 Slok s= Bl ot oF FA| VETh 9, BE
B A& 0 ol HolH ARE Holn HluF Arrt &
1= HoJZ Holxu gtk HS G 5 o]F oMyt o-yw
FAE YA o9 s g, Bes FFgEA
a8y 5 o]Felle FAHES o]z} HE] NEEE #
Al Rt

<Table 3> KW M2 7% 025 o] FHE
A 243k 9o Holw FojEa 9ty Wl F9%E 1259
ZAEoA 27t JUlFAE T 059ME MY FARRE 2159
o] Ho] Fgdel Sore HolAAl UehRaL 5 o]Fel= M,
W7t A9 visset A7E HeFa ok 22y HeF GO A%
= 5 ofFol EdEd HZsla glom PR FopA|a
ATFigure 2>, £3] 4571 2 1 oMe HY G7F A9 =
THE 9} FA % HojFglon o] Ayt A9

vz Ul se e Wl vlsl | A QFgAd
o] Wolx ebg¥} A BT <k FA Ehstth

ZgEel] 71zt

oL
iy, -
2|
aia
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Table 2. Descriptive statistics of the estimate vectors with different functional methods and angular velocities from data containing measurement, and
skin movement errors only

Method\w 01 025 05 5 1

(6555 072 7514) (0994 0956 .9904) (1002 .1013 .9898) (1004 0995 .9900) (0999 1000 .9900)

Mo T (85.69° 41.10°) ®451° 573) (8419° 578°) (8429° 579°) (8426° 576°)
v 9.12° 142° 7 08° o

(-7260 -6679 .1637) (1093 0955 .9894) (0853 0783 .9933) (1008 .0976 .9901) (0999 1001 .9900)

w 7 (13191° -77.29°) 8452° 631°) (85.51° 491°) (8440° 5381°) (8426° 576°)
v NA 443° 1.62° 18° 09°

(6409 6401 4238) (6044 5965 5281) (5556 5295 .6410) (0591 .0517 .9969) (0816 0798 .9935)

s T (5020°  5652°) (5338° 48385°) (58.03° 40.924°) 87.04° 339°) (8542° 4.69°)
v 31° 26° 37 36° 18°

(8477 0577 5273) (0090 0697 .9975) (1394 0781 9871) (1147 1005 .9883) (1093 .1030 .9887)

o 7 (86.69° -58.12°) (8600° 52°) (8552° 8.04) 8423 662°) (8409° 631°)
v 23.86° 45.60° 529° 21 11

_(-8579 0594 5104) (1029 0663 .9925) (1245 0777 9892) (1146 .1005 .9883) (1093 .1030 .9887)

¢ 7 (86.60° -59.25°) (8620° 5.92°) (85.54° 7.18°) ®423° 661°) (84.09° 631°)
v 2.85° 4805° 527° 21° ar°

Note. if] = mean direction; v = semi-vertical angle of 95% confidence cone; M = Soderkvist & Wedin(1993) and Mardia & Jupp(2000); W =
Woltring(1990) and Woltring, Long, Osterbauer, & Fuhr(1994); S = Schwartz & Rozumalski(2005); H = Halvorsen, Lesser, & Lundberg(1999); G =
Gamage & Lasenby(2002).

Table 3. Descriptive statistics of the estimate vectors from data containing measurement, skin movement, and axis errors

Method\w 01 025 05 5 1

(0394 9205 3887) (0986 0764 .9922) (0925 0925 .9914) (1033 .1030 .9893) (0960 .1044 9899)

Moo 22.10° 578°) (8562° 5.68°) 8470° 533) (8409° 596°) (B401° 554°)
v 9.99° 1.63° 1.09° 73 74°

(0407 9984 0387) (1443 0851 9859) (0934 0810 .9923) (1017 .1031 .9895) (0962 .1051 .9898)

w 7 (176.78° -133.59°) (85.12° 833) (8536° 537°) (8408° 587°) (8396° 555°)
v 30.66° 476° 187° 75° 4

(6493 6469 3999) (6093 591 5195) (5640 5353 .6287) (1265 .1223 .9844) (1316 .1326 .9824)

s T (49.69° 5838°) (5320° 4955°) (57.63° 41.90°) 8297° 732°) (8238° 7.63°)
v 031° 28 A 81° 69°

