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The University of hdnaàoba A&th AnalymiS System ( U h f 2 .  has beea 

developed to study upper limb motion. Aitûough uppa limb motion is of great interest to 

clioicians, duetohoai~ohr~iniii~ay~ypctmties~livieg,~oteereiotionis~ 

of clhical importance. The cment work cmdertakes the adaptation of the WM2A!3 system 

to agenefa l i zedsys temthata l towsthe~  - of wbole bodymotioa 

The humas body is modeleci as 9 ri@-body segmems, HeadNeck, Thorax, Pelvis, 

Thigh, W, Foot, Upper Arm, Fmeatm, and Hand, aüacûed togaher at 8 joints, C7-Tl, 

Lumbar Sacral, Hip, Knee, Ankie, Shoukler, Mbow, anci Wrist. E f f i e l y ,  one side of 

the body is modeled. Each joint is aUowed3 de- of finedom @OF) aodmodeled Uvita 

a sphericai joint modeL Translation joint motion is not codered. 

The software implemmikg the system was wPnen mBodad C* for Wtnnnws 

wah a standad Wndows format. Euler angles, with a z-x-y sequence, are used to fÏnd the 

rotations m the jomts A m&er gamatiaa program was aiso devehped to gemmte 

theoretical mprker positions for testing the system Using these theoretical mark= 

positions, the reiative enor m cakdaîed E u k  Angles ranged h m  -25% to 1-10/a, meaa - 
0.001, standard deviation 0.105. 
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Chapter One 
Introduction 

Quantification of human joint motion has been stidied for oves a cemfllycemflly One of 

the earliest studies, done by Brame and Fischer m 1891, attempted to quaritay sixdegrees 

of freedom joint motion -1 and Gutkowski, 19831. Most of the ensuhg examinations 

of joint motion have been limited to simpler modek, typicany one, two, or three degrees of 

fieedom Tbere have been several attempts to measme sixdegrees of aeedom, howeva 

since these joint modeis are djfficult to understand in "imatomidl" tenns, they have mt 

gained widespread use. 

ûver the years various technkpes for measUring joint motion bave been 

developed Simple onedegree of M o m  joint models have been measured using 

photographs, x-rays, cinegrapbs, and of course the smgle axis goniorneter favoured in 

chical use. 

More conplex two and tbree-degree of fiedom joim models requPe m e  

cornplex measutement techniques. nie most endinmg mthod to &te is the sigeomaric 

technique. uideed, this was the method used by Braime aad Fischer m 1891 and is stül 

used today m various more technologically advanced man&stations. Stereometric 

techicps mp10y two or mire image capMing devices, su& as caneras or x-ray 

sources, piaced to give d i f f l  perspectives. Each camera records the image on a two 

nimensional p h e  such as film. From the two difî'ierent images and the geometric 



promes of the recordàig emironmenî, it is possible to reconstruct the three dmieril;ionai 

space that has beea recodtd Custonierily, only madcers repnsshg the ümb segments 

sunopnding the joints or joint of mterest are reconsîmcted, The shdy pedatmed by 

Brame and Fischer used still camras to caphae the two dbmsioaal flat images. Today 

it is much more comm>n for aereometric techniques to anpby the use of vida0 cameras, 

aithough other mEthods arch as radiography, ciue£b, ami somc di- also appear m 

the literanire[Small, a ai, 1994, Youm and Yoon, 19791. 

One other measaranent technique that is not as wmmoniy used is the d o d  of 

mstnimented iinkages ml, et ai, 19721. hsmmented hicages are mechanid devices 

designeci to be seapped to the body above and below the joint. The movemem of the 

W g e  during jomt motion defines the joiut motion. Peabps the di86icuity of use, coupled 

with the weight of the linkage, has lead to the iafkpent use of this method- However, 

some variation of mstnimeatd Iinkages appears to be the most conmmn method of 

definhg an sixde- of MOIII occurriDg during joint motion. 

1.2 Problem Statement 

Many joint quaniincation techniques and systems have been developed. Each 

system has i n h m  strengtlw and weaknesseseaknesses Qrie of the mst  consistent weaknesses is 

the inabiiity of the meamaat tabnkpe to be applied to more than one jomt 

simuimeously. Systems that allow the anatyoip of more thaa one joint are often designed 

for a particular group of joints, for example the upper limb or the spine. Usually because 

of the requirement for a specinc m a r k  placement, these systems are not easily adaptable 

Miller. JD. 2 



to the other joint c o ~ t i o n s D S  In ~ome systems employhg instrumenteci linkages, it is 

not even possible, in all people, to measure the joints the linkage is designeci for. For 

example, it would be impssHe to measiae the mtations in the lower Iimb ofa child with 

a mechariicai linicage system developed for an ad* due to the diflbmce of the size of the 

joints and the iimô segmeuts. 

It k, t h d r e ,  vay desirable to devdop a system of jobî mmmment tbat is 

flexible botb m the numbe of joints that can be exammed and m the population sanpile 

thatcanbestudied 

There are many studies tbat have e d e d  joint motiotl. The techniques of 

memurement are varied ami direct comparkon of results is diflïcuit. A kiefreview of the 

iiteraturemthisfieldisptesentedmthissection 

Kiazei, Han and Hiibmy ml, et ai, 19721 at Piadue Uoiversity are one of the 

few groups who have attempted to quantay JB-degree of ikedom@OF) joint motion. 

Their method emp1oyed a 6-DOF spatial model which reduces joint motion to rotation 

about and a translation dong a d d c a l l y  determined "screw a S .  The 

ummmmt techQue was an btmmewed spaîiai linLage that aiiowed for the 

examination of a single joint. The major limitation of the joint mode1 used m this study 

was the difIiaitty of mte~pretation The tmdations and rotations m the jomt are not 

presented m a method easily derstood or applied by clinicians. 



Blacbarski, Somerset, aod Murray, fiom Syracuse University, plachar&& et ai, 

19751 examined the threcdnaaisional motion of the knee joint in fhe cadaver joints. 

They found that the motion of the knee is not p h  anâ that the SOdBig glidiag motion m 

the knee is due to bone geomeiry and not to the auciate liginnmts as had been earlier 

proposeâ This gn,up tried several messprrmmt tedmkpes and setiled upon a snobe 

light and time @se photography. A A e x d c a l  technique, Reui~eul's method, was 

used to £id the centre of rotation of the tibia as it was rotated about the femur; the 

location of the motPidrmem axis of rotation was quamineci tbroughout the range of 

motion 

Anotha examination of the knee joint was carried out several y e m  later by 

Soudan, Van Audekercke and Martens [Soudan, et al, i9791 at the University of Louvain 

in Belgium. The Reuleaux method was e&ed and this t h e  determjned to be an 

unsuitable method for d e t a  the centre of rotation m the lmee joint. This group 

deternimeci that the screw axk or 'ïnstmt axis" proposed by Kmzel @Chtel, et al, 19721 

was a more precise techiqw. 

Soudan's group were concemeci with plottmg the instant axis as a representation 

of the pathologies of a knee joint. A cornpariSon was made betwee~l the instant aaiî 

pathways of a normal lmee to those of s e v d  pathological knees. The form, as weR as 

the place, of the pathdogical pathways differed significansy h m  the n o d  paîhway and 

fiom each other. 

A r o d  the same time as the group m Belgium were studying the lcuee joiut, Youm 

and Yoon, ~ o u m  d Yoon, 19791 attempted to quantify three dimensionai wrist jomt 

iUiller. J.D. 



motion They &led the wrkt as two ri@ body segments , hauâ and forearm, with an 

unknown ~~ between them. Y o m  aad Yoon exambed severai measuremem 

technkpes anà haliy settled on the t h e  ckmsbnal sonic digkk methd They used 

3 nonallinear sources on each ngid body segment and f o d  the relative rotations using 

Euler angies m the y-z-x rotational sequence. X-rays of the wrist were used to date  the 

mecbanical aaalysis to the bwy iadmarb and to locate the jnstanî centre of rotation for 

flexion-extension and radial-ubiat deviatioe Tâe iiieasmemnt system was veriftecl using 

a n~~bauicai joiut before daver  speemiens or live JuaJ*ects were used 

The appmach to the memummt of joint motion taken by Chao [Chao, 19801 at 

the Mayo ClMic in Rochester wes to emp1oy a triaxhl goniorneter- The goniometer useà 

was a gyroscopic device and thus? was not sequence dependent as other mthods are. 

Chao claims it was possible to orient the goniometers to regmesent anatomid motion 

The output of the goniometers was cornparrd to classicai Euier ande methods on a 

mechanical modeL ?bis examination yiekied very srnaII ewrs between the goniometer 

mea~u~ements and the Euier technique of meatmhg rotations. The Euler mgies were 

calculateci nom anatomical tudmarlrs d e n t  m two d.erent x-rays at each joint 

position. Chao conchides with an argument for the use of ûkk i  goniome?ers m a clinid 

setting where real-the are very desirable. This method of meas~remem 

l a s  the numba ofjoints studied simukaneousiy to a single joint. 

Grood and Sumay [Grood and Suntay, 19831 de- a fbatmg axis system for the 

measurement of knee motion. This p u p ,  h m  the University of Cincinnati, descn'bed a 

mahod of caicuiating displacements that is more readùy uuderstood than the traditional 



methoà of "screw a&"' In this methoci, one ked asis I defÏned aiong the h g  axis of 

the tibia and anotherwhkh passes through the centre of the mdial d kteral coadyies of 

thefermn. ThethadaxU~fmtatjanUcalWtbe"flostiDg~~&YdefmedastheaBs 

perpendiailar to both nxed axes. The tramlatioos dcdated are defiued as translations 

dong the three denged axes of rotation. Grood and S m y  claimed that this method of 

calculathg rotations is SeQuence mdepmdent snd cm be LIlOdeled as a 4iirik kinematic 

cham consisting of cyimdrical joints. 

In 1983, KnrzeI and Gutkowdti, at Ohio State University, published a papa 

reviewing the joint modeis and nmmemeLlf techniques m the literature and 

Gutkowski, 19831. Inciuded m thk papa were descriptions of the six most coarmonly 

used joint modeis: the one-DûF hmge joint, the three-DOF phnar joint, the tbree-DOF 

b d  and socket joint, the two-DOF spherical joint and the six-DOF spatial joint. Various 

motion measuremeat techniques were reviewed and discussed in relation to th& 

e f f i e n e s s  of use with various joint modeis. Kimel seemed to fécl that instninrented 

Iinkages was the most accurate method of masueing relative motion m a johî at the time 

the papa was -en. 

Spiegelman and Woo, at the UnhWiiy of California, San Diego, [Spkgehiian and 

Woo, 19871 took a ngid body approach to the method of fiading centres of rotations m 

p h  joints. They compared tbeir e m r  aiialysa to the analytical expressions for the 

Radeaux method disnuxd by Panjabi mjaùi, 19791. Spiegelnrm anâ Woo discovered 

siinilar problems with bathg the ceatre of rotation if the rotation angle was mail, 

however using th& methoci, the error m calculating the rotation angle was significantly 



d e r .  In~oa,tbeBgidbodymetbodbadgrratlyreducedarorasthaiigEebetween 

the two markers mged ôetween 90" a d  180". This reduced m r  reailts m the 

caiculations of both the centre of rotation and the rotation angie. 

Safàee-Rad [Satàee-Rad, 19871 detailed a steteomebic joint dys i s  systm 

developed at the Uhiversity of Maaitok This system was designeci spegfically far the 

midy of upper Iimb motion. The system uses two CCD cameras and VCRs to capture 

two diffiérent views of the subjest. A reflecthe marker system, taped to the limb, defines 

the coordiaate systems of each se-. The shoulhet and wiist joims were each modeled 

as a three-DûF sphencal joint aid a two-DOF spherical joint mode1 was used far the 

eibow. The Euler method of dcuîating rotations m the joints was employed with a z-x-y 

seqyence. 

The system developed by Safàee-Rad is signiocant in tbat it aUowed one of the 

fnst stuclies of functional upper limb motion to be coducted [Safàee-Rad, et ai, 19901. 

SNdies done @us to this one bad employed the use of uniaxial or triaxial goniometen; 

it was not possible m such stuùies to examine rBniitaneous johî motion of the upper limb. 

Pennock and ClarL, Purdue Universi@, @?-CO and Clark, 19901 developed yet 

another coordmate system for the examiaation of the knee joia 'Inis system was pnnilar 

to the "8oatiug" oxis system to tbat of Grood and Suntay [Grood and Smtay, 19831. The 

differences lie m the location of the nxcd axis placement m the femur and tibia They did 

mcMe some dUcussion of the knee modeled as a six-hk open cbaiu, although they did 

not base their coordinate system on this d e i ,  th& argumnt being based on the 

Mitter, J D .  



hypotheses tbat knee joint translations do mt necessarily occur almg the same! axb as the 

rotations. 

Pennock and Clark compared the &kt of coordmate system choice on the 

mea~uted parameters of the joint mode1 used by Grood and Suntay. The resulis iadicated 

that, ahhough severai different choices fesuhed in simiîar values for rotations in the koee, 

translations varied qyite sïgnisdy dependmg on the choice of the cootdiaate axes. 

S d s  group, h m  Queen's UnR.ersity, [Sma&eî al, 19921 tadried the problem of 

compirring kmematic Iiterature. They exantined the thex alignmerit based coordinate 

systenrp: Euier, Cardan ( a special case of Euler ), and the floating aQs systan TneH 

results demoIlStrated tbat d three systems gÏve identical rrsuhs for angnlar parameters. 

Srnail et al emphasized that their fbdïngs hoki me only if great care is taken m defining 

the axes of rotation and the sequence of rotations. They also stated that the "screw iutis" 

method can only be compareci directly to the aligmmt based systems when the direction 

of the "saew axk'' is aiigned with one of the coordinate axis of the Euler? Cardan, or 

Wloating axis'' systems- They wncMe with a discussion of the various mahods used to 

dehe translations. There does not appear to be rn easy mthod of comparing 

transhtional measuraneiits between dinerent measiirement systems. In fàct, examples are 

given where différent methods give vastîy ( compmd to the magnitude of the measured 

translations ) differeat resuits. 

A later stuây by the sam group [Smail, a al, 19941 d e d  the m o n  and 

accinacy of the location of bony hdmarks m the hand and the foream. A stereometfic x- 

ray technique was used to id- the bony lrmdmarlrs on four cadaver h d s ,  m various 



hand ~ ~ ~ O I I S -  Lead markers wae implanted and the accuracy of locatsig the lead 

markers was comparai to the accuracy of bcstmg the bony kînûmah for four difièrent 

obsava~.  It was determmed that the pis ion of îocating the bony landmarh was Mer 

than 1.1 nim m an hami positions on a subset of suitebk bonylandmh a i e  mter 

observer accuracy was 2.3 mm. S d s  gmup suggests that these mcerlamties mut be 

taken into conderation m subsequent in vivo testkg. 

Wang, et aï, Wang, a al, 19941 another group h m  Queea's University, detailed 

a novel six-DûF jo& measurement technique- ï k y  developed a system using six s @ q -  

loaded variable differeasial transfomers O, each of which provides a measiaemem 

of displacmmt dong its mounting axis. A cube is mounîed on one of the moving 

segments of the joint and the LVM' & a m  is mounted on the other. Tbe LVDT's are 

attached between the cube and the LVDT f h m ~  This system calculates the rotational 

angles using classical Eula tecmes, ahhough the sapence of rotation was not 

specified. The system was tested using a digital minmg machine bed and appeated to 

produce acMate msuks. The advantages of this system appear to be its Low cost of 

Mplementation and its abiüty to measure translational motions. The major disadvantage is 

the liimtation of meanüewit to a single joint. The system was appaf'eatly designed to 

stuây motions in the saao-iaac joint, aithouphno data are pfe~eated. 

The literature concerning the analysis of joint motion is varied anci extensive. 

Manymeasurementtechniqueshavebeenused ~ c o i i n a a n l i p L b e i w e e n t h e m i s ~  

application to a single joint or, at best, to a specific series of joints. It is clear that a more 

generalized approach to the measureme~lt ofjoint motion needs to be addressed. 



1.4 Objective 

Testmg of the genaaa9ed system was Wormed ushg a conputer testmg systen~ A 

marker gemration program was devehped m Boriand C* for WiadowJ to g-e the 
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Original W A A S  System 

The w2AS system employs vide0 cameras and recorders and a cornputer to 

caphm aad analyre tbree dimensionai motion of the upper Iimb. Geaerally spealiag, this 

is done by mstromeiiting the u p p  h b  wiîh madren, recordmg the motion m stereo usbg 

two cameras, digitizing the Mdeo images and processing the data 

When doiag the data processin& software asaimeJ a three se- Iimb mdek 

upper arm, forearm, and hand. The joint mode1 used for the shoulder and wrist is a three 

degree of fieedom rotational modeL A two degree of fieedom joint mode1 is used to 

represent the eibow joint. Altbough the system mis origmalsr designed to shdy upper 

limb pathologies, it has also been used to study the Sa-to-stand motion m chikiren wÏth 

cerebral @y. In this case, the Iowa limb was modeleci as a three se- limb, with 

&ee de- of rotation at the hip, two at the knee, and three at the ankldfoot. 

2.1 System Hardware 

The hardware components of the UM2AS system inchdes a PC 486 cornputer, a 

PIPEZ viàeo digitamg board, tbree super BETA VCRs, three CCD camenis, and three 

monitors. The general laboratory wnngiiration is represented m schematic form m Figure 

2.1. 



operates. 

The motion is captured in stereo Upmg at least two camras and VCRs. As 

represeated m Figure 2.1, the carnaas are phced such that the mtefsection of the optical 

axes of any two cameras is approximately 2.4 mes fkom each camera. The intersecth 

point is assumed to be at the centre of the range of motion of the limb being studied. 

