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This thesis imrohns the design, construction, and t e d g  of a six degree offieedom 

goniorneter fbr the rabbit knee- This device will d m  rcsearchers to gathcr fn W 

kinematic data regardhg the position ofthe bones in the hee. The projea Licluded the 

caliiration of the goniorneter, and the dedopment of a system oftransformaiion 

eqyations for connrtiiig the output data into a usefid form. 

To evaluate the goniorneter's potaitial for biomechanid testing, a p d h b a r y  

investigation was conducted into the force on the media1 coUa td  ligament @CL), 

vasus tiiiai rotatiotl- The fwce was m d  using a load ce1 dmloped at the 

University ofcalgary. The testing was able to generate consistent load vaais tibia1 

rotation data for the individuai rabbits This data indicates that the loading on the MCL 

varies with joint angle in tams of the lai<ity of the ligament, and the siope of the force 

versus rotation curve. 
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The knee is a very complex joint whose movement and stabiiity is deteminecl by 

a large number of ligaments, tendons and th& attacheci muscles. A complete 

understanding of joint k i n d c s  is important: in the diagnosis of joint disorders 

resultbg nom injuiy or disease, in the quantitative assesment of treatment, in the design 

of better prosthetic devices, and in the g e n d  study of locomotion 

During normal motion, the bones in the knee move relative to each other in a 

complex three dimensional pattern. Many researchers studying the knee have used joint 

rnodels which simplify this motion. These models mclude the simple hinge joint (one 

degree offteedom), and the planar joim (thne degnes of fiadom). However, to 

understand the knee joint completely it must not be SimptifEed, but instead, stuclied in 

terms of ail six degrees offmdom The six degrees of finedom are dehed as the 

rotation and traiislatioaofa moving body about the three axes of a Cartesian coorcünate 

system. A six degree of fieedom goniorneter is a kinematic linkage which attaches to the 

femur aed tibia, and records the thrw dimensional relative motion of the bones. 

1.2 The Mecbanics of the Ka- 

A fùnctional view of the joint structure is giwn by Goodfeilow and O'Connor 

(1978). T h e  animal ümb caa be thought of as a chah of tigid bars joined togethet by 

soft tissues, which include the muscles and th& tendons no les than the ligament S." 

The finction of all elements in the slceleton is to transmit load. The primary means by 

which load is transferred aaoss a joint is a combination of tende and compressive forces 

within the joim The tende forces are generated within the soft tissues; which, due to 



their cable-iike stria- am thought to be ody capable ofarrying l& in the lim of 

theVBers- The compressive forces ne aurieci ôy thcarticuiar jomt sudàces. They are 

always papeadicuk to the articuiar surkes  as synovial joints are v a y  smooth and well 

lubricated so as to OB& a rnbîmd &stance to süding- Fi- 1.1 shows an arample of 

how this combination of tende and compressive forces withm the joint work to prwent 

sliding. Rotations about the joint are resisted in a s b ï k  fàshion 

Within the knee, a large number ofhard and soft tissues work t o g e  to provide 

mobility and stabiiity- Mobüity is confémd by the low-ni*on bearing surfkes of the 

joint. Stabiiày is a measure of the degree to which the relative movement at the bearing 

surfaas is limiteci or resisted. The product of d the tissues withm the knee is a 

nuidonal yet complex joint. 

The wmplexïty of the kneess motion aui be dawnstrated using the two 

dimensional mode1 of flexion show in Figures 1.2a-c. As shown in the figures flexion of 

the knee invohns both a siidiag, and a rohg motion, of the fernorai condyles upon the 

biid plateau. niese motions translMe the point of contact backward during flexion and 

forward during extension. The model shown in the figure dows tbree degrees of 

fireedom. Ifa six degree of fieedom model is used more translations and rotations 

b ~ e e n  the bones an evident. This shows the complexity of the knee joint, and the 

need to study the joint in t a m s  of ali six degrees of fieedom 

Due to the complexity of the motion, and the large number of force-carryiag 

members, the bne is highly indeterminate. Quanti&ing the motions of the membm, and 

the loads that they carry, is highly complex 

1.3 Motion in ThreeDimensiond Space 

The most common method used to descn'be the relative motion between two 

bodies in three dimensional Wace is to attach a set of coordinate axes to each body as 

shown in Figure 1.3. ûne body is considered fixeci in space relative to the other body 



~igure 1.1 : A general example of how a combination of tensile and 
compressive forces prevent sliding in the knee (from Goodfellow and 
O'Connor, 1978). 



Fig. 1.2a Fig. 19b Fig. 1 . 2 ~  

Figure 1.2a, b, and c: A two dimensional example of the cornplex nature 
of the motion in the knee joint Note that the discrepant distances 
between the ticks on the femur and tibia indicate that flexion of the knee 
involves both rolling and sliding contact (frorn Goodfellow and O'Connor, 
1 978). 



[MOVING BODY [ 

Translation about 2( 

Rotation and 
Translation about Xt 

Xmz 

FIGURE 1.3: Each new location of the moving body is stated as the translation and 
rotation of the moving body's coordinate systern (subscnpt m), relative to the fixed 
body's coordinate system (subscript 9. Note: the order of the rotations is 
important 



which is movïng. The location of the movhg body, relative to the h e d  body, at any 

moment in tirne, is determineci by the rotation d asapletion of the coordinate system of 

the mowig body, reiaîive to that of the nXed body. This thwry can be applied to 

meastaring the motion of the tiai relative to the fmur by aîtaching a set of coordinate 

axes to each bone. 

The medical commniaity aiso bris an estabiished system for describing the motion 

of the knce joint This is a system of tamiaology used to descni  the various motions 

such as varus-valgus and medial-latd For the data h m  any six de- ofnredorn 

goniorneter to be of maximum value, it must be presented in a hhion that is both 

mathematidy precîse, such as the coordhte system used by agineers, aad compatible 

with the established taminology of the medical community. The ISB Standardization 

and Terniùlology Comtnittee's Recornmendations for the reportmg of kinernatic data 

suggest the joint caordinate systern shown in Figure 1.4. 'ibis systern is based on the 

work of Grood and S-y (1983). In the figure, the subscript p denotes the proximal 

coordinate system and the subscript d denotes the distal coordinate system For both 

coordinate systems the x-axis is anterior, the y-axïs is proximai, and the z-axis is defined 

by the right haad d e -  The reletive lodon of the coordinate systems is descnÎed by the 

translation and rotation about the Z, F, and Yd aW. The three rotations a, j3, and y, and 

th& positive ditections, are shown in the figure- The translations are positive in the 

same direaion as the axis dong which they are measured- Using these axes it is possible 

to state the absolute motion of one bone relative to the other in a form that is both 

mathematidy pr&se and easüy understood by biomechanicians and physicians. Table 

1.1 shows the correlation between the thrœ rotations and three translations, used to 

d-be joint motion with the «>ordînate system shown in Figure 1.4, and the clinical 

terxns for desaibing jouit motion. 



FIGURE 1.4: ISB coordinate system for reporüng kinematic data. 



Table 1.1: Cornparison of ISB Coordinrte Systern to the Clinicai Desaiptions of KMC 
Joint Motion 

1 Joint Coordmue System 1 Clinid Description 1 

The choice of which coordinate system to use den  reporthg kinernatic data wiI( 

affect the resuhs. This can cause the cornparison of data sets to be very difficult. The 

- - - - - - -- - - - - - 

Y 
Tradation dong F 
Translation dong 3 
Translation dong Yd 

goal of the ISB Standardization Committee is to eliminate the problem of comparing 

- - - - - - - - 

i'bial rotdon 
anterior-posterior 

medial-lateral 
p m W - d i d  - 

data sets by creating a standarâ coordiaate system for reporthg ali kinematic data 

In order to utilyz the ISBYs coordinate system, the tibia1 and femoral coordinate 

systems must be precîseIy located on the bones. However, the cornplex shape of the 

bones suggests no obvious location at which to attach the coordiaate systems. Therefore 

they are located in relation to three boney landmarks on each bone. These landmarks are 

chosen such that their dative location can be determined using traditional suveying 

techniques, such as a theodolite, or a coordinate measuring machine- The location of the 

ongin for each of these coordinate wems wiü drasticaiiy a f f i  the d t s .  The ISB 

makes no s p d c  recommendations as to which boney landmarks shouid be usad to 

locate the coordinate systems, but does suggest using the work of Grood and S m y  

(1983) as a modeL Grood and Suntayys system ofbony landmarks for locating the 

coordinete systems was devdoped for the humen loia. For the purpose of this research 

it will be adapted for the rabbit lola. 



1.4 How a Su Degce of F d o m  Goniorneter Meumr Joint Motion 

îhe goniorneter, or bernatic iinkage, is attachai âiredy to both the tiWi and 

femur. As the bones move relatm to each other, the output âom the motion sensors 

within the goniomaa is recordecl by a amputer. This output, howmr, does not rdect 

the exact location of the bones for two nesons. 1) Due to the diflJcuIty of aligning the 

gonioxneter with the coordinate axis on each bone during mounting the nnil data have to 

be comcted for any misalignmeat, 2) îhe goniorneta's location, remote fkom the joint, 

causes certain rotations and translations that it records to be exaggerated or dllninished. 

This is because the motion ofthe joint w n d y  changes the orientation ofthe motion 

sensors relative to the joint coordinate system. To convert the output data into the fonn 

suggested by the ISB coordinate system, the displacements measured by the goniometer 

must be processed using a series of traasormation qations as shown in Figure 1 -5. 

The f h t  aansformation is from the tiiid coordinate system to the tiiiai 

attachent point of the goniometa. From thae a traasformation is paformed through 

each link ofthe goniometa. Fdy, the lasr transformation is made fkom the femoral 

attachent point to the f m o d  coordinate system- The transformation equations are in 

the fonn of rotation and transIation matrices which d&e the location of one link 

relative to the previous iink in the goniorneter- By rnuhiplying these transformation 

equatiom together, a @bai transformation qation is generated which rdects the 

location of any point in the tibiai coordinate system relative to the fimoral system- Using 

this system the location of the origias of the coordinate systems can be recordecl. In 

addition, the relative location of any points or surfàces on the two bones can dso be 

recorded. This dows thc goniometer to determine the relative location of say the 

fernorai condyles and the tibid plateaus, or ligament insertion points. 