(0338 -5136 .8574) (0706 -3548 .9323) (0762 -0852 .9934) (1045 0855 .9908) (0987 0959 .9905)

g =7 (12090 226°) (11078° 433°) (9489° 439°) (85.09° 6.02°) (84.50° 569 )
v 40.70° 1142° 3.60° 76° 74°

(0340 -5226 8519) (0701 -3495 .9343) (0761 -0973 .9923) (1045 0855 .9908) (0987 0959 .9905)

c 7 (12151° 228°) (11046° 429°) (95.58° 438) (85.09° 6.02°) (84.50° 5.69°)
v 5901° 1132° 371° 76° 4

Note. i;] = mean direction; v = semi-vertical angle of 95% confidence cone; M = Soderkvist & Wedin(1993) and Mardia & Jupp(2000); W =
Woltring(1990) and Woltring, Long, Osterbaver, & Fuhr(1994); S = Schwartz & Rozumalski(2005); H = Halvorsen, Lesser, & Lundberg(1999); G =
Gamage & Lasenby(2002).
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Figure 2. The estimated vectors of (a) colatitude angle, (b) longitude angle in spherical coordinate system. The error bars denote semi-vertical
angles of 95% confidence with the estimated vector. The solid parallel lines in both graphs are parameter(84.26° 5.77°)

. 3] o] wiA9] &4
SApe} FHLF QA olele] IHF AA Y ealw e 2}
S5 st A3 A2 & Y AAH 8 7k o
Tt & 4 Qlrk o5 HiEeE A&AQ T ZFQlelA Alzk
19 sgse FF3d 72 Hsle] W2 37
FuE o] vh-S Adet A WS ol&st]

AF&H|9) A2 (Chasles’ theorem)ol] 2]3}H w3k}
A5 377t JRE 9o Aol g 4
of osir FHAEE A 4=t o] BHo] 5% 4o
HE wjwk 7hsslth M} So] Wio] o] o] &3ste] 1ts]H

Ik

oy 2 3)0] M HZA 5L 7| F AP =
F Mz W7 025 o]F AR WS BT Mo] Elg=
AZzo] o] <915 Uehdtt. W7k Mol lsjx et 4l
gAo] WojRle ol wlEd FHEAA Y 3t 2a; wjF
olty. Zt&E= Zglol] AZte g Y nEe] 3 AR
7] W&o P} bk wd we -l WA A7}
Aojg]oof gt} A= Ha Al A = o )Y vAE o
S351A A7) W Eol|(Wu et al, 2002) LA T} v
o] ARE BE o]43kx F3e ©o] Itk Aissaoui,
Mecheri, ¢} de Guise(2004)9] 975 BH We] WS 233
& 249 o 71 WS vlaEAEg e b 7R B
YT AHE RAFoH nlAY 7} Z718E el Tt

> o

S7helATh mehd ofm@ WRlole 2w o 3% £
@Hc}]ﬂt']% ﬂ'%“é‘)] ‘35‘0];‘{_]1:} 1 O]E;Y_ M‘,j} Wg] EH:{J_‘L__%,% ?_3]_

AR Wy Aol et B Mardia & Jupp, 20000 At
gk Aol 4 588 Holch

3 AN 297 ol Mo H9E £
2E A9 At sl SAPS FHU AT S
£ A Wz SRge sk ATAE A A E
£ W) ARl vl AHEE)7) tEoltk A vl AR
100 % B437 ATk T s 7o H925e] Felghol
JeH UEEE FHthed BAHCl 9k Schwarz St
Rommalski005)t S|3%0] vlh42) B9 HAxAFe ol
e AEs Ratha Sgor Ha59 x y, 2 B
SN=(shewnesy 7 FTHE A2 Bk Tt Ao A
¥ 23t 9eRol os) 448 H9A AAFEE Jag
Wl 4o ngke u e} A vt TRzEAe
HEoz Yrngs i YIS olF e RIS By Aa%
& AFE} 2017] Bl x, y, 2 Al e HTAZ e
A2 5YHo|A) ot L=} 2 Uehdrk, mrebd Aol
O EEHE W) BIHe] FYEL o] A5 A
WA FRo) FAlel BHEE A 3E A0S #4
0|

|

Lo

N .

IR HeE G= v AES 9% A3AA 959
Redl 591 3358 Fehe Wajolth HeF G= Mol ¥l
& oFF 22 ZtEwd RIS whe-S s, 53] F WA 4

N
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