AAer the recordmg has been completd, the video tapes are played back; a 

wnphg rate is selected and each video âame is digitiwd by the PIPEZ vide0 digitizing 

board Once an f h ~ s  are digitized, the system's software is usecl to process the 



infiormation caphned m the digitized aamE Ibe Euler angles are calculateci for each joint, 

at each sampled hune, and are output to a nie. 

2.2 Image Processing Theory 

To better mdemmd the flow of data tbrough the UM2AS system, basic theory 

about Mdeo Ünaging systems ù piemted- The 5rst reqkemeuî in any vide0 based 

measmement system is camexa dbratioe The purpose of camera caIibration is to define 

a nmetbod of positionai W o I m a t i a a  &om the image plane of the camera to the actual 

location of that oôject in a preûaemüned giobal space. Thus, camaa calit ion is 

essentiaily a penpective transf0~natio.n [Sdée-Rad, 1987], Iais transfbmation fiom the 

three dimensional global space to a two M o n a i  image plane is an Ïnherentiy non- 

linear process [Schako% 1.891. 'tnis nm-linear tradormation can be c o n v d  h o  a 

hear transformation wîth the use of homogeneous coordinates. 

Homogenous coordmates are explained m some detail m most image pocessing 

text books. Here it is d c e n t  to say that this non-linear traosformation um be converted 

mto a iînear transfomution by iniroducing a non-zero arbitrary constant Dohg this, 

coordinates (qv) m ihe image plam become (tu,tv,t), and those m the global space (x,y,z) 

are transformeû into (.JY~W~,WZ,W)- Ilie UM2AS system equates the arbitrary constant w 

to 1 m the case of the 3-D global space- 

The transformation matria must then be a four by three maîrk, if it is to make a 

transformation m homogeneous coordinates fiom global space to image space. 
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Two equations for eaeh point on the image plam are pmdueed by -1ying out 

equation 2.1. By smipe PcaiEi& it is possible to eqate LI2 to L Umig this technique, 

equation 2 2  resuits for each point on the image plam. 

Equation 22 can then be @ed m matiiir fom to produce equation2.3. 

Smce each point in the global space produces two equations, it is necessary to use 

at least Sin points to determine al1 eleven calibration parameters m the [LI ma& The 



UM2AS system uses aght cabration markers, each phced at a known location in the 

global space. These caübmion markas are recorded, and th& locaûCaûons on the image 

plane can then be bcated Since eigk nisdren are usa& equatioa 2.4 is an o v e  

determined system. The UM~AS system uses a mbbnmsqnar rd-e~~o~ methoâ to solve 

for the calibration paranieters. TbPs the psado-mverse of [Pl is nniltiplied by [QI to 

soive for [LI. 

The mat* CL], which represems the d k a î h  paoimeters, provides a 

transformation which indicates how the three dimensional global space is converteci to a 

t w o ~ o n a l  image phne by the cameta. Of course in =der for UM2AS to be usefiil, 

it must convat h g e  plane data back to global spce data. To do tbis it is essential to 

have steno recordings of the data, as iî is imposciale to extract 3-D information ftom a 

single image plane. 

When the catition parameters have ken determhed, equaticm 22 ykW No 

equations and three unknowns. in order to determioe three unbrowns, a tbird equation is 

r e m .  Ktwo (or mare) cameras are used, as m tbe W~AS system, each camera wiii 

produce two e~aations and thus the remit k four w o n  and thne unknowns. This 

makes absohde determination of the global space possible. 



By rearmghg and simpiirymg, it is possible to Wnte quafion 2.7 as follows: 

In notation fom 

Since there are four equations and three unkno- this is also an over-detemhed system 

Again, wing the pseudo-inverse for [A] equation 2.1 1 resuïts. 

Using two cameras, it is possiMe to detamM the (x,y,z) coordinates of a point m 

giobal space fiom the camen images alme, once each of the cameras has been cahited. 



h t h e ~ ~ ~ ~ s y s t e m , t h e u p p e r I i m b i O ~ e d b y u s i n g s e v e n b o d y m a r k e r ~ ~  'ïhe 

(x,y,z) coordinates of these body markers are ben d e t e m b d  The (x, y&) coordmates 

determine how each body madra bi posïtioned m space Of course, in a \ridao motion 

system it is wt oniy neasmq to detenaine how the body markers are moving m spce, 

butalso h o w t h o s e n u r k e ~ ~ ~ t h e b o d y b e i n g s n d i a d ,  dmureinpoaaatly,how 

each segment of tbat body ïs moving m rektion to the other segments of the body. 

2.3 Euler Angles 

In the UM'AS system, the relationdüp between the segments of the upper lgnb 

are deked using Euler Angles. Eula Angies, aiso called Cardan angïes [ S M  et. al. 

19911, have been co~~llll~nly used to describe rotations occinriog m anatomid jomts. 

When using Euler angles, the order of rotation k impurtant in desccibnig the actual 

pontion m space- Ahhough otha  conventions have b e a  detailed [Srna& 19911, the 

method used m the UM2AS system is the same method used by Chao [Chao et al, 19801 

and KinzeI(Kiazel, 19831. T h  cornremion coaforms to the yaw-pitch-mil system 

commonly used m fl&$ mtxhanks. 

The order of rotation is first about the z-axis, then about the x *  axis, and fînaily 

about the y- 4 s .  These rotations can be expressed with -d matrix equatiom. 
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Figure 2.2: The or& of roMion used in the &AS sysfem 

The fkt rotation, shown m Figure 22(a), is a rotation about the z-a8s: 

The second rotation, Figure 22(b), is about the x e-axb: 

The nnal rotation is the rotation about the y "-axis as indiateci m Figure 22(c): 

1 =["; ; -sh:]F] 
siny O cos y 



if the t h e  matrices f f i e d  m equations 2.12 tbrough 2.14 are multiplied out, the 

final @,Y,Z) axes. 

Equation2.15 canbe m e n  more compactiyas 2.16 if[l,j,Rl are the d ve*ors of 

the (x,y,z) coordmate system and the [Î ..? ,&] are the nniî veztm of QLYJ). 

Compbg equations 2.15 and 2.16 tesults m the followhg relatioiiships between the 

Eukr angles and the d vectors. 

If the direaion coJimJ of the unit vectors 1 ,/ , and 6 m the @,Y,Q fmme of 



8 = sin-' [ (zz-t ,>a 
Y - Y  a # = cos-'[('-)-JI 
cos8 

Equation 2.1 8 gMs a straightforward method to sohre for 4 , 0 , and (pr with 

respect to two defincd orthogonal axes. 1' is now simple to sobe for the rotation of each 

coordinate anis is dehed for each segment. 

Fi'e 2-3: (a) 

In orâer to apply equaticm 2.1 8 to the study of upper Iimb niovemm a kmaiiarr 

model miist be dehed for each joint. The wrid and shouldec are modelecl as havsig tbree 

degrees of âeedom. Since îbe thId nuation in the eRmw region is unhaportant for the 

type of shdies the UM2AS system was imended for, a a0 degree of freedom model was 

chosen for this jomt nie models useâ are the tbree-DûF spherical joint model, Figure 

23(a), anâ the two-DOF spherid joint d e i ,  Figure 2.3(b) [Safaee-Rad, 1 981. 



LM2= repuires that the upper limb be instnimented with a series of seven body 

maTkers;tbaeareusedtod~fo~set~ofanhogd~~antheuppaIimb~ Ejgure 

2.4(a) ilhistrates how the d e r s  are plaad on the body. The axes are defmed such that 

Using the body markers, the oahogod axes are dehed, as iûustrated m Figure 

2.4(b). The axes at each joint are de- by ecpation 2.19 where nr< is  the ib marker. 
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Once the Euln angles are h w n  for each body segment wirh respect to the global 

coordiDate system, the transformation m a t e  denned by the equation 2.16 is known It is 

then possible to caiculafe the aùsobrte Eula angles for each M y  segment. 

Finally, the relative rorations between body segmads can be f o d  Ilme relative 

rotations are assmned to be the rotations that occur m the joints. 



2.4 Summav 

Given the basic Wry outliscd in Seciion 23, the Qow of &ta throiigh the 

UM~AS system can be d e d k d  The first step befbre evay series of recordings, 2s a 

camaacalibrationrecordmg. Merthis,ascriesofrecdhgscanthendanefaranumba 

of subjects m any @en test. When the recordiiigs are coqlete, the âata procejsiDg 

r - - - - - - - - - - - -  1 IMAGE FROM 1 1 IMAGE FROM 1 l IMAGE FROM : 

2-D CENTROID CALCuLATIONS 
DIGITIZE AND THRESaOLD 1 

r 

2D CENTROID DATA FILE 
FROMANYTWO CAMERAS 

L / 

I I 
Figure 2.5: Row Chrai of through the MAS sYstem. 

Caliition parameters are f o d  by the images of the ralibration 

markers. The image plane (yv) coordinates are f o d  for each «uneni and the calihtion 

of the Mdeo images are processeci and the three dimensionai coordniates of each body 



m a r k  in the giobal firame of referrnce are calculateci 'ïhese &bal (%y$) coordimes 

are then subjkaed to the Enla angle alcrilation mutme which produces the Eukr angles 

at each joint for each set of(x,y,i)ceordierites. 