FIGURE 1.5: A system of transformations are used to relate the data recorded by 
the goniometer back to the joint The fint transformation is from the tibia1 
coordinate system to the goniometer attachrnent point. Six more tnnformations 
are then made, one for each link of the goniometer. The last transformation is 
made from the femoral attachment point to the femoral coordinate system. 



1.5 Relevant Rcsareb in Boat Motion Anaiysis 

The b t  researchers to cnste a Lmmatic li.ukage, capable of measuring joint 

motion in tams of ail six degrees of M m ,  were giiud et PI. (1972). Und this study, 

joint motion analysis had aiways simplified the knce joint to reduce the mimber of 

degrees of fhedom- One example oftbis is mdcling the knee as a molute joint. Wrth 

this simpiïfication there is only one degme of hedom, and motions are recordeci in terms 

of fiexion angîe. This type of modeling is only uscfiil for very basic investigations. Such 

a massive simpüfication eliminates the possiibi of gainhg any preci& howledge of the 

mechanics of the joint. 

Kinzel et al's -ch is publisbed in two parts. Part 1 presents the andyticai 

basis for a six degree offieedorn kinematic ünkage, and Part II descri'bes the design and 

construction of kinematic iinkage- Part II ais0 decails an investigation using the 

kinematic linLage to determine the relative motion between the articular surfaces of the 

humerus and scapula in a dog. The theory behind &&.spatial linkage is to connect 

seven Iuilcs together uskg six revolute joints. From Grublds equation for mobility 

(Ektenburg and Denavit, 1964), a total of men WrJ and six mechanical joints giws a 

totai of six degrees of fteedom. The iinkagey shown in Figure 1.6, is primady 

constnrcted out of aluminum and the six -able angles are measUrrd by precision 

potentiometers. Kirschner-Ehmer splints are used to attach the device' shown in Figure 

1.6, to the scapula and humeniS. 

To detenMe the motion of the bones the output data fkom the linkage had to be 

trdoxmed into a uoenil fonn The output data &om each potentiometer were used to 

perfonn a series ofmatrix transformations fiom the coordinate systern on the distal 

segment, through the iinkagey to the coordinate system on the proxîrnal segment. Kinzel 

et al's system of traasfo~on equations rrported the displacement of one segment, 

relative to the otha, in the fom of a rotation and a translation almg a screw axis. This 

is shown in Figure 1.7. The saew axis is a single axis, dong which the movhg body can 



Figure 1.6: The kinematic linkage developed by Kinzel et al ., for use on 
dogs, measures both rotations and translations using only rotary 
potentiometers (from Kinzel et al. 1 972). 



Figure 1.7: The system of transformation equations developed by Kinrel 
et al. state the motion of the moving body in ternis of a rotation and a 
translation about a suew axis, which is defined relative to the fixed body. 
This system is rnathematically precise, M does not translate well into a 
simple description of knee motion (from Kinzel et al. 1972). 



be t m s k e d ,  and thai rotateci, dathe to the nmd M y ,  wbich wili rrprrsmt the totai 

relative motion betwecn the bodies. The xxew axis mctbod of reporthg kinematic data 

is mathematicaliy precise, but is not eady traudated inso the clinicai systan ofdescniiig 

joint motion Kiiuel et <il. report that th& hkage worhd wedl but made no mention of 

how it was &%rate4 and provided no eshaion ofacamcy. 

A six degree o f ~ o m  kinematic hkage, designcd for human cndaver biees, 

has been used by Hoiiis et al. (1991). The device was used to study u n c o d e c i  

motion ofthe lmee when subjected to extemally applied vanis-vaigus and anterior- 

posterior loads. This linkage7 shown h Figure 1.8, Mers fiom the design of Kinzel et 

al- in that it uses both linear and rotary transducers. The rotations are measmeci by tbm 

rotary variable differential traasformers, and the trad&ons are measrueci by three linear 

variable differentiai transformers. As shown in Figure 1.8, this device is clamped directly 

OMO the t i i i  aad femur. To cali%rate the linkage, 36 points were accmtely marked on 

a 50 mm x 50 mm alUIIUHum plate. The linkage was then used to measure the location of 

the points. The r d t s  fiom the bhge were then compareci to the actud location of the 

points and the enor was found to be 0.3 + 0.2 mm. 

The coordinate transfi,rmafioao dimssed in conjunction with Hollis et al.3 

laoematic linkage mention a series of six transformations, one for each required to 

transfomi a point in the riid wordinate system into the femoral courdinate system 

However, no mention is made about transform8ifions from the bone wordinate system to 

the first link of the kinematic linkage. Perhaps, because thq, were d e h g  with a cadaver 

knee, cleaned of dl surrounding tissue arapt the joint capsule, they were able to mount 

the iinkage in a precise W o n -  This could d u c e  the &kt of the bone to linkege 

transfodon ta the point where it could possiily be ignorecl. 

A recent study where joint motion was me8SUed in vivo by a kinematic ünkage 

was perfoimed by Korvik et al. (1994). The objective of the study was to compare the 

threedimensional hematics of the intact and d a 1  cniciate ligament-deficiait d e  of 

dogs. The ünkage used for the study was based on the design of Kinzel et al. It was 



Figure 1.8: The kinernatic Iinkage designed by Hollis et al. for use on 
human cadaver knees. This linkage used both Iinear and rotary variable 
differential transfomers (from Hollis et al. 1 991 ). 



attacbed diredy to the bones using the specArlly designeci bone piate and motmting block 

system shown in Figure 1.9. The bone plates were mountd ont0 the bones, and then the 

dogs were @en seven weeks to reçover prior to test& The linbge couid thea be 

attacbed to the bone plates by making four stab incisions. This system pmed to be an 

& i e  method ofaccurateiy attaching the Iinlsge in a &le fàshïon 

The average aror and standard d a t i o n  for the experirnents was 2.0 f 1.5 

degrees and 2.2 k 1.8 mm- The method fbr caiiirating the w e  is not mdoned. 

The system ofaansfodons wed in the testing W the same as that discussed in Section 

1.4 and shown in Figure 1.5. 

Evans et al (1994) have created a six degree of freedom kinematic iïnkage to 

measure the motion between the heahg segments of a broken bone. Th& device is 

coasaucted of m e n  links constrahed with either precision miniature baii b h g s  or 

miniature linear bearings- Hsll e f F i  devices are used to measure all six displacements; 

three linear and three rotary- The accuracy of the device, when mounted 50 mm fkom 

the fîacture, is f 0.04Srnm anci k 0.025 d e m .  The systern of transformations 

equations used in conjunction with this device is different than tbat discussed for the 

other devices descri'bed in tbis section Mead of traasforming a point f?om one bone 

coordinate system to the next using a &es of matrices, the change in position is read 

directty âom the output of the Hd efE& devices, and then corrected with a simple set 

of equations. These equations w u n t  for the remote location of the device (up to 

5ûmm âom the fhcture), and for the c b g e  in alignment of  the Haii &éct devices 

causeû by the movernent of the hctme.  The very omall motions measured a m  the 

aachue make this system of transfi,mations practical. 

These tests aü show the pot& d u e  ofsix degree offreedorn goniometers in 

the coUection of three dimensional k i n d c  data in both human and anirnal models. Ia 

aii cases the researchers were able to create an accurate and reliable device which 

genefated uJefiii data The designs of the iinkoges fàil into two basic categories: 1) 

seven Illiks connected by six rotary joints and 2) seven iinks cornecteci by three rotary 



Figure 1.9a: The bone plates used by Korvick et al. were attacfied to the 
leg 7 weeks before testing and left in place for the 8 week duration of the 
testing, thus demonstmting good durability. The p s t  was attached to the 
plate only for kinematic Iinkage attachment (hom Korvick et al. 1994). 

Figure 1.9b: Korvik et al .'s linkage was attached to the leg by fint 
attaching a frame actoss the two plates mounted on each bone. The 
linkage was then wnnected to the frames using two sliding blocks (from 
Korvi k et al. 1 994). 



and three hear joints With ali the dcvias, a systcm of traasCo~on equations is 

reqWrrd to traaslate the output h m  the displacement tramducers into a more 

comprehensiile form such as the coordinate system rrcommended by the ISB. 

1.6 Justification of the use of a Goniorneter to Measure Joint Motion 

The goal of tbis project is to crecite a deviœ which is capabIe of generatuig 

comuiuous kinematic data relating the location of the tiia to the fam. The 

requûement immediately eliminates many joint position monitoring systems such as X- 

rays, which would require the generation and d y s i s  of hundreds of images ia order to 

monitor motion. The only tbree systems located during the research for this project, 

whkh are capabIe ofgenerating continuous kinematic data, are the six degree of fieedom 

goniometer, the video dimension analyzer P A ) ,  and magnetic systems such as the 

Flock of Birds. 

A VDA system determines bone position by digitising a set of peqendidar 

video images of refîective markers attacheci to the femur and tiiia Motion ofthe bones 

is then determineci by relathg the location of the reflective marks to the bone coordmate 

systems ushg a system of transformation equations s i m k  to that of the goniometer. 

Then are two advantages of the goniometa over the VDA system. The first is that the 

output of the individual potentiometers of a goniometa can be monitored during testing 

to give an approximation of the joint motion, Figure 1.9 shows how a carefbl 

arrangement of the potentiometers can provide approximate measures of the standard 

chical descriptions of joint motion This aüows a researcher to monitor, for srample, 

flexion and tibial rotation ciuring the course of an experiment. The second advantage of 

a goniometer, over the VDA systeni, is the relative simplicity. With a VDA system 

special caneras must be properly aligned dative to the leg in orda to record the motion 

of the deztive balls aîtached to the femur and tibia accurately. This means that all test 

equipment must be dcsigned so as not to block the camera's views of the reflective bah, 



and precludes any testing **ch would imroive the rabbit having kedom of motion. In 

cornparison, a goniometer can easüy be attachd to a cornputer using a long able. 