The UM2AS system, dthough effixtive for its origiaal purpose, it is 1Miited by two 

factors. First, it assumes that ody three joints are kmg studied SeCQllLil. it assumes that 

those primicular joints am be &&eiy modelecl by a 3-DOF - 2-DOF - 3-DOF joint 

d e l  seq~ence~ 

CoupIed mth these aSSumptions is the neeessity that the markers deae 

appropriate orthogonaicoocdinase q s t m ~  onthe body segments being snadied. Thus, the 

curent UM'M system is, eJsentially, dedicated to the shdy of the uppa limb, using the 

joint mode1 iriipkmenîed. It is thedm very desirab% to deveiop a mare genei.alized 

system for exanmiing the Euler angles of joint motion- 
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Generalized 3-DOF C?n!fLÀS System 

The limitations of the o r i m  w2AS system was the motivating force for 

undenalring the preseuî study. If a generatized three degree of M o m  mode1 could be 

developed and mn>lemPntPrl. m sucha way that it wodd be possible to seîect the number 

of joints studied ami the nunber of DOF d e d  at each joim, the UM'AS system 

would be flexible enough to allow many ciiffirent types of studies, 

The curent chapter will discuss the development of such a generalized system 

Section 3.1 discusses the generalaed 3-DOF joint d e l  Section 3 2  examines the 

probiem of reduciag the numba of markers required for joint analysis. Section 3.3 

presents the ngid body mudei used m the generalaed UM2AS qstera The nnal section, 

3.4 discusses the software developed to implement the generalized UM2AS system. 

3.1 Generalized 3-DOF Model 

The development of a genetalized tlaee degree of âcedom mode1 has its roots in 

the staodard three degree of fkeedom joint model used in the original UM2AS system for 

the upper limb. This model Y descrikd by Safaee-Rad and Kmtel and Gutkowski 

[Safaee-Rad, 1987; Kkel and Gutlrowski, 19831 and can be thought of as a universai 

jomt mode1 
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3-1.1 Generufized Body Motion 

The W A S  systern uses Eula angles to quantify the relatiorwbip between 

segmeDtsintheuppabb. ~ t e c ~ d e s c r i b e s t h e r o ~ o m m t h e j a i m ~ l i l r e ~  

rotational movements, the oder  of rotations is imprtant- The moverilent h m  one 

position to the next can be described as a rota?ional traosfbtrratiolt 

Equations 2.12-2.14 h m  the pcevious chapter show the transformations as the 

axis of rotation nrst about the z, the x', and hally about the y"-axïs. These rotations are 

defineci by the angles 4, 8. and y respeaiVely. Therefore the total rotational 

transformation âom the ongmal axiP position of (%y$) to the noai axis position of 

(X,Y,Z) is shown m Equation 3.1. 

Assume that the origmal mordniate system of (X,YJ) is nxed and that (x,y,z) is 

the moving coordipate system (Figure 3-la), then Equation 3.1 dcscribes the rotational 

rnovement between the two coordmate systems- Another way of writing the rotationai 



F i w e  3.1 (4 Movntg cmrdWe system rofutedfim tkfMd cwrdinare system. 
(O) Moving coordinate system dispuced and mtafedjivrn thefijred coordnute system. 

If the origin of the moving coordiaate system is moved away h m  the origiD of the fked 

coordniates(see Figure 3.1), a dk@acement veztor T, added to the equations. Equation 

3.2 becomes 3.3- 

(3 -3) 

If the moving coordinase system is piaced an a moving body, such as ilhistrated in Figure 

3 2 ,  the equations are d e d  rlightly. Hen the centre of rotation(C0R) of the moving 

body is located at the pckt COR ratha t h  the O* of the coordmate system. To see 

what happens to the general equations it is necessary to ewneie the moving body 

spenndy- 



Figure 3.3 shows the movhg body m position I and m position 2. The axis of 

rotation is the x-iuk (the sais CO* out of the page). If the distance fiom the COR to 

the origin of the coordmate system is R, then the disphcement of the origin of the 

coordinate system due to the rotaiion at the CORis D. Therefore the d i s p l a m  can be 

describeâ by: 

(3 -4) 

Figure 3.3 shows tbat the rotation about the x& the same at tée origh 

of the coordinate system. Indeed, any poiut on the movîng body would be rotated an 

equal amount around thiP sas; the M e r e ~ c e  m tbe movemmt of each point would be a 

variation m the displacement as a result of the distance of the point fiom the COR This is 

a h  trae if the rotation is about the y or z axes. 



- -  

Figure 3.3 MovihgBod)t r o ~ e d  by rm au& 61 

if a displaced COR does not afliéct the rotation of the modg coordmate system 

seen by the nxed mardinate system, equatian 3 3  remains the same m fatm However, the 

displacement vector T, will have the àisplaamnt of the movhg mordhate system added 

to it. 

In matrù fom Equation 3.3 becomes Equation 3.5. 

where A is the total transfodon m a t k  Equaticm 3.6 can also be expressed 
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The matrix R m Eqriation 3.7 is eqpal to the rotational matrix dehed 9i 3.1. In 

movhg coordmate system. The d e r  mangement delmes the aW by piacing a d e r  

on each axes. Mi dM, on& andM, ony. lfwe assume thst îhesemarkers arelocated 

such a nilmner that each one de- a mit vector, the msrker positiom with respect to the 

movîng cootdniate system is: 

(3 -8) 

Figure 3.4 shows the madrer arrangement on the mov& coordmate system. From 

this figure we can see that the displacement vector FO can be delhed as: 

The vector d e m g  the z-ais is cross producî of the vectors definhg the x-axis 

Therefore Equation 3.7 can be rewntien as: 



Subtracting FO fiom both sides of the equation nsulis m Equation 3-LL 

Figure 3.4 Marker pkemenl m 0nokfovolgBodies. 

Shce the vectors d e m g  the points Mt, M2, and M3 are unit vectors, the nght-hpisd skie 

of equation 3.13 can be wri0mas: 

Therefore the rotation matrix, R, is siniply 



(3.17) 

Equations 3.15,3.16, and 3-17 abw the catcalation of the rotations behween tbe moving 

and the k e d  coordinate system. Since the displacement vector can be calculatecl using 

equation 3.1 1 and the rotations, the total t m & i  matrix, 4 is c î e f h d  'ïhis matrix 

enables the CalcuIation of the Euler angles. 

3.1.2 Culculating the Euler Angles 

The prirpose of caicuiatiug the Euler angles is to describe the motion between two 

moving bodies. Ln the case of joint motion, the moving mordmate system is attached to 



the body segment on one side of the joint and the ked coodnate is aJnimed to be 

attached to the body segment M the other side of the joint Tb rotatjons at the joint can 

now be calculatecl aihg @on 3.1 and 3 5  if a saies of body segments are to be 

studied, the piirpose is to describe the! m o h  of each body segineut dative to the 

segment it is attached to. 

Euler angles are cakubted in ePich the saise way as O Cbopter Two for 

the onginai UM2AS system. If three body segments are king studied, as in the upper 

limb, a coordinate system wouki be placed an each segrneut aie t r a n s f ' o n ,  A, 

wouki then be calculated for each body segment with respect to the fhd coordmate 

s y s t m  

In orda to 6nâ the relative motion between each body segment, it is necessary to 

find a transformation mateiir Erom one moving c o o ~ e  system to the next. If this 

trandormation is defineci as &-, where i represeats the proximal segment and j the dïstai, 

segsnent, Equation 3.19 resuits for three body segments. 

By substmiting the equations m 3.18 mto 3.19, B, is denaed as in quation 3.20. 
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Once the Wonnation maaices, firom movïng coordinates to ked coordinates 

are dehed, it is pssihle to colcPbte the Euler angles in each joint behg examined The 

seqllence of rotations for calcalating Euier angies am be &&ed m various ways. 

However, in order to bave the rotatians about the ares of the moving coardmate system 

represent anatomical angles, the moving coordïnate systems must be placed on the body 

so that the axes of the cornninate system are valid axes of rotaibn in the joint bemg 

3.2 Reduction of murkers 

Aithough the preccding methodology is a compIeteLy generaüzed methaî of 

descriig the motion between two agLi bodies, m pidd temis it is not necessarily 

viable. h thaory tbree non-collinear matken are reqimed on each ngid body segment to 

uniquely define the three d h e m b d  motian b e e n  two ri@ bodies lyoum and Yoon, 

19791. Tbis mcMes a defjnïtion of tclmslation as weii as a definition of rotation. 

However, it is impossible to get an acairate dennitinn of traasletion without knowhg the 

centre of rotation of the moving M y .  