The magnetic system, or Flock of Birds, imrohm a tmmitter which establishes 

a magnetic fieid ni which the receivcn CM sense th& position to an acairacy of 0.8 mm 

and 0.15 degres. Hence by attaching the ttanSmitter to one leg and a r e e r  to each of 

the bones on the other the leg the nlrtnn position of the bones can be detennined. This 

system bas scverai problems for this application The fint problem is that the transmitter 

and receiver are strappeû ont0 the kg of the animal. This aeates the problem of skin 

and muscle motion compromising the acairacy ofthe resuits, comparexi to a system 

which uses bone pins. To attach the transinitter and teceiver to the bones direaly wiU 

requin! non-magnetic bone pins in order to not alter the magnetic field emiffed by the 

transmitter. The second problan with the magnetic system is the plan to use the bone 

position measuring system inconjMction with a medial colîateral ligament load di 

deweloped at the University of Calgary- To use tbis load ceii with the magnetic qstem 

would requin that it be re-manuiàctured out of non-magnetic materials, and that the 

straiii gauge leads were some how magnetidy shielded. The final problem with the 

magnetic system is that it is quite large compared to a rabbit leg, which could aeate 

problans for some types of t d g .  

1.7 Sigifiwna of a S u  Degree of F d o m  Gomiorneter for the Rabbit's Knee 

Rabbis are hcpently used as a mode1 for rcsearch as they are relatiny 

inexpensive, rtsdüy adable, and mature quickly. niese attniutes allow researcbers to 

reduces the leagth and cost of experiments. In particular the rabbit knee has received a 

great deal of attention as t is similar to that ofa human, However there is currently no 

device which is capable of precisely recordmg the in vivo relative motion of the tibia and 

femur in a rabbit's knce. 



Based on the success of the -ch &ed in Section 1.5, creatuig a 

goniometer for the rabbit knee is a nilùtic goal which win increase our lmowledge of 

biee mechaMcs. Howmr, ody four examples of six degree of &edom goniometers, 

similar to the type Wed, were located during research for this project. Given the 

tremendous potCIlfia vaiuc of goniometen, and W e d  numbers which est, the task of 

design cannot be an easy one. A goaiorneter suitabte Iw the rabbit knee wiil m e  a 

design *ch is both d e r ,  and iighta, than any of the t~~mptes  discussed above. 

ûnce the goniometer has been created (Chapters Two and Tbree) it will then require a 

system of transtomiation equations (Chapter Four), caIiiration (Chapter Five), and 

testing on rabbits to evaluate its pdormsulce (Chapter Six). However, the potential 

vaiue of having the abiity to evaiuate the kinematics of the rabbit knee in vivo justify the 

effort nquired to design the six degree offredom goniometer. 



2.1 Introduction 

The development of the six d e p e  of frredom goniometa oearmd in two 

distinct steps. The ht step was the design and m a m k t w e  of a prelimbary model; 

which was then followed by the development of the nnal goniorneter design. The 

onginal design was developed without the bene& of a systexnatic design process, and 

showed a lack of design experience- This design, howmr, provideà an exceilent 

leamhg opportunity for the development of the finai design, The two most beneficial 

Iessons learned ftom the original design wete: 1) the importance of planning thoroughly - 

how all the components wilI fûnction together and 2) the nad  to p h  the entire 

mmfàdmhg process adbiiy in terms of how the components will be made, and then 

assembleci. The cornplex three dimensional nature of tliis project greatiy complicated 

both visualizing the design and coauIwnicating the design to the manufkcturer. 

The fmai goniorneter design was developed by following a systematic design 

process. This cornbinecl with the lessons leamed h m  the original design produced a 

much simpler and more bctioual design 

The first goniorneter design k pictured in Figure 2.1. This version of the 

goniometa was d d o p e d  by first designing a &me. This fhme was made up of seven 

links, connected by thne rotary and three linear joints, and was capable of moviag in 

terms of aU six degrees of fieexiorn. Potdometers were then attachecl to the fime to 

me- its motions. The greatest problern with this design was its complexity. The 

number of moving parts increased both the size, and the internai fiction, to an 



wiacaptabIe level. The foras r e q h i  to move the goniorneta through its full range of 

motion were Suflticianiy Ipr% that t h e  wm no chance of measubg the natud, 

unimpeded motion of the rabbÏÏ leg. The original design was, however, udmneiy 

valuable as a learning experi~ce. This design showed that the ordamg of the 

potentiometers, and th& method ofconnection, are the key elements of a succesSf.uI 

design 

The final design was deveIoped by foUow9ig a systematic process that, when 

combineci with the lmowiedge gaineci hm the original design, led to the succws of this 

project The design process foilowed is t h  devetoped by G. Pahl and W. B e b  in their 

book Engineering Design, A Systenrutic Apprmch. This process divides product 

development into four phases: 1) ciarifiation ofthe task, 2) conceptual design, 3) 

embohent  design, and 4) detail design By ernploying a methodicai design process, 

the designer can be more confident in: idamfyiag the best solution to the specified 

problem, idemaying a q i  prwenting complications as they arise, decision meking, 

predicting possiae ftture d9icuIties, detcding and mitigating possible legal concems, 

and most irnportpntlyy Jatisfymg the customds desires. There is no single design 

hmework proposed, instead a versatile approach is taken which can then be adapted to 

specific design challenges. 

2.4 Ciarification of the Task 

Clarification of the task is the nrsi phase of the design process. At this point the 

spacincaîions of the problem are detennjIld, and thm classified as either hd or 

wishes. Demands are d&cd as those requirements that must be satidied under di 

circumstances for the design solution to be considemi acceptable. W~shes an features 



. Figure 2.1 : The first goniorneter design. Note that this design was not 
cornpieteci due to the design probkms which becerne evident during 
construction. 



that wül augment the design and shouid be taken into consideration whenever possible. 

However th& inchuion in the design is not critical ta the accep&ii of the solution 

This distinction is made to fà&tate the seldon of the most fdble design aitemative- 

To aid in th deveIopmmt of a complete set of d6m spedcati011~ Pahi and 

Beitz suggest the list ofmain headEags shown in Figure 22. This compIete list of 

headings covas maDy différent design omiies.  For each new product design a certain 

set of these headings will prove to be the moa important when compiling the design 

specificati~m~ When creating a spedication üst fit a new design, each heading is 

abdivideci into demands and wishes. Ushg this Iist of headings a complete set of 

specifïcations was developeâ for the goniorneter, wbidi is show below in Table 2.1. 

Tabie 2.1 : Spe!ciiïcations for the Goniorneter Design 

Geomety 
Demcmds 

Capable of measuring motion in tams of all six-degtees of fieedom. The expected 
mapitude of the motion, about the ISB coordinate system, is shown in 
Figure 2.3. 
Compatiile with the joint size of a rabbit's hee, thedore les than SOmm in le@- 
O v d  sire as smaü as posniile. 

Wishes 
Have a minùnal physiologicai impact on the rabbit. 
Adaptable to other animais. 

Kinematics 
D e  

Operate smoothly to dow nanual motion of the hee joint. 

Forces 
lkmanck 

Minimize intemai fÎicîion and o v d  weight, in orda to reduce resistance to naturai 
joint motion 



Possibilitics of î&ng and mmmîng application of special rcgulations and 
samdards. 

Figure 2.2: Check list of main headings for drawing up specifications (from 
Pahl and Beitz, 1988). 



Flexion 

MediaCLateral 2mm 

VarusValgus 5-1 O* 

Anterior-Postefior 2mm Proximal-Distal 2mm 

Tibia1 Rotation 1 5-20' 

FIGURE 2.3: Estimated magnitude of rotations and translations about the ISB 
coordinate system within the rabbit ûnee. 



MIterhh 
Dema?& 

Rigid hme matcrial to nmUimzt mors due to ddcctious- 
Lightweigk 

msshes 
Conosionresistant, 
Capable of withstanding stdhti011. 
Lowcost. 
Easyto machine. 

Operation 
D e m d  

Results accurate to t 0Smm or f 2 degrees- 
Repeatable resuits, evai with removai and reattachrnent of device. 
Iiistantaneous recordable output- 

Wishes 
Simple operation. 

Maintenance 
Demands 

Durable enough to last the duration of an entire research project. Say 40 cycles of 
motion on 6 different animals for a total minimum durabiiity of 240 cycles of motion- 

Wshes 
Easy to maintain with simple readily adable parts- 

Othtn 
D d  

A rnounting system which allows the goniometer to be removed and mattacheci to 
the rabbit in a secure, apeatable faShion. 
A data acquistion system which d o m  the output of the goniorneter to be &y 
stod by a cornputer, and thm recalled for analysis. 

Deteminhg the specifications for the goniomcter is dïfiicuit due to the lack of 

similar devices and data which could k used to dehe the task For enample there is no 

set data statiDg that a goniorneta for the rabbit knee must weigh less than certain 

amount in order to fimction propedy. In addition one ofthe ofthe key aiteria for a 

succesSnil design is that the goaiorneter must aiiow the leg to move M y  throughout its 

natural range of motion. However gauging the success of the goniometer in this area is 



very clifficuit as there are vay few data wbich could be used to dehe naturai motion 

ThefefOre the entire pmccss of designing and testing the goniorneter will have to be a 

leaming atpaience. The h t  goniometer design is a good aample of thù as it proved 

to be too amibasorne to posPiMy aiîow the leg to move in a nrturol fàshion 

The danaads in Table 2.1 state that the goniometer must be abie to measure 

displacements and rotations to an rcair~cy off 0.5nim and f 2 degrts  respectively- 

These dmiinds are based on the expccted magnitude of the motion, displacements of up 

to 2mm and rotations of 10-15 dcgrees, that the goniometer will be used to m-ee 

Once the error in the output ofthe goniometer begins to arceed these &es the data 

stans to lose any scianinc significance. 

These specifications establish a solid âame work of a m i e s  wbich d&e a 

succesSnil goniorneta desiga The next step in the design process wiîi be to break the 

problem dom into a A e s  of smalla design problems, called Function Structures- 

Estabhshing these fbnctïon structures is the bais ofthe Conceptuai Design phase- 

2.5 Conceptuai Design 

The purpose of the conceptual design stage is to define the problem at its most 

basic level. The overail hctional requkement of the design problem is divided into its 

basic Function Stnictures. Each of these sbouid be one easüy understood part of the 

o v d  hction of the design probiem. The Function Stnictur~s can then be d y z e d  

indMduaUy as analier design problmis. The solution to each of these bction structure 

design problems can then be combiied into a finai solution However, a r e  must be 

taken when combuiing the function structures in order to avoid designs which are 

awkward due to an excessively modular nature. The designer shouid look for 

opportunities to combme fûnction structures in the finai design in order to achieve a 

elegant and global design Au the fiiactionai components of the design must be made to 

work in a smooth and complementsr~' fsishion. 



Pabl and B a s  recommended procedure f9r the conCCphial design phase is 

shown in Figure 2.4. This pnicedun mVolvcs taking the o d  W o n  of the design 

problem, breakbg it down h o  its basic M o n  structures, finding a soiution for each of 

the fhction structures, and thm c o m b ï ï  these individual solutions to fuEU the overall 

fùnctionai reqykments- 

2.5.1 Funaïon Stnictures 

For cornplex projects, the conceptupl design stage is crucial in order to d e t e d e  

each hction structure and, hence, break the prob1em down to a manageable size. The 

design of the goniornaer, however, is vay simpIe fhm a conceptuai point of Mew. 

Figure 2.5 shows the goniorneter design problem brokkn dom into its fùnctiod 

structures. The motion of the tibia, relative to the f m ,  travels through the goniometa 

which must: 1) aliow the motion to occur unuapeded, 2) measme the magnitude of the 

motion, and 3) record the motion It is expected that some sort of power will have to be 

supplieci to the goniometa in order to measure the displaceaients (energy in), and that 

this information WU be retumed in a ncordabie fom (signai out). 

25.2 Search for a Solution 

At tliis point in the design process the Clarification of the Task step has created a 

hmework of design specifications that d-e the design problem physicaily. In 

addition, the Function Structures have broken the problem d o m  into dismete parts that 

define the design problem fûncti~naiiy~ A search can now start to find design solutions 

for each of the function structures, which will k c o m b i i  into a final design. This 

design must satis@ both the function stnicture, and the design spdcations, to be 

considemi a successnil design. 

The fom of the final solution is controiied by the followiag requirements. If 

these are not met then the design is a Mure. 

The overail Iength mua be leu than 5Omm 



I to fuifi1 me s ~ b n i ~ o n s  1 
f 

1 Combine solulion ptînCipIés 1 

Figure 2.4: Steps of the conceptual design process. These steps were 
used as a guideline throughout the development of the goniorneter (from 
Pahl and Beitz, 1988). 
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FIGURE 2.5: The goniorneter design problem broken down into its 
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The goniometex must be capaôle ofmasuriag the ropWRd range of motion as shown 

in Figwe 2.3. 

The goniometer must be as light as possible. 

The i a t d  ection must be minimi&, 

Chapter One outlines the rdated work that haJ ocamed in the field of bone 

motion measurement. Tbis wo* shows that for the uxuncy nquind the most 

promishg solution is some type of rne&a&aI liniEage @ k e I  et d, 1972; Hollis et ut ,  

1991;Koniikeial., 1994;Evansetal., 1994). TheiiDicageMIIcorarinsevenlinks 

cornecteci togaher with eitber six rotary joints, or tbree rotary and three linear joints. 

As explaiaed in Cbpter One, this comb'lliation of links and joints d o m  six degrees of 

fieedom in accordance with Gruber's equation for mobüity (Ranenbwg and Denavit, 

1964). The hkage wiii have ta be diroctiy attacheci to the bow, by some system of bone 

pins or plates, to prevent error due to slon slippage. The experience of other researchers 

also suggests that some type of dectronic displacement measuring device, such as a 

potentiometer, is an effective means of m e h g  the motion of bones. The output âom 

this type of electronic rneaSUTemmt device is also easüy recordeci by a cornputer. 

2.5.2. I Function Sfrucfure: Measure Motion 

In Chapter ûne t h  Mirent e1ectmnic displacement measuring devices are 

mentioned that have b a n  succesJfiilly use with other kinemtic iïnkage desip. These 

are potentiometers, Han Scct devices, and rotaryllinear variable dineremid transducers 

(R'VDTLVDT). For this project, potentiometers have ôeen chosai because they are: 

sufl6ciedy acnirate to meet the spded demands, and are the most aordable option. 

Though RVDTLVDT's are the most acaucite option, they were rejected beuiuse they 

are the most expensive- %ce the goniometer design has proven its d u e  for researcb 

then the extra coa of the RVDTILVDT's could be justified. Hall e&cr devices were 

rejected because they were not recommended by the researchas who used these devices 

for their Iinkage, due to their limited linear mge (Evans et al., 1994). Other elecbomc 



m d g  devices such as strain gauges and encodas were ais0 investigated but q-ected 

for various reasons. Strain gauges due to the size and complexity of a unit capable of 

meanaing lûmm oflinear motion, and encodéfs due to cost and nonlinear stepwise 

nature of th& output 

2.5.2.2 F~ll~n~on Stnrctwe: A~ow Motion 

The two basic linkage desigas disaissed in Chapter One were: m e n  links 

connected by six rotaryjokts, or seven links comected by tbree rotary and thfee bear 

joints. For this project the design employhg tbree rotary and tbree linear joints has been 

selected. The primary rrason for this decision is, with the six rotary joint design there is 

no direct cortespondence between any of the potentiometer outputs and the coorduiate 

system recommend by the ISB for reporthg k i n d c  daia With the thme rotary and 

three linear joint design there is a rough correspondence (depending on how accurate@ 

the goaiorneter is attached to the bones) bmeen the potentiometer output aad ISB 

coordinate system. This is particuiariy tnie of the rotations. The translations howeva, 

wül be less acarrate due to the goniorneters location adjacent to the knee (for more 

uifofmafion see Section 3.2.2). This allows rtoearchen to monitor the output of the 

potentiornetas during testing, and t h d o r e  have en approamation of the joint motion, 

without having to use the transfbnnation equaîions ht. A f i d e r  advantage of ushg 

the three rotary and three hear design is that very small and light-weight linear 

potemiornaers are available. This wdi help to duce the size and weight of the 

goniorneter ova  the design using six r o m  joints. 

At tbis point m important ralization ocaimd. In the original design a fhrne 

capable of the rquired motion was designed fh t ,  and then the potentiome&xs were 

added to measaxe the motion of the fiame. The problem with this design was that the 

potentiomaer/fiame combination wrs so cornplex that large fictional forces were 

inevitable. However the goniometer design can be gnatly simplifïed ifthe 

potentiometers are used as part of the fiame. Many pncision potentiometers are 



avaüable which contain high q@ty bauings. By tJrisg advantage of this, the O@ 

rnovhg parts within the goaiornata are the six potentiomet~f~. Because the goniorneter 

will be a very light -ght, Iow fiction design, the intemai forces wiiï be SUfEicicntiy Iow 

to prevent any damage ta the dclicate bcariiig within the potdometers. Using this 

concept, ail that is quired to constnict the goniometet is a faw simple brackets to hold 

the potentiomdas together- In this way a "chain" of potentiometers is created. Any 

random motion which is imparted on t b  "ch&" wül pass through the various W, 

being rrcorded by the appropriate poteati~meters~ 

The concept ofusing the potentïometers as part of the m e  is a good example 

of how fûnction structures can sometunes be combineci to mate  a mon efhcient design. 

The nnal step in the embodimcat ofthe goniometer is to d y z e  the ordering of 

the potentiometers within the goniometa. It sams logid that an efficient o r d e ~ g  of 

the potentiometas wiil reduce the ovedi Sue ofthe goniorneta, aad the wmplexîty of 

the brackets required to hold the potentiometers together. F i y ,  the ordering ofthe 

rotary and hear potentiometers can affect the complexity ofthe transformation 

equations. Ifthe rotary and lin- potentiometas are randomly arranged within the 

goniometer, then the rotation of the rotary potmtiometas will change the alignment of 

the linear potentiometers However, if the three linear potentiometers are placed 

together at the end of the chah, th& aügnment will not change. In addition, ifa rotary 

potentiometer is rougbiy aiignad with the knee's axis of fiexion, then the e&ct of this 
L I .  

large rotation on the alignaient of the ouier potemiometers can be muumued. Note as 

stated in Chapter One, the b ' s  axis of flexion moves as the bKe bends, and hence 

precise alignment is imp~ssiile~ 

Figure 2.6 shows the goniometer design as it has been finalized to this point. 

Starting at the fermu, the 6rst potentiometer in the cbam is a rotational potentiorneter 

roughly alïgned with the biee's iws of flexion. Tbis is foiiowed by the other two rotary 

potentiometers, and fhaily, the tbne linear potentiometers. The potentiometers Win be 

cornecteci togaha by simple brackets and the oniy moving parts wili be the 



Rotary Potentiometec Roughly 1 
/ aligneci wiVi krtee's axir of flexion. 

A 

y Linear Potentiorneters: All mutually 
perpendicular. 

FIGURE 2.6: Goniorneter Design Ovewiew. The potentiornetem will be 
cannected togemer using a series of simple brackets. The final arrangement 
of the potentiornetem Mil be that which minimites the overall sire of the 
goniorneter. 



potentiometers themSejves. The optimum arrangement for the potemiometers, beyond 

what is shown in Figure 2.6, wiii k thit which mmmiias the overail size of the 

goniorneter and rCQUjrtS the h p l e a  corniedon b n c h u .  Tbis problan is deait with m 

the embodiment phase of the goaiorneter. 

2.5.2.3 F m - o n  Sfnrctwe: R e d M o t i m  

The w of an dectfonic measuthg device to record the goniorneter's motion 

greatIy fiditates data collection. The output fiom the potentiometers can &y be m 

through an aaaiogkiigital merter  ùuo a cornputer eqyipped with some fonn of data 

collection software. The data wiii then be s t o d  in a fiie, readiiy avaiiable for analysis. 