Calculating the centre of rotation is the subject of a g m t  deal of ducuJJion m the 

Wxame phcharski, et ai, 1975; Soudan, et ai, B79; Spiegelrnan and Woo, 1987; 

Hoizreiter, 199 1 ; Cràco, a ai, 1994; Pa@abï, et al, 19821. However thae does not seem 

to be a good m d o â  develapeû fm cahiht8ig the caitre ofrotation in jamt models other 

than the p k  modd Thus, most discwsion is Innad to the Zamieasional case with m 

obvious way to h a d e  a 3dimmsional en- hîeed, Souclan, et pl state tbat the 

appfication of the Redeaux method m three âimensions, as done by Blacharski, et ai, is 

not even possible and kads to inaccurate resiilts. Fodunately, anatImatoniical translatim are 

typicaüy very srnail and can be M y  ignoreci in the types of studies the generalized 

UM2As systemis mt-for. 

Of course, if trmdati0na.i motions are ignored, it becomes possiile to define the 

rotations betweeri two body wah kss tha 3 rmrkers. Tbis is a vw desiraMe 

endeavor, as the most time c o n m g  aspect of the UM2AS system is the marker 

digitization processceSS Although tbis pocess is automiecl to a certain ment, it sti i l  

requàes the intervention of an operator when m a r k  positions are close togetha. 



The pposed reduced &er system wodd place two markers on eachrigid body 

segnient(wah some exceptions). It is requiced that the markers define a seigle axis o f  the 

coorâinatesysiem. Theanjchosenisthex-axh Thisaxisisdenaedtorunparalleltothe 

floor and be oriented papendicuiar to the fioatal plane of the body, if the su- is 

standingwithhandsatsidesasdepictedmFigun35 Tbiporientationcoincideswah 

Safaee-hi's [Safbee-Rad, 1987; Safàee-Rad, 19901 coordmate orientation choice for the 
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shoulda, elbow, and wrist. The markers are phced at the distai d of each ri@ body 

segment as shown in Figure 3.6, the axes of each caoFcünate system are thai d e h d  as: 

F m e  3.6: M d r  placement for rer&ced muvker system. 

The d e r  placement demomtmted in Figure 3.6 is most repnsentative of the 

lower aid upper Iiuk Wben madrer pacemeids cm the toao d head are considered, 

certain a d ! s  must mi made to the rnarker placements. 

3.3 Rigid Body Model used in the generalized UM~AS system 

In orQr to c o d a  the correct marker placements, the mode1 used for 

genaaliang the UM2m system must be wnsidered The human body js modeled as a 

system of 15 ngid bodies attached by a system of 14 3-DOF spbericai joints. However, 



since only one side of the body can be eXSUIIiI1ed at a tinte, in reaiity the mode1 is a series 

of 8 joims ( C7-Tl, Lu*-Sacral, Hip, Knee, Ankle, Shoulder, EDbow, and Wrist ) 

comiactmg 9 ri@ body iinks ( HeaâNeck, Thorax, PehRr, Tbigh, Calf, Foot, Upper Arm, 

Foream, and Aand ). 

When coasidering the mode1 used for the human body, it becomes cleéir that the 

markersystemdepicted~F~e3.6 caimot beusedforevaybodysegmaitmthemodeL 

Therefore the proposed d e r  system is a two marker unit placed on the foot, d, 

handandfotearm, ~eemadraiiaitsareusedfarthe~thorax,pelvisandupperarm 

Proposed market placements are ilhistratecl in Figure 3.7. 

It is not necessary far the muker units to be of the same length, however it is 

important that the x-axis markers be cemered on the body segment for those marker 

systems whose mid-point Y used to define the of other body segmems. 'Ihis 

proposed reduced marker system is the m a r k  system assumd by the generalized 

UM2AS system discussed m the foîiowing section. 

Miffer. J.D. 



Figure 3.7: Proposed marker p b m e n t s  fw the gemralized &AS system. 

3.4 Generalized UM~AS Sofhvare 

The software developed for the g e m d h d  UM2AS system was d e n  in Boriand 

C* for Wmdows This software is containaï in maha files, W G ,  USERINIT, 

and CALCANGL. The tbme underIyhg assumphns of the generalized UM~AS are: (1) 

The marker system used is the system pposed m the previous section (2) The markers 

for each coordmate system are digïtized in a p m d e d  order- The market placed on the 

n-axk on the "positive9'(the h n t  mstker) side fnst, the "oegative" x-marks second, and 

lastly the y-marker (if it is needed for the coordinate system). (3) The coordeiate systems 



systems niay not be usecl, but those nqPmd mut be digiciEed m the specised order- 

+>-= S a w  Euler Angles 

Figure 3.8 M i  Menu of the generaiized ULfAS systen. 

The file UM2ASG coDtaips the sothvare htmanages the p r m o n  and control 

of the system. This section of the prograut is used to present the main menu m a Wmdows 

environment and allow the user to selea the tasks to be peâonioed The üM2ASG main 

menu is presented m Figure 3.8. The FILE option allows the usa to select the tbree 

dimeasionai c o o ~ e  data nles for analysk hchxded in this pop-up menu item is a nle 

save option to aIlow the usa to Save the calculateci angles m a tileiiam of choice and the 

EXIT option used for c-liiittmg the system. Angle data are saved m an ASCII format in 

cohinms qmsathg  the joint and the + ) , O ,  a n d ~  mgies. A smaii sample of a saved nle 

is shown in Figure 3 9. 'ïhe data files can easily be imported &O EXGEL or a statistical 
. . 

package for ease of M e r  analysis. 
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Figure 3.9: &zmpie of uaicuiukd Euler Angle file- 

The UJoW option m the main menu, has two choices m its popup menu, "Choose 

Jomts" and "Choose F m n .  Lf "Choose Framesn is seiected, a Dialog Box appean that 

requests the mpit of the number of frames to be anai- Whai "Choose Joints" is 

selected, a Dialog Box appears, as shown m Figure 3.10. llbis Dialog Box lists the 

possible joint choices, each wiih au associateci Cheçk Box A joint can be selected by 

selecting the associateci ChcL Box. Once the user chooses "ûK9', a Dialog Box for each 

selaed joint appea~ in succession, Each joint's Diabg Box allows the usa to select the 

rotations to be anal@ for the riment joint. If less than three rotations are seleaed for 

each joint, the mthod of caicnlatiag the joint rotations is modified as expiamed later. 

The thiid menu option, "Calculate Angles'', bas ody one hem m its popup menu. 

This option "Calcalate Euler Anglesn calls the Euler angle dculation routines. It requHes 

the name of the TDC me to be asalpd, the name of the file chosen to store calcuiated 

ande &ta to, the nimba of frames to be ailalyrtd, and the joints selected to be input by 

the user @or to selecting "CalculateEuierAn@esn. (These fùnctions are contamed m the 



fiie CALCANGL-) if any of the four pieces of information required by the data 

processing fimdons have not yet been selected, a message appears m the Status Bar at the 

bottom of the saeen. This message ioforms the wa what information is missinge At this 

point the user may scLa îhe missÏng infotmatinn and tben choose "Calnikte Euler 

Angles" again. 

Select Joints 

Figure 3. IO: Joint sele~aon Didog Bar 

The fimi menu item in the main menu is the selection "Plot". The popup mriu 

for this option contains two items, "Plot" and "Clear Plot". If the option "Plot" is 

selected, a Dialog Box smiilar to the one used for selecihg the joints for anaiyses appears. 

This Dialog Box aliows the user to select the joint angies that are to be to plotted on the 



screen, AAer the joint is selected, the # , 0 ,  d y  mgles for that jomt are plotted to the 

screen. The "C1earPlot" seleetion- the ctinan pbt hmthe screen. 

The second software oie. USERINVI:, comaiiis the Dialog Bon controis for the 

Dialog Boxes that are useâ by the mainmenu optionspioas Ibis nle Camams the fimaions that 

process the user's seiections h m  the DiPbg Boxes and renaiis the neceJsey information 

back to the main program m o i ,  comaincd m the UM2ASG file. 

The naal software nk, CALCANGL, encompasses aiî of the fimctions used for the 

caldation of the Euler Angles- ?ae pmgram c-1 thn,ughout the Euler angle 

calCuLations is rnuch more complex thm m the previously desnibed files. The flowchart, 

ilhistrated m Figiae 3.1 1, gives a gaigol ovaview of the method used for caiCutatirig the 

Euler angles in the generalized UM2AS system The early parts of the flowchart are quite 

straight forward, the section fo11owhg the deesion box "An rotations selected m each 

joint?" requins more explanation. If an rotations are not sel& m a jomt, a reduced 

version of Eqyation 3-1 is used for nndiog the rotations. Tbere are 6 options for this, x- 

rotation only, y-rotation ody, z-rotation ody, x and y rotations9 x and z rotations, and y 

and z rotations. The modified maaEceJ are listed m Appedk k 

Ifless thon three rotations are select4 the mefhod of sohring for the rotations is 

more straigbâorward In each of the options, the rotation matrix has a cosine ami a sine 

of each angle to be sohreû for, m isolation- lais allows for an easy method of decidiug the 

appropriate quadram for the caicuiated angle. This decision is importani as computers 

sohe the mverse of sine between d2 and 4 2 ,  and inverse cosine between O and ~r. 