The nad step in the design proc*is is to move onto the final design stage. The 

chdenge wül be to use the frame work for the goniometet (shown in Figure 2.6) to . 

create a nnal product which mets  all of the fùnctional and design requkements laid out 

withm this Chapter. 



The conceptual design phase providcd both an understmding of the wmpleWy 

of the problem and a direction for fiding a design soiution It has also established the 

foudation on which the physicai embodiment of the design un begin 

The next phase in the design process is embodiment desiga Tbis step b d d s  on 

the hmework, created during the conceptual design phase, by combiaing design ideas 

until a working prototype is produced. Pahl and Beitz (1988) define embodiment design 

as "that part of the design process in which, starthg fkom the concept of a technid 

product, the design is developed, in accordance with techicai and economic criteria and 

in the light of fbrther information, to the point whae subsequent detail design can lead 

direztiy to productioa" The embodiment phase imroIves worming many different 

steps sùmiltaneousty in order to assure that the fished produa will bction as a unit. 

The comtrahts on one pmponmt wül often &kct the design of another component, 

thus flmiility and adaptabiiay within a broad design approach are important. During 

this phase, the designer must also determine the method ofproduction and provide 

solutions for any a u x i h y  design problans. 

During the anbocüment p h x  the design specifications are used as a guide. The 

demands form the âamework within wbich the produa will develop. The wishes are 

inchdecl whenever poosile, as long as they enhance the o v d  design. The first step is 

to i d e m  the specifications which wïii have the greatest impact on the design. These 

demands mate an o v d  understandhg ofthe layout ad a Jtarting point for the design. 

An effective layout wiii include checks for durablity, production, assembly, operation, 

and cost. The design space wiU dictate annbues such as the she, shape, and weight of 

the product, which WU determine the choice of mechanisms and materials. From the 



layout, the shape ofthe compomnts rid îhe method o f d i y  begin to devdop. 

Economics are of great importance and shouid k givm the same status as the functional 

requirements. 

Iii the design ofthe goniorneter the phygd iayout is very miportant- The critical 

spdcations for the goniometer are: a) the distana between the bone attachent 

points must be less than SOmm, and b) the weight and intemal W o n  must be kept to a 

mimmum. Uitimately these WU fonn the design space for the goniometer, 

control the sdection ofthe componarts, and determiLIe the methoci in which they are 

assembleci. 

During dodiment  design, Pahl and Beitz feel that clarity, simplicity, and safety 

are hdamentai. Clarity eliminates ambiguity in a design, and promotes reliable 

prediaion of performance, as weii as saving t h e  and money. Simplicity ensures 

econornic feasiifity by utilking a small nmber of simple paris tbat are &y assembleci. 

S a f i  r e q h  consideration of strength, reliabiiity, accident prevention, and protection 

of the environment. 

3.2 Embodiment of the Ganiomtter 

3 -2- 1 Material Considerations 

Durin8 the design process, the optimum goniometer design was de~ermined to be 

a chah of potentiometers cornectexi together by a series ofbrackets. To decide on the 

meterial for the brackets, the design specifications are c o d t e d  The danands state that 

the goniometer must be as light as possible, yet sufiiciently rigid to reduce error. The 

wishes are for a corrosion resistant goniorneta capable of king sterilized- 

The deiicate nature of potdometers make it dïfiicult to mate a corrosion 

resistmt goniometa. Thadore a compromise is required. The rnouming pins will be 

the only part of the goniometer in direct contact with the rabbit. They can be made of 



surgical s&eei, wbich is corrosion &stant Pad asüy stailized, d e  the rest of the 

goniorneter is protected h m  any corrosion damage by a plastic mer. 

Long t a m  sn>dies Win nquin that the goniorneter and piastic cova are sterilwd 

to pro= the rabbin fiom idkction. This can be dont by gas stedization without 

damghg the potemiometers. 

Wdh the gomomter protected fiom corrosion damage by the plastic cover, the 

material sdection for the brackets is limited only by the n a d  fôr a light-weight rigid 

material. Al- is chosen because it the materiai demands and is inexpensive 

and easy to worlc with. 

3 -2-2 Potdometer Selection 

The goniometer design calls for three rotary and three linear potentiometers to 

measure the rotations and translations. The design Openncaîions d for potentiomtten 

that are light-weight, have low interna1 friction, and a high level of accutrtcy- However 

high quality potentiometers methg these requirements are difEcult to locate. Features 

such as internai bearings are a necessity- A M e r  consiraint on potentiomet& selection 

is that the data acquisition system, LabTech Notebook, used in conjunction with the 

goniometer is limited to a maximum input of 10 volts. Ideally the rotary potentiometers 

wiü be haif(or quarter) turn umts to maxhize the voltage change caused by the smaller 

varus-vaigus, and tiiid axial rotations. 

In order to select the linear potentiometers for use with the goniometer the 

magnitude of the hear motions must be known Figun 2.3 (page 24) shows the 

expected magnitude of the linear motion, of the tibia and famu, about the ISB 

mordhate system, It is important to tealize that the motions recordesi by the 

potentiometen will vary in magnitude h m  the actuai motion of the bones within the 

kiee joint. This is due to the nmote location of the goniometer. Figure 3.1 shows how 

pure tibia! rotation causes both a rotation and a ttanslation at the goniomaer. This type 

of &ect is aise caused by flexion and varus-valgus rotations. The magnitude of these- 

translations is a hction of 



Tibial Plateau 

FIGURE 3.1 : During pure tibia1 rotation the goniorneter will move from point 1 to 2. 
The goniometet s remote Iocaüon causes it not only to rotate. but also ta translate 
by Ax and Az. 



distance fiom the joint to the goniorneter, as weîi as the gwometry of the goniometer 

itseif In order to select the potdometers fbr the goniorneter an estimation of the 

repuireci range for each potaaiometa is qyidresuirrd To aid in tbW process the prelimiiuiry 

goniorneter design and iu tignsfotmation eqmions wae used 

The linear potentiometers chosen for the design w a t  pwchased h n  Techni 

M m e  and are modd 8FLPIOA m a d h d  by Sakae- These conductive pMc 

Iinear potemiornetao have an independent tinearity tolcmnce off 1.û%, a a of 5% 

i n t d  fiction less than 0.3 N, and an internai raistance of 1 kn. The range is 1 lmm, 

which is p a f î  for this project. 

The rotational potentiometas are mode1 LNB22, as0 manufachireci by Sakae. 

They are a single turn, continuous rotation potentiometa wïth a maximum independent 

nonlinearity ofSl.5%, and an intemai resistance of 10 kn. These arp the sxnaliest 

suitable potdomaer found and are very smooth operating. Th& mas, howewr, is 

22g which is much greater than the linear potentiometas. 

The diration of the potentiomtem is d e s c n i  in Chapter 5. 

3.2.3 DesiiOveMew 

The basic design concept for the goniorneta, which was developed in Chapter 

Two, is to connect together a "cham" of thne linair and three rotary potentiometers 

This method allows the goniorneter to record the thneaimensional motion of the rabbit 

knee joint in terms of the six degrees of fieedorn The concept of a "chah" of 

potentiorneters dows a random motion to travel through the goniometer bQng recordeci 

by the appropriate potentiomems. The "chainn concept also allows the designa the 

fieedom to arrange the potentîometers in the best possible order to simpiay the design 

Chapter Two also recommends t k  the potentiomaa~ thernselves be used as 

part of the fhme of the goniometer. This will reduce the complatity, the size and the 

weight, of the goniometer. Based on these concepts, the goaiorneter wül be a chah of 

potentiometen held togetha by a series of brackets. 



3.2.3. I Potdomefor Arrangementi 

The arrangement of the potaaiomaas is dictated by the kinernatics of the knee 

joint. When the goniorneter is attacàed to the kg it must not create any resistance to the 

knee's mtmd motion To achieve this g d  the ordaing ofthe potentiometers is crucial. 

A poorly planned potentiometer orda win case die "cbam" to work agaïnst itselfand 

may mn bit rom ranges ofmotion As an example of t a s  the k i n d c  linkage 

dweloped by Hollis ei d. (1991) is showun in Figure 3 5. This design is very elegant in 

that at 90 degrees of flexion the potentiorneters are aligned so that each one measures 

one ofthe cornmon clinical descriptions of knee motion, such as tiiial rotation 

Howewer. ifthe linkage is Maializcd at fidi extension, then aii of the iinear 

potentiometers wiU be in a single plane. The potentiometer r n d g  anterior-posterior 

translation wîli be p d e i  to the proximal distai transducer, and aii anterior-posterior 

motion wül be pmented by the hkagee Hence th*s linkage is ody capable of measuring 

all six degrees of fiedom at certain joint angles. The second fàctor controhg the 

arrangement of the potentiometers is the design coIIStTaiilt statiag that the overall length 

o f  the goniorneta must not exceed SOmm. This is required so thet it will be compatible 

with the joint space of a rabbin's hee. In detemrining the final arrangement of the 

potentiometers it is necessary to visualize how they can be amnged to best meet the 

folowhg critetia: a) imoimuc the size of the goniometer7 b) aliow eadi potentiorneter 

the needom to move through its required mge of motion, and c) dow the rabbœtt's leg 

to move fredy through its entire range of motion with the goniorneter aîtached to gtha 

leg, medially or laterally- 

When determining the nnal amangement of the potentiometers it was decided to 

not attexnpt to measure the clinid desaiptions of  joint motion diiectiy. Instead the goal 

was to aeate a linkage, ushg thne hear and three rotational p~tentiometers~ tbat was 

capable of moving throuBh, and hence measuring d six de- of aedom, regardlem 

of the orientation of the bones. Tbis system cumplicates the transformation equation as 



Figure 3.2: The kinematic Iinkage designed by Hollis et al. for use on 
human cadaver knees (ftom Hollis et al. 1 991 ). 



certain motions wiU be measureâ by more than one potdometer, but bus pmblem is 

easily handled using the system of mat ri^^ nniltiplication d e s c r i i  in Chapter 4. The best 

arrangement for the potentiomctcrs wu to group the liatar and rotary potentiometas 

togaha. This prmads the pmblems descrîbcd mgadhg the linkage shown in Figure 

3.2, where a rotation changes the orientation of the linePr potentiorneters and hmce 

fimits the range of motion 

The final mangemeat ofthe potaniometers is shown in Figure 3.3. The chab 

suiru at the fanw with t h  mutdly papmdilvlnt rotary potentiometen. The first 

potentiometer in the chah is mughiy aligned with the axïs of flexiox This solves the 

problern ofthis large rotation changing the aliment ofthe other potentiometers. In 

addition this amangement aliows rotary potentiometer number two to roughiy rneasure 

varus-valgus motion and rotary potentiometer llumber three to roughly measure tiïial 

rotation. Next in the chain are the linear potentiometas. Beceuse they are anchoreci to 

the tibia anterior-postaior traaslation is roughly messured by hear potentiometer 

number one, and prorrimal4d translation is roughiy measured by linear potentiometer 

numba three. Depending on joint angle, medial-lataal translation will be measured by a 

combination of liaear pptentiometers two and three. In all cases the clinid descriptions 

of knee motion are dcscrùbed as being "roughlf meastueci by a certain potentiowter. 

This is because the goniometer will never be attached to a leg in perfiect alignment with 

the ISB coordinate systmr The exact motion of the bones, measwed by the goniometer, 

WU be detamwd by the transfi,nnation equations. 

This potdometa arrangement mates a good balance between allowing ail six 

degrees of fieedom of motion, at d joint angles, whiie still giving a rough estirnation of 

ail thre clinicai rotations, and two of the translations, used to desaïe knee joint 

motioa This will aiiow reseatchers to monitor werythiag but medial-laterai translation 

during the course of an experiment, by observing the output of the appropriate 

potentiometer. Wth the ordehng ofthe potentiometers finslizdd, the design of the 

brackets to comect the potentiometers together, can be considered. 



The th* mutually 
perpeiidicular rotary 

The three mutually 
pefpemdicular linear 
potentiometers record 
translations. r- 

Figure 3.3: As a random motion passes thmugh the goniorneter it is 
recorded by the appropriate linear (LP) and rotary (RP) potentiometers. 
Either the shaft or housing of each potentiometer is connectd to the 
proweding potentiometer creating a chah For details of potentiometer 
connection see Figure 3.5. 



3.2.3.2 Btackef Design 

The design ofthe bmckets is aiso controiied by the design constraints detailed in 

Chaptu Two. The coastrainis which arc the most relevant arc, the goniorneter shodd 

be: a) as light as possible, and b) dcimtly rigid to prevent mors due to internai 

defiections. 

The intemal forces in the goniorneter an caused by its mass and the iiictional 

resistance ofits moving componeatsy the potentiometen. The potentiometers operate 

very smoothly. The msmifacturrr's rathg fbr the nidion in the linear potdometers is 

less than 0.3 N. In addition the potentiometas are ais0 very light. The hear 

potdometers each weigh 5g and the rotary potentiometers each weigh 22g. Therefiore 

the forces ceused by fiction and niw are expected to be so low that even very smaii 

bmkets wiU be able to trammit the loads d y Y  with a minimum of defleztion. p s  

has been proven to be a reasonable assumption as the goriometer has been attached to 

numerous rabbit legs, whkh have undergone a total of severai hundred cycles of flexion. 

The goniorneter has provided accurate r d t s  and shows no sign of any plastic 

deformation or M g u e  in the brackets.) 

The brackets were m811ufsictiireA out ofalumin~~n, which is a üght-weight rigid 

m a t u  This aiiows the brackets to be v q  d and lighî, while still being dliciently 

rigid to prevent deflections. Wth the bracket size m h h k d ,  the majority of the 

goniorneter's mass is due to the potentiornetas. Therdore, with light-weight 

potentiomm the design comtnhts oflow mass and high rigidity have been met. 

In addition to the brackets that connect the potentiometers togetha, the linear 

potentiometers requin a stabikbg rod system to prcvent the shafts fiom rotating within 

the potentiometas. M s  system is shown in Fi- 3.4. ANyIatron block is attached to 

the side of the potdometer, and contains a hole in whïch the stabiîizing rod slides. 

Nylatron is chosen for this piece bccause of it's sclflubricating quality, and resistance to 

aeep. The stabiliàng rod is cut fkom 1/ 16'' drill rod, which is used because of its rigidity 

and smooth finish An duminum block comects the stabilitirrg rod to the 



FIGURE 3.4: Stabilizer rod system. The aluminum block ancbon the 
potentiometer shaft to the drill rod, Midi, slides freely within the Nylatron 
block. This prevents the potentiometer shaft fmm rotating within the 
potent iometef. 



potentiometa shaft using two set screws. Each ofthe tlaee iinear potedometas is 

fitted with the staaliziog rod set-up. 

In total six dioirrnt brackets arc rrquircd to comiea the potentiometers 

together- The brackets are lettcred a-Emd th& exact dimeasions are shown in Figure 

3 -5. Figures 3.6a and b detail how the potentiomaas are connected togahn using the 

brackets and stabikbg rods. Note that Figure 3.6a does not show linear potentiometen 

2 and 3, and that Figure 3.6b dots not show robuy potentïometas 1 and 2. 

Now that the goniorneter design has ban nnJued, a system is required for 

attaching it to the tibia and fernur- At cïther end of the chain, a 50mm long, 4mm 

diameter duminum rod is attached. Eadi r d  bas two siidhg aîumïnum w m d o n  

blocks, which are used to attach the rods to the bone pins, as shown in Figure 3.7. 

3.2.3.3 Bone Pim 

The bone pins are the or@ part of the goniometer that wiii be in direct contact 

with the rabbit. This direct contact mandates that the pins must be manufiictured out of 

surgicd stainless sîeel to mhhhe rejection and corrosion within the rabbit, both of 

which could negatively aéct test r d t s .  The other danead on the bone pins is that 

they are capable of rigidly comecting the goniometer to the tibia and femw 

The bone pllis useci with the goniometer are 1/16" threaded K-wire. Two pieces 

are threaded hto  3/64'' pre drined holes, which pass entireiy dao@ the bone, 

perpendicular to the h g  &S. Two pieces ofwire are needed for each bone to ensure 

that the goniometer is rigidly attached- A single piece of K-wire is ullSUifab1e because it 

could easiiy rotate within the bone, during testing, and cause enors 

3.2.4 Final Design 

The k a l  design of the goaiorneter is shown in Figure 3 .S. The minimum 

distance between the bone pin connection blocks is 4ûrnm, so the goniometer passes the 

criteria of beïng less tban 5Ornrn long. The total weight of the goniomder is 1 16g. The 



FIGURE 33a: Bracket a (Dimensions in mm). 

FIGURE 3.5b: Bracket b (Dimensions in mm). 



FIGURE 3 . 5 ~  Bracket c (Dimensions in mm). 

FIGURE 3.5d: Bracket d (Dimensions in mm). 



FIGURE 3.5e: Bracket e (Dimensions in mm). 

FIGURE 3.5t Bracket f (Dimensions in mm). 



FIGURE 3.6a: Connection of Rotary Potentiometers. Note that for darity 
Iinear potentiorneteis 3 and 4 are not show. See FÏgure 3.6b for details of 
Iinear potentiometer connection. 
LP = Linear potentiometer 
RP = Rotary potentiometer 



FIGURE 3.6b: Connedion of Linear Potentiorneters. Note that for darity 
rotary potentiometers 1 and 2 are not shown. See Figure 3.6a for details of 
rotary potenüometer connedion. 
LP = Linear potentiometer 
RP = Rotary potentiometer 



goniometer via 
bracket A. 

FIGURE 3.7: The goniometer conneds to the femur and tibia via the 
bone pin and connedon block system show above. The connedion 
blocks anchor the bone pins to the rods using set screws. 



Figure 3.8: The final goniometer design. 



poteatiomezas wagh 81g aucl are the lightest r a d s  avaiiaôle thrit are suitable for tbis 

application The frame of the gonïometer wu& oaly 35s hence the toul weight has 

been kept to a minimum The goniorneter is able to record the motion of the biee 

accurzttely, with a minimai impact on its llltllRL motion, becanse of the: a) smooth 

opaation ofthe potcatiometers, b) rigidity ofthe f b e ,  Pnd c) fi@-weiight design. 

33 Sifctp Conriderations 

Safay h a factor in almoa every engineering design and incfudes problems of 

strength, reliability, and acgdent prevention. Pahl aud Batz consider saféty to be one of 

the basic d e s  of embodiment- The designer can incte8se the safety ofa design by three 

different techniques- The direct metfiod, which is the most e&dive, involves including 

safety fiom the start in orda to preclude danger. The indirect method, which should be 

avoideâ, involves the use of protectcte systems. F i ,  safay wamiag systems should 

only be used as a last r e m  The demand for saféty csn complicate a design as weii as 

increase the cost, but the long term advamages ofa sate design wül uJually outweigh the 

disadvantages. 

S a f i ,  in the design of technology, can be divided into four categories. They are 

conrponenr (properiy desigaed parts),fun~n*ml Wety (safé operation of the 

produa), opofor  slfg (safety ofthe product user), and emdronnrenfaI.fety (sa f i i  

of humens not using the product). During the design of any product the s a f i  of each 

component should be anaiyzed throughout each step of the design process. 

The design d t h e  goniorneter requires s a f i  to be anaiyzed âom both a medical 

and engineering p e q x d v e -  The medical pgspectin requires that the device should not 

cause any unnecessary injury to the rabbits, and not compromise the safkty of the 

operator. The engineering perspective requins that the device be evaluated in tenns of 

strength, toughness, nMiÜty, and component proteaion. 



During the tmbodiment of the go~ometa, safkty is always a c o n s i d d o m  In 

ternis of the rabbifi's safiety, the biggest concem is contamiaation ofthe Ieg, which cwld 

lead to inftction in a longitudinni test on a üve mimai- This problan is dved by using 

starmess sted for the mountiiig pins. These pins are the onLy components in direct 

contact with the rabboit. -or sifay is not considerd a pmblem as the gonionmer 

has no sharp edges and opcrates with a vay low currctltCUrrCtlt S a f i  nom the engineering 

perspective is accounted for by a sturdy design and a pmper seledon of materiah. It 

should be noted that the goniometer is durable and &le to withstaad the loading 

expected during testing, but not rough treatment. Therefore careftl hanclhg is required. 