1 Red 3-D msilrer positions for each coordinate systcm. 1 

1 Calculate eoordiiige axes hm mrrLerpositi011~~ 1 

1 Cdcuiate unit vecton for each coordinate axes. 1 

Define the rotation ma& for each joint as the 
rotation matrix of the distal coordinate system 
multipîied by the inverse rotation m a h  of the 
proximal coordinates- 

P$d.J = K . * . I J - L t I R d l k l l  

Solve for $, 0, yt. w 
Equate [Rjoint) ta 
appropriate mabix for 
Appendix A. 

1 SOIV~ for orse~ccteû angles. I 

Figure 3. f l: FIowchart of Euler Angle caIcc11afr~un technique. 



When aii thiree angles for a joint are selected the method of solving for the angies is 

not as straight forward. I ~ I  tbis case, the wriipkte rotation matrB of Equltion 3.1 naist be 

wed Since oaly sin(@ is isolateci m thb matxh, the method of solving for 9, 8, l i s  much 

more cornplex. In gened, 8 is solved using Equation 3.15. A second vahie of 0 is f o d  

as (z-9 If 0 is posaive ami (-IF@ if 0 is negative. UmPg these two values of O, the 

correspondingvaiues of +ami ylarecakuIatedusmgEquahions3.16 and3.17. Thevalues 

of 8. y are compareci to the pmious vahig a d  the set of angies with the nmallest 

ciifference b m  the previous set of angles is chosen as the correct set of angies. 

In the case of 0 = 90, thae is no solution to Equation 3.1. When this occurs, the 

vaiues of / and vate SOM using a two point linear extrapolation- 

O i  = Oi-1 + (bi -1 - Oi-2 ) 
3 .Z 

Appendin B contains flowcharts for each hction used for calculating Euler angles 

m the generaljzed UM2AS system Also hchded are flowcharts of fhctim included m 

the W A S G  file and the USERINPT me. 

Calcuhting the Euler angk of each johî is the ultimate fimaion of the generaljzed 

üM2AS system. TeJting of this system was paformed usbg a cornputer program to 

generate market locations. The testing procedure is discussed m the following chapter. 

Miller, JD. 



Chapter Four 
Testing and Validation 

In order to assess the e £ î i e C t i Y ~  of the geaaalued UM~AS system, it was 

necessary to develop a testhg procedure. It U mhtkely diflctcuit to compare the r e d s  

nom various joint analyses systems [Smail et ai, i 992; h l  and G u t k o w ~  1982 ] due 

to the variety of jomt modeis and measmement systems avaüable. Therefore, human 

testing was not considerd very desitab1e.d a computer smnilation testing method was 

decided upon. The advantage of this method is the abüity to know exady what results 

should be expected. It is therdore easy.to assess the Jize of the ator made by the system, 

A progriun was wrinen, in Borland C++ for Wmdows, to generate potential 

marker positions. This program. Ga-Mark, allows the user to select the joints to 

simulate and store the generated positions to a TDC me, as reguired by the generalized 

UM2AS software. The relative .error.betwesn the calcufated Euler angles and the angles 

used to produce the mark= positions was computed. 

4.1 Development of the Testing Method 

The input for testing the generalized UM2AS software is the 3-D marker positions. 

Ideally these marker coordinates closely match potential coordinates produceci by human 

mvement. 

Saice the UM2AS systembas-bemused pthudy to e d e  upper limb motion in 

human subjects, the developmat of the m a r k  grneration theory win be explained usmg a 



model tbat approxmiates the uppa W. A thne segment rigid body d e i ,  such as the 

model shown in Figure 4.1, is uscd. 

A Z - 
/ '. Rigid Body Segment #3 - \ 

I 
1 

J 
I 

1 
! 

1 

FFR : Rigid Body Segment #2 
\ / .- - 

F - - '  - - - -  '--A-'-- 
I 

I 

I 

t x 1 Rigid Body S 
r 

The Gen-Mark program is requind to geaerate the macker positions of the 

coordiuate systems p l a d .  on cach rigid body segment It has been shown (in Figure 3.4) 

that the location of the wordinate systems do not have to be located at the centre of 

rotation of the moving se- in order to determine valLi rotations for the movkg 

segment. However, the generalized UM2AS system does assume marlcer placement as 

described in Section 3.4. of the previous. Caepter and this is the znarker placeumî used by 

the Gen-Mark program. 

For any set of rigid bodies attached together by joints, the rotations of the more 

p r o d  joints such as JO and JI, affect the market positions of the wordmate system 

placed on a more distal body s e m .  Therefore the markers on MB2 anci will move 



if a rotation occiir~ mk. On the. other hpad a rotation m I2 Win not aned tbe location of 

markers placed on M& and MBi. It is mm efficient, h m  a pmgraminiag point of view, 

to fint rotate madurp.on.the most-distal rigid body segment and then rotate successive 

proximalsegmentS. 

Table 4.1: 

, Ji 1 :Joint I U I I ~ ~ ~  i 1 

If M& is rotated at & by rotation matrix IR4 the redthg d e r  positiom for 

coordinate system three are represented as [C3 13. Shce the orientation of is affecteci 

by the rotation in JI, 4 must also be mukiplied by r . 2  1. 

, [c& 
I 

1 

[by 
wordïnate system on M& w.r.t. the i 
coordinate system on MBi ([ J ,  x*~, y&) . i 
:displacement vector h m  the origin ofthe i 

systern placeci on it 
I 

:rotation rnatrk represeming the rotations 1 
I 

a 1 centre of rotation on MBi to the coordinate j 

, that occur in joint number n - 
'i 

4 :vector nom the or@ ofthe FFR to the I 

orinin of the coordiaate svstem on MB, 1 



To represent the coordinates of with nspect to the coordiaate system on 

M&, the displacement vector fi3 must be added to the mtated coordinates [Ci]>. 

The rotation m JI acts on bth the markers phces on Mi32 and M& The resulting 

positions of the mordmates on M& an: 

The positions of W markas with respect to the coordinate system on m2 after 

rotation at JI is the marker positions multipliecl by the rotation matlix repseritmg the 

rotation m JI. 



The rotations oceiirring in JO a&d the coordinate systems on ail three body 

segments. Marirem piaceû on M& are hown (Eq. 4.4) wïth respect to MB2. Therefore 

they are known mtb respect to MESI by addmg the displacement vectora. Here the 

displacement vector must be rotated by the rotation m JO. 

Similarly, markers on are known wah respect to the coordinate system on 

MBi by addmg the rotated displacement vector 4. 

4-6 
Finally, af ta  the rotation of JO occurs, the matkers for al1 thne movbg bodies can 

be expressed, with respect to a fixeci fkme of reference piaced on the tnmk, as follows: 

For M&: 

For M&: 

It would be possibie to express the marker coordmates in terrns of another, non- 

body based, fixed & m e  of refmce. This ta& wouid be accomplished by addiDg the 



vector 2 to ail the d e r  positions. Howwa, since al1 the marker positions would be 

modified by the same vector, this nnal step was deemed for the testing 

procedureute ThenSiore, EqPations 4-7 - 4.9 repment the maricm positions of each movhg 

M y ,  wiih rrspect to the nMd frame of ref-, after the rotations m each jomt have 

occurredute These! are the nmkapositïons quiredby the generalizcd UM2AS systexr~ 

4.2 Expanding a 3-Segment System to the mole Body 

In order to adequately test the generalized UM2AS system, it is necessary to model 

the entire body. Since the generaked UM2AS assumes that the body i s  mdeled as a 

system of eight joints: C'-Tl, Lumbar-Sad, Hip, ICnee, Anlde, Shoukier, Elbow, md 

Wrist, it is necessary to expand the market gaieration program to pmduce markers 

representaig niw ngid body segments. This expansion is not a simple matter of increasing 

the number of rigid body segments m the cbain. The model used mut  represent the 

possible comection in the human body. 

From Figure 4.3 it is possible to see that the movemnt of the head d neck due 

to a rotation ocnming in C7-Tl, does not a&ct the position of any other ngid body 

segment. Howeva, a rotation ocamhg in the Lumbar-Sacral jomt will move the body 

segments of Pelvis, Tbigb, CS, and Foot, provided no other rotations occur m the Hip, 

Kwe or Aokle joints. Thus iî is necessaryto treat the upper iimb as a 3-segment unit, the 

head/neck as a Smgie segment mit, and the lowa limb, inchdiug the pelvis, as a 4- 

segment unit. The thorax is assimied to be ked and a l l  other ngid body segments move 

relative to the thorax, 



Figure 4.3 M e  Body model used by Gen-Mark forgenerating mmkerpositions. 

4.3 Gen - MarkSofhare 

The Gen-Mark program is d e n  m Barland C* for Wmdows. Znis software 

requins an input me containhg the mimba of ibnes of markers to generate, the number 

of joints that wîO be modelai, and the j o h  angles for each joint. The sequeace of mput 

for the joint an@ is 4, 0, and yr. The oder each joint is expected is C7-Tl, Lumbar- 

Sacrai, HP>, Kneey Ankle, Shoukiery Etbow and Wria Any joints not required would be 

omrtted, but the order would be prrsaved for the remahhg joints. Figure 4.4 shows the 

begiDmDg of an input file nquired by the Gen-Mark program. 