To make the goniorneta a useable product, several d a r y  f'wictions must be 

providecl- The first is a system for colleçtiog the output data In addition, a method 

mua also be devised by which the goniometer can be mounted in a reiiable and 

repeatable W o n  

3 -4- 1 Data collection 

Data collection is currentiy bebg @ormeci using a BRAND DIA converta 

comected to a PC Nmiiog LabTech Note Book version 7.0.0. To fàcilitate the 

goniorneter's co1111don to the cornputer and power supply, a connection box has been 

constructeci. It comects all of the potentiometers to a single power supply and aows 

for the individual monitoring of any of the six potentiometers, using a digital muiti-meter. 

The goniornaa. co~ection box, powa supply, and amputer W u p  system is show 

in Figun 3.9. In addition to recording the output of the potentiometers, LabTesh Note 

Book is also used to remrd the time and monitor the power supply (to check that the 

output is constaat during testing.) 



Connedion 
Box 

Analoglüigital Converter 

Power supply 

1 

Digital Multi-Meter 

FIGURE 3.9: Goniornetermata Acquisition Set-u p. The connection box 
connects the goniorneter to the analogldigital converter and power supply. 
The connection box also allows the digital multiineter to monitor either the 
power supply or any of the potentiometers individually. 



3 -4.2 Mounting of the goniorneter - 

As mdoned d e r ,  in section 3.2.1, the goniometer wili k attached to the 

rabbit using two pieces ofK-wke inscrtcd mto both the t i i  and the fmau. This was 

another one of the cüfüdt chaknges in the goniorneter design proces. For the 

mounthg system to be acœptable it must provide two functions. The first is to aisurr 

the propa insertion of the K-wire into cach bone. TbiP nquires that both pieces of K- 

wke, in each bone, an pmpcriy locaîed, paralid, d pass squareiy through the bone. * 

This task is complicated by the complex shrpe ofthe bones. and the large muscle mess 

surmunduig a rabbit's leg The second fùnction ofthe rnounting system is to provide a 

method for nattachihg the goniometet in a repeatable fàshion- Longitudinal snidies wiU 

r-e that the goniorneta be removed h m  the leg for long duration's of the and thai 

reattached with the same initiai alignment. However, because ofthe goniorneter's abüity 

to maisure six degrees of fkeedom, it is capable of aSSumiflg many different aügnments. 

The challenge, therefore, is to d d o p  a system which ensures that the goniometer has 

the same initial alignment, each t h e  t is attached to a rabbit. 

The moumiag jig shown in Figure 3.10 was designed to achieving both of the key 

bctions of the mounting system. The mounting jig's first role is to act as a drill guide. 

V-notched guide tubes, shown at the tiiial a d  of the mouming jig in Figure 3.10, and 

detailed in Figure 3.11, act as the driii guide. These tubes are clamped into the mounting 

jig, and the V-notch at the bottom û used to centre the tube over the bone. %y inserthg 

a drill into the tube, a pilot hole for the K-wSe, which passes squarely dvough the bone, 

can @y be cirilied. W~thout moving the mounting jig, the R-wire is inserted into the 

pilot holes with the assistance ofthe guide tubes. This process has proven to be a 

reiiabIe and simple method ofseanely inserthg the K-wire into the bones. 

The krge muscles surrounâing the fmur make alignbg the guide tubes on this 

bone more cüfiicult than on the tibia The @est system is to insat the K-wuire into the 

femur fjrst. Once the K-wire has ken inserted into the femur, the guide tubes are 

removed fkom the mounting jig. The K-wire is then secuely clamped into the jig as 



Figure 3.10: The mounting jig is shami during the insertion of the bone pins. At 
the tibia. the bone pins have just ôeen inseited, with the assistance of the guide 
tubes, which are damped into the rnoumng jig. At the femur, the guide tubes 
have ben  removed, and the bone pins are shown damped into the mounting 
jig - 

1 



Figure 3.1 1 : Detail uf one of the guide tubes, shwng the V-notch. which 

assists in aligning the mounting jig over the bone. 



shown at the femoral end of tht mounting jig in Figure 3 -10. This holds the jig securely 

to assist in insating the K-wire hto the t'b'i After the K& hu ken insertcd into the 

tiiia these wires are a h  dsmped by the rnounting jig 

With the K-wire securely hdd ôy the mouatmg jig, the goniorneter is eady did 

on, and scairrd, as shown in Figure 3 -12. The mo&g jig is removed, Ieaving the 

goniometer secuteiy attached to the K-wùe, as shown in Figure 3.13. W h  the 

goniometer was first attached to the hia Ïts oriaon had to be adjusted dative to the 

joint. This is done by rnoving the rod, attached ta the goniometer, back and forth 

through the cornedion blocks shown in figure 3 -7. The process used was to h e  up the 

outside coma of the m o d g  jig with the pateUa, as shown in Figure 3.10. The K-wïre 

was then mSared into the bone, and clamped into the jig. Next the goniometer was slid 

ont0 the K-wire and the connection blocks were adjusteci, to roughly align the SM of 

rotary potentiometer number one, with the axis of flaàon Feally, the mounting jig was 

removed, and the-leg was manualiy moved through its fiül range of motion to ensure that 

the goniometer did not cause any hindrance. AAa this initial adjustment m e r  

mounting of the goniometer tequites only tbat the conm of the momting jig be lined-up 

with the patelia This ensures the CO- orientation of the goniometer relative to the 

joint. 

The jig shown in Figure 3.10 was used to attach the goniometer in oonjunction 

with a load ceii, designeci to meame the force in the medial wiiateral ligament- Tbis 

load ceil extendeci -7Omm distally nom the knee. This forced the K-wire in the tibia to 

be inserted fiirther fiom the knee than would be optÿaal. Ideally the pins shouid be 

located as close to the joint as possible, and at kast 2 cm apart, to mùùmize any mors 

due to defleztiom. However, the goniorneter is desigrmi to accommodate the bone pins 

being locaîed asywhere dong the long axb of the bone. 

The ability to clamp the K-wirc into the mountïng jig solves the problem of 

reattaching the goniometer in a repeaWe f8Shion. Clamping the K-wire into the jig 

assures consistency in the initial alignment of the goniometet. Chapter Five investigates 



Figure 3.12: The goniometer is s h m ,  connected to the bone pins, which are 
seairely damped into the rnounüng jib. This point in the mounting procedure 
can be used as a detum fw long t m  testing. Note the piastic film betwaen the 
goniometer and the leg to protect the eledronic amponents. 

i 



Figure 3.13: The goniorneter is shawn attached to the bone pins after the 
mounting j i i  has been removecl. 



the C n i e n e s s  ofthe mounting jig in asnaiqg the conssrcsit initial aligmeat of the 

goniorneter. Long-term stuclies wül rcquire some type ofa removable bone pin, as 

le8vEg the K-wire in the boae, ùeyond the duntioa of a single session ofdata wllecfio~ 

is obviously undesirable. 

3.5 Non-Tccbnid Considentions 

In the design ofpmducts there are muiy fàctors which mot be considececl 

besides the basic hctional ability of a product. For a product to be M y  acceptecl it 

must possess more than the simple a b o i  to perfbnn the rsquired task ûther important 

fkctors which must be included are usaûiiity, appearance, and cornfort. Ahhough these 

&ors are outside of the technical range of eagheaiag design they must be @en 

serious consideration, 

Rathg the goniometer in tams of its usabiiity, appearance, and cornfort, the O* 

area where it couid be criticized is its usability. Almost every aspect of the goniorneter's 

operation is very straiw0~~8f4 except for the insertion of the K-wire into the bones. 

For this operation, practice is requued to insure that the K-wires are secufely inserted. 

The fictor that cornpliCates the insertion of the K& is the nature of the rabbits' 

anatomy. To insert the Wue, it is necessery to work around, and through, both skin and 

muscle. The cornplex shape? and d size? of the boues fiirther camplicates the 

process. The v w  hctional design of the mounting jig is a gnat asset in attaching the 

goniorneter. Two p e c e  rounds, ushg a rabbgd kg, have proven d c i e n t  to gain the 

necessary skiil to anach the goniometer wnsistently to h e  rabbits. 



4.1 Introduction 

For the output data of the gdometer to be of maximum d u e ,  tbey need to be 

presented in a simple, wiiy understood fom In C h a m  One the ISB Stadadzation 

and Terminology Committee's recomrnendations fw staadardizaîîon in the reporting of 

kinematic data were presented. The re«irnmendations were intendeci as a guide for the 

uniform presentation of kinematic data, with the intent of m a h g  pubLications easkr to 

read and ailowing for more straishsforward cornparisons ofdata sets. In addition, the 

recoxnmendations present k i n d c  data in a form which is both rnathematically precïse, 

and easily understood by agineers and piiysicim. 

4.2 Joint Coordiaate Symm 

The comention rrcommended by the ISB cornmittee is show in Figure 4.1. 

This system ha been adopted for reportiag the output data tiom the goniorneter. The 

purpose of this coordinate system is to aüow the relative position of two bodies to be 

s p d e d .  A Cartesian coordinate system is tirst attached to each body. Op and 0 d  

represent the ongin of the coordinate systexn attached to the p r o x h i  and distai 

segments qectively. The convention states that the positive x-axis is anterior, the 

positive y-axis is proximal and the positive z-ds is d&ed by the nght hand nile. F, the 

floating illos, is the cornmon perpendicuiar to the z-axis of the pro.Wnei segment (q) and 

the y-axis of the distal segment (y& 

Where jd and Ir, are vectors dong yd and q, respectively. 



u 
FlGU RE 4.1 : ISB coordinate system for reporting kinematic data- 



The relative cotation of the bodies is taken as the spin ofeach body b u t  r, y* 

and the floatiag axis. The positive dinction is determineci by the right hand mie. These 

rotations are shown in Figure 4.1 as ag B. and y. The magnitudes ofa and y are the 

angles between the floPtiiig axis and a reférence axis in each body. a is the agie 

between the fioating axis anci + y is the rade h a n  the floating Pxis and a. B is  a 

measure of the rotation about the floating axis and is the angle between and 4. 