36 8 
- 5 .m  -7.000 3.000 mgles for C7-Tl 
3.000 1 .O00 -5.000 f- angles for LumlSac 
i.ooo 3.000 -7.000 - an* for Hip 

-5 .m -7.000 3.000 - an* for Knee 
-7.000 -5.000 1.000 angles for Anlde 
3.000 i .ûûû - 5 . 0  4 - v  angles for Shoulder 
1 .O00 3 .ûûû -7.000 4-, angles fm Elbow 

Figirte 4-4 Angle file for GenenM~kp~grîam. 

The mais menu in the Gen-Mark program is show11 in Figure 4.5. Under "File'' 

there are tbree options. "Open Angle Fik" allows the seIection of the file containhg the 

angles used to generate the marker positions. "Save TDC Data" is used for selecting a 

nlename for saving the generated maricm positions. If the file selected aiready exists, it 

wili be d e n  o v a  ôy the new marker positions The ''Exit" option is used to exit the 

Gen-Mark prognun and retum to the Wmdows Program Manager. 

The second menu option, "Joints", has just one selection ia its popup menu. 

Thoose Jomts" creates a Dialog Box listing the possîble joint choices. Joint seiectiom 

are maâe by s e l d g  the Check Box associateci with the joint. The number of joints 

selected mut match the mmber ofjoints indicated m îhe angles Hiput file. 



Qpen Angle File Choose Joints 

Save TDC Data - 
1 

Exit - 

"Generate" is the fimû menu item. It aiso has one selection in its popup menu 

"Generate Markers" requires that the joints be seiected and the names of the angle & and 

the TDC file be chosea If one of these items is not select& a message is posted to the 

Status Bar a? the bottom of the sgem. The user is téen aliowed to choose the missmg 

mformation and then reselect ''Generate Markers". A flowchart representkg the genaal 

method of calculatmg the &er positicms is represented m Figure 4.6 

AAer a test 6ie hm been created by Gen-M&k aid saved as a TDC file, it can be 

used for input to the generalized UM2AS software- The mor between the calculated 

Eula angies and the original mgles can be calculatecl. This teshg method is discussed in 

the folîowing section. 



1 Assign Joint @der 1 

Joint[i] by appropriate rotalions 
accordhg ai its location 

fiad +,O, \y fiom 
Angle File irae 

Figure 4:6 FIwchart for marker generation routine. 



4.4 Testing the generalized UM~AS somme 

The generation of test maka coordinates is the ficst step in testing the genetalized 

joints was created, Initiai an- wae set to -2.0°, and tbe d u e  of each angie was either 

incfemented or decraneated by 3" or P for each ftam Thirty-k âams were produced 

for testing pmposes. Those angks thta were modiaed by 5" for each fime, passed 

through a full 180" m a 36 thne cycle. 

Tbree angles, for cach of the eight possibk joints, were gaierated ushg a simple 

program d e d  TEST8. TEST8 also saves the angles in a second nle, m a cohrmn fn~naî, 

for easy use with spreactcheet or statistical packages. 

The angle fiie, generated by TEST8, was used as inpd to the Ga-Mark program 

~ h e  resultmg TDC file became the input f3e to the genemked UM2AS prognim The 

calculatecl Euler angles were compared to the angles used to generate the madcer 

coordinates. The relative em>r was calculatecl for each angie, at each 

(cuk YCJlle - con. d u e )  
corn. d u e  

) -100% 

4.10 

The resulting relative enor vahaes fangeci fiom -25% - lJ% with a mean vahie of -O.OOl 

and a staadard deviation of 0.105. 

The relative error plot of CTTl is psenîed m Figure 4.7. Tbis plot is typical of 

the plot that resuits at o t k r  joints as wea Appmda D contains a oomplete presentation 

of the relative error plots, as weii as diagrams jndicathg the range of each joint angie for 

the test file. 



C7cTI ANGLES RELATIVE ERROR 

Frames 

Figure 4.7 Relative Emr plot for C7-TI angles. 

Since this testhg rnethod utilées a wmputer d e i ,  it is expected that the 

be very low, which they are. These emrs can easily be accounted for by the round-off 

enor inherent in compter calcuiati~ns~. However, since y gaierates a higher aror tban 0 

and 4 m each joint, the reason for this was examined, The m e r  appean to Iie m the 

order of dcuiatiom When e e r  locations are generated, the rotation about the y-axk, 

~ v ,  is the last rotation M o n m d  Any rounâilff enon already inherent at this point are 

compoded by the final rotation. Thus, the y&, rotation is most afliected by the exror. 

Additionally, the Euler angle w is not dculated m isolation as 0 is. Therefore the round- 

off exror rrsrihmg fiom the c a l d o n  of 9 and COS(@, is mcluded m the dculation of 

both 4 and y, mcreasing th& arors. 



4.5 Potential &pmDmental Problem 

The testiag pdormd in the preced@ section is essential an idealizcd situation 

Marker locations, m e x p h m d  sitaatiom, can k affected by a mmber of Mors. 

SometimJ the calculateci centmich are distorted thw to a portion of the d e r  behg 

obscined m one or the carnaas. Centroids can slso be distorted by reflections off mother 

object in the recording environment. Every effort U d e  to mhimb these fàctors duriug 

-, but there is iisuaily at ieast severai h'ames m each q e h e n î  that wiIL be 

aftiected by such fàctors. 

Even if marker cestr~ids were always found pafectly, there are several other 

factors that wiii Si the dcufated tbree-dimeasional coordinates. Giles [Giles, 19931 

mea~u~ed a relative euor as high as -1.18% m the caicuiated distances between two 

markers spaced approxmiately 30.5 cm This was tamed to be camera enor and is 

a resuit of space quantkation, l a s  distortion and d e r  distortion combioed. It can be 

expected that these Lmds of emrs will also be hherent m the 3-D marker coordinates 

evemUany useà by the gmeralàed w'AS system. 

The final potential source of error that can be coudend is emr due to skin 

motion over the bny masses in the body. Tbe motion requind to be measured is the 

rotations in the joints. However, the motion mssund U the motion o f  the sLm of the 

body, since this is the &ce to which madrer systems are attached, Therefore, whenever 

the skm does not move Smnittaneously wÎth the bony masses, there Win red t  an aror due 

to skin movenmt- 



Chapter Fbe 
Summary and Conclusions 

The original UM2A!3 system bas ken a very usefiil tool for the shdy of uppr ümb 

ruovemem. Howeva, &ce its pmpose was iutendeà to be for the study of opper ümb 

movemems, it is placbdy impossiMe to use thU tool in otha  functonal motion shidies. 

For this reason, the goal of this study was the developmenî of a generaked j o b  motion 

analysis system The generaüzed system was to allow the e-on of joint motion of 

the whole body. Because the system is to be used in cünical studies, the mmiber of 

markers needed to k reduced as nmch as possible, 

In m e r  to these goals, a generalized motion analysis system has been developed 

The software for this analysis system is wrinen in Borland C* for Wmdows and runs in a 

Wmdows envirooment. This aaalysis system aiiows the study of 8 joints m the body, or 

efféctively one side of the body. It is capable of the examination of three rotations m each 

joint, aPmg a spherid joînt modei, although fewer rotations may be selected if desirable. 

Because the software is d e n  m a standard Wmdows format, iî is user fnendiy and easiiy 

leamed 

In addition to the generabû UM2AS system, a program for genecatmg three 

dimensional marker coordinates was also developed in B o r W  C* for Wmdows. This 

marker generation program sïmubes muka positions expected by the UM2AS systexn. It 

was developed for use m testing the generaüzed UM2AS system. Marker positions were 

produced by the marker gemmübn program and nm through the genaalized UM2A!3 

system The generaiized UM2AS system was able to reprodua the Euler agies, used to 

MiUer, J.D. 60 



produce the marker positions, to within a relative -or of -2.4% to 1.1%. The m a r k  

generatîon program U also based in a Jtandard Wmdows format and is easily and 

intuitlvely used. 

With the id& d e r  positions pmdwd by the Gen-Mark program, the 

genedkd UM2AS software seems to produce vay vaod resuits. Based on these tests, it 

is d e  to assume that for vaod ittput, the output h m  this system is vaad However 

normal clhicai input is mt undiy Lirslaal in ttiiP ~lranner. It wouki be usefiil to nm an 

eqerhem on a mbject and try r e m  chical aiput on the generalized UM~AS system 

Iodeed, tbis would be a v a y  desirable entieiivou~ prior to its use m a aàiical study. 

in &on to testhg the generalized UM2AS system m a c1niicaî d g ,  there are 

several 0th- reconrmeadations for improvement to this system, The tirst of these would 

be concemed wïth the usefihess of the software. The software currentiy produces tmie 

(or fhmes) versus angle plots, It wuid be usefid for clinicians if these plots could be sent 

to the primer as wen as the screa~ Secondly, stick-figure representations of the uppa 

iimb motion was hcluded m the very nrst version of the UM2AS software. These stick- 

fi- wae plotted in each of the three body based planes, îtontd, sagittal, and 

horizontaL Such m t e d  âiagrams codd be a useful tool m a cliaicai setting and it 

would be usefbi to add this f-e to the geaedzed software. 