Joint translations are definad as the dative position of the origins, ofthe bone 

coordinate systems. Tf8nslafions can k thoughî of in tams of a translation vector 

whose components are maisurrd along the same axk as the rotations. Hence, the three 

translations are measUrrd along the yd, and floating iucis. 

The advantage ofthis coordmate system is that it @es a mathematidy precise 

method of descrihimg joint motion which is compatiile with the traditional clinid 

descriptions of  joint motion. In the knee, the rotation a maisures flexion-extension, f3 

measures varus-valgus rotation, and y measures axial thid rotation The translations 

along the z, y4 and floathg axis me8suTe medial-lataal, proximal-distai, and anterior- 

posterior translations resp&elyy 

4 3  Location of the Bone Coordinate Systems 

The joint coordinate system quires that a Ctvtesian coordinate systern be 

located on both the pmxïmai and distai segments. For the rabbit knee, this requùes that 

a set of coordinate axes be estabtished on both the ti'bia and femur. The coordinate 

systems are estabüshed using bony landmarks as refkrence points. The method used to 

locate the coordinate axis on each bone is adapted fiom a system developed by ûrood 

and Suntay (1983). for the human knee. 

Starting with the tibia, the y-axis is 10~8ted so that it passes midway between the 

two intercondyiar eminences proxhdy, and through the centre of the ankle distally. 

The z-axis is defined as a h e  comiecting the approhte centre of each tibiai plateau. 



ïhe enor in locathg the phteau centres bas no enect on m g  rotational 

dispfaccmcms as aii rotations reporteci are dativerelasive FinJly the x-axis completes the 

Cartesian coordinnte system, and is denned as the crau ptoduct ofthe y- and z-axes. 

In the fimur the y& passes through the centre ofthe femoral head proximaUy, 

aad at the Imee, it passes tbrough the most distai point on the posterior surfDa of the 

femwY rnidway between the medial rad laterai condyies. The Z - ~ S  runs through the 

most distai point on the posterior airnicc of each &moral condyle- The x-ais once 

again completes the Cartesian coordniate system, and is defincd as the cnws product of 

the y- and z-axes. 

In order to locate the origin ofthe fernord coordmate system closer to the 

approximate axis of flexion the ongin is traaslated dong the x-axis. The distance that 

the ongin is translated equals 75% of the disbnce h m  the most distal point on the 

posterior d c e  of the fmoral condyles to the proximal end ofthe patellar femoral 

groove. The new z-axis is paraUeI to the original z-axis and passes through the new 

origia The y-axis still passes through the femotal head proximaiiy but now passes 

through the new origui distally. And firuillys the x&s is tecalculateci as the cross 

product ofthe new y- and z-axes. 

4.4 Transformation Equatioa Theory 

To calculate the three translations and three rotations, the location of the tibia1 

wordinate system must be known dative to the femoral system. This information is 

dculated by using the output data fkom the goniometer, to perfonn a series of 

transformations fiom the n i a  to the fémur. The he goniometer design is based on the 

work of others b i t  contains many new design ideas. For this reason none of the 

previously dmloped systems of traasformation equations could be directiy applied to 

this goniorneta design Onginaliy it was attempted to calculate the transformations 

directly, based on the geometry of the goniometer, using a system similar to that 



developed by Evans et al. (1994)- This rncthod became extmneiy nmibasome as the 

effea ofeach additionai link was wmbined wab the pravious one. Appendix A coatuirs 

tbis early set o f ~ o r m a t i o n  equaîions which were wnil in the caüiration of the 

goniometer (describeci in Chapter Fim) In the ad a method ofcoordmste 

transformations, using matrices, was ddoped  fw paforming the transformaîions. This 

method is based on the systems developed by G d  and S-y (1983), and by Kmzel et 

al. (1972). 

To complete the transformation process a set of coordmate axes is lomted on 

each of the bones, and on each link ofthe goniometer. The overd transformation matnx 

is calculated by first transfiorming fkom the tibia to the fins Lmk of the goniometer, and 

then fkom iink to Iàik through the goniorneter umil the femur is reached. This system is 

shown in Figure 4.2. 

The matrices used for the transformations are: 

for rotations about the x-axis, 

cos 8 
O 

-sin 0 
O 

for rotations about the y-axïs, 

cos 0 
sin 8 

O 
O 

O 
cos 8 
sin8 

O 

O 
1 
O 
O 

-sin 8 
cos 8 

O 
O 

O O 
-sin 8 O 
cos 8 0 

O 1 

sin8 O 
O O 

cos 0 O 
O 1 



FIGURE 4.2: A set of ccwdinate axis is attached to each link of the 
goniorneter and to both the femur and tibia. The overall transformation matrix 
betwaen the femur and tibia is then calculated by multiplying the individual 
transformation matrices between each of the aordinate systems. 



for rotations about the zDaxis, and 

for translations dong any amis, where Xi, Yb and Zt represent the transialion dong the 

respective axh. The transformations âom link to liaL withm the goniorneter Win indude 

a fixed translation, b a s d  on the geomctry of the goniorneter, and either a miable 

rotation or transhtion which is baseâ on the output ofthe potentiometers. Ifthe tbree 

rotation and one translation matrix shown above are d p l i e d  togethet the r d t  is the 

&ormafion matrix recommended by the ISB Standardkation and Terminology 

Committee. 

The coorduiate system on the first and last link of the goniorneter is Iocated on 

the bone pins. Transformation matrices are requirrd which reflect the location of the 

bone pins relaîhe to the bone coordinate systems.. These transforxnations will almost 

always involve three translatiom and three rotations, as there is no simple way to locate 

the bone pins precisely during surgay. 

Mer estabüshiag di of the trsasformation matrices ftom one coorduiate system 

to the next, the o v d  transformation matrix can be caldated. Starting at the tibia, the 

individual transfodon &ces are muhiplieci together produchg the overd 

transformation ma* 'Inis ma& is then dt ipl ied  by a 4x4 ma* containing the 

coordlluues of four points, on the tibia, in temis of the tiiial coordinate system To 

simpli@ the dculations, the points u d  are the origin of the coordinate system and the 

three unit vectors r e p r h g  the x-, y-, and z-uces. Hence the matrix multiplied by the 

o v e d  transformation matrix is: 



where the ones in the bottom row arc simpiy place holdas. The matrix d t i n g  fkom 

the final multiplication is used to crlnilrte the thrœ rotations in tams of the joint 

coordniate system discwsed in part 4.1, using the following formulas. 

sina=F - j, 
= S B = - k , , - j d  p - d 2  

siny=F - 
where, 

j, and jr are unit the vectors representhg y 4 s ,  and k, and kd are unit veston 
represent the z-axis, of the proximal and d i d  coordinate systems reqectively- 

The translations are r d  diredy out of the finai m e  as the ongin of the tibid 

coordinate system is @en in tams of the f m o d  systw. 

ïhe  preceding process &es the location of the tibia relative to the fémur at a 

given moment in the .  To produce data representing the motion of the tibia relative to 

the femur the entire matrix multiptication proass must be caffied out for each recorded 

goniorneter output. 

4.5 Determining the Bone to Bone Pin Trilldormation Equations 

To apply the above theory, to gaierate bernatic data, the locations of the bone 

pins relative to the bone coordinate system are required. This information can then be 

used to derive the traiistomation equations fiom the bone to bone pin coordùiate 

syst-- 

4.5.1 Locating the Bone and Bone Ph Coordïnate Systems 

After a test is completed the distance dong the bone pin nom each of the 

goniorneter connection blocks to the bone is measud.  Wah the pins left in the bone, 

the whole leg is removed fiom the rabbit. The bones are 6rst cleaned with a scalpel, and 



then soaked in bleach to Rmove any rrmainiag tuaie as shown in Figure 4.3. The n a d  

step intheprocessisto mak~bonylmdmuLsWinchwülb.udtoIocatetht 

coordinate system on cach borie 

A Mitutoyo Coordiaate Measuriog M&chinc is used to detamine the nlative 

location of the boncg landmarks and both ends ofthe boae pins. This machine is capable 

of m d g  the three dimensional location ofa  point to HL001 IXUIL The relative 

location of the boncy laadmarks and the bon. pins can be useà to locate the b n e  and 

bone pin coordinate systems, and the transformation matrix baween than 

Figure 4.4 shows a femur with the boney Iandmnrb and bone pins numbered in 

no parti* order. The fht step in locating the fernorai coordmate system is to locate 

the O This wili be midway ôetween points 12 and 13 (Pi2 and Pu). The origin, PIS, 

is found using the midpoint fonnul8: 

The y-axis nms fiom Pu to PM. The vector Yh connecting these points, and hence 

parailel to the y-axis, is calnilated using the formula: 

Yr=<x2-xi,y2-yi,z2-z1' (2) 

The subscrïpt f wiii be used to dmote the fernorai cootdinate system. The x-axis wiil be 

perpendicular to the plane formed by Yr and a vector traveling fiom Pa to P12- This 

vector wiU be cded Piut and is caladated using fonnula (2). The X-axis wili be 

represented by XI which is the cross produet of these vectors. 

xr= Yrx Puy 

Figure 4.5 shows the cuordinate system attachexi to the femur- 

As mentioned in d o n  4.2, the ongin is now shifted dong the x-axis in order to 

orient the 1 4 s  doser to the axis of flexion. To M a t e  the origin dong the x-a>M the 

ratio R of the magnitude of the shift U, and the length of the vector Xr @) is 



Figure 4.3: The @mur and tibia are shown, cleaned of W h ,  reordy Ibr the 
measurement of the relative location of the bone pins, and the boney landmarks. 



FIGURE 4.4: Illustration of femur showing boney landmarks and bone 
pins randomly numbered. Also show is the global aiordinate system 
used with the coordinate measuring machine when determining the 
relative location of the points. 



FIGURE 4.5: Illustration of femur shdng Initial location of x- and y- 
axes. 



N eqais 75% of thc distan- h m  the mon distai point on the posmior siirf.ce of the 

femoral condyles to the proxïmai end ofthe groove in which the patelk tendon travds. 

The origin Pu wiü