In addition to the mentioncd improvements of this software, is the consideration of 

the state of ciawtly available technology. The software is written for a Windows 

environment on a PC. If the UM2AS system i9 to stay m a PC W emriromnent, the 

software needs to be convated to a Windows 95 type environment. This task may be 

MiUer. I.D. 



relatively straightfbmd if iuwa veLsions of Botland C* are downwardly compatib1e. 

On the other hanci, if tâe UM2AS system moves to an Appk aviro- to take 

advamage of the inîegrated image digithion capabilities of an Apple system, most of the 

user-interfàcing sections of this software wili have to be re-&en. 

in conclusion, the software developed for tbis pject gives very good r d s  for 

the iéeaiized data on which it was tested The goal of tbe projeci, tbe development of a 

generaked joint motion ana i . .  system, hm been fidfilied. The software is user fiendly 

and eady leaf~led as it bas a standard Wmdows, muse/menu drivai user &&ce. The 

testhg sofbare, --Mark pmduceS marka positions for testnig this geaeralized 

UM2AS software, but could be IllOdified to test otéa marker configurati011~ as weiL Both 

the generaüzed UM'AS system anâ the Gen-Mark program have the pot& to becorne 

usefiil dinical toois. 
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Appendix A 

Alternative Rotation Matrices For Less Than 
Three Rotations 

Miller. JD.  



There are six possible aitanative rotation matrices used when iess than 3 rotations 

are selected m a joint The c m  matmis cbosea by the generaozed UM2AS pmgram 

based on the rotations selected m each joint. 

Equation k 1 is used if d y  the x-rotation is seleaed 

Eguation A2 is used ifoniy the yrotation is seiected. 

Equation A3 is used if only the z-rotation is seleded 

cos+ sin@ 0- 

cos) O 
O O 1 

Equation A 4  is used if the x and zsotath are sekhd  

[c;# a# 01-[i 0 0 1 - [ i  O O 

[RI= -sin# cos4 O O cos0 sin0 O 1 O 
1 O -sine  COS^ O O I 

cos# sin+ 

-sin#.cost? cos0-cos# sini9 
sin) - sin8 -sine- cos# cos0 O I 

,Miller. J.D. 



w o n  A5 is used ifthe y and x rotations iae selected. 

cos y - cos# sin# - cos -sin y 

cos4 

-sinyl-cos# -tiny-sine cos* O 1 



Appendix B 

Flowcharts for Generalized UM~AS SofnYare 



CALCANGL FUNCîYONS: 

The folbwing iùnctions are contained in the CALCANGL fiie of the 

software. This nle contains the fùnctions used to calculate the Euler angles. 

Yes 
r 1 



I ûpen temp. file M e , W  I 

Yes 



ûpen temp. nk "Outfile,daf' 

1 Fumtim Cdl: CdculateEulerAnglcr 1 



Riot 'ZimiSac Angles" tannfuF. 1 

and titles are printed if they are sdected. 

Wnst selected? 

Miller. J.D. 



Yes 
f I 

Knee selected? 

Miller. J.D. 

contüud on next page 

73 



conîinued nOm previous page 



x, y, & z fotabon selected 
caserj-=S 

y & z rotaîiom selected 
case: jntChoice[il= 6 

x & 2 rotations selected 
case: jdhoictfj] = 5 

z rotation selected 
case: jntChoiceu] = 4 

x & y rotations selected 
case: jntChoica] = 3 

y rotation selected 
case: j r i t c h ~ i c ~ ]  = 1 

x rotation selected 

1 select = FALSE 1 

x, y, z rotations + 
are rot selected j 





> 

C cbst=order-l 
Pelvis = order 

\ 

Pelvis = order - 1 

.Miller, JD. 



continueci from previous page 

I I I  Chest= d e r  -1 1 

Miller, J D .  

Contmued on next page 



increment d e r  
ForeAmr = order -1 

Miller. JD. 



A B 
coniinued on pext page 

diwalue = I[2][1] 1 

diwalue = I[3 J [ 11 1 
diwalue = O? O 

~Wler.  JD.  



Mi!er. JD.  



i Same code repeatedfor 
i jomts:Hip,I;raesAnlde, 

Shouick, Elbow, and Wrist 



Yes 



coabaued from previous page 

Yes 

i 

Yes =pbi2 ' 
theta=tbeW 

Miller. JD.  



Yes 

Yes 
f + 

d t  = sinangle result = cosangle 
* 

1 
2 * 

Miller. JB .  



No 

! aext page 

Miller. J.D. 



'phil = -2][2]) 
phi2 = asin(-R[l JM) 

\finicti011 d l :  ChoosePuaQant 

Miller, J B ,  



UMZASG FUNCîTONS 

The foiiowing flowchiiasare ~çn ia inn . f i ,dm the& tM2ASG This file 

comains the main menu ami manages the Wmdows control of the the softwan. 

\ 
/Case MM-OPEN open file 

for analysis 
Case W-DûT: exit UM2ASG 
Case h&f..SAVERILER: open 

nle for saving Euler angles 
CaseMM-CHüZJOIWS: call 

Diaiog Box #g 
A s ~ o i n t ~  

Case MECHUZNOFRAh4ES: 
calt Dialog Box processing 
ASW h t i M  

Case MM-C-GLES: 
check if correct infofmafion 
input If not, allow user to input 
and- message. Cail bction 
Calculate Angles &en al1 inform- 
h a  been selected 

Case h&$-Plot: cal1 Dialog Box process- 
hg AskmotJoUits. Plot to screen 

\ coaect joint anges. 

Miller. JD.  



joint = 39 7 
1 - 

: jomt=5?Ankle 
i joint = 6? Shouider 

title = ' Wnst vs. Frame~'' 3 
iWer. JD.  



Client Area 

Print Message in Rectangle. * 



The foflowing hctious are coDtained m the USERINPT file. This me CO& 

the fimctions Psed to conirol and manage the resources, such as Dialog Boxes, used by the 
g€n- uM2As system 

Make diahg resotace 
DialogFrames 

Miiler, JD. 



Get user input nom the 
Dialog BoxDialogFrames 

FrameNo = Input fnw 
Dialog Box 1 

retum FrameNo L-J 

Miller, J B .  



Check for dected joints. L-J 

joint count = # of selected 

Miller. J.D. 



Hip sel@? @ 

1 
* 

Jointvalue = 
* 

1 Jointvalue = lointvalutM0 1 



Fiowchart for C7Pmc- LumSacProc. HipProc= KneeProc. AnkleProc. ShouiderProc, 
ElbowProc. WristProc Functi011~: 



START 

Knee selected? b 

Knee selected? a 

Elbow selected? d 

Wast selected? 7 

iMiiler, JD .  



Appendix C 

Flowcharts for Gen - Mark Software 



Gen MarkFUNCIIOONS= 

The foiiowing îùnctions are comamal ai the Gen-Mark nk. This program is useâ 

to gerierate theoreticai marker positions. 

[ START 1 

mtated Ixq = * [.y w 



No Yes 

% 

lobt[l].select = TRUE 
* i 

I 

No 
I Yes 

* 

Joint[2].select = TRUE 
J 

1 



No Yes 

+ 

increment orda; Head = order, 
* 

I 
I 

Miller, J B .  



No 
L 

Yes 

* 

pnnt cmrd for Head and Thorax 
+ 

1 

Yes 

print coord. for Thorax and Pelvis 
i 4 r 



1 START ] 

open Windows filmetne stmm 1 



rame <= NoFram 9 7 

c 
conîinued on next page 

Miller. J.D. 



continued nOm previous page 

7 

6acaon cd: MriitiplyByRdaban 
I 

1 angles = L d a c  angies 1 



LumSac select & 
I fitnction cait: I 

angies = L d a c  angles 

1 
A + 
hction cail: MultipLyByRotation 
\ I 



Hip selected? a 
[ augles = Hip angles 1 





.tfitler. JD. 

Appendix D 

Relative E m r  Plots 



The followhg plots are a compilation of the %euor plots redthg fiom the testmg 

proceedure described m caapter Four. 

C7-Tl ANGLES REtATlVE ERROR f 
I 
1 1 

~Miller. JD. 



LUMBAR-SACRAL ANGLES RELATIVE 
ERROR 

HIP ANGLES RELATIVE ERROR 

Miller, JD.  



KNEE ANGLES RELATIVE ERROR 

ANKLE ANGLES RELATIVE ERROR 

,Miller. JD. 



SHOULDER ANGLES RELATIVE ERROR 

ELBOW ANGLES RELATIVE ERROR 



WRIST ANGLES RELATIVE ERROR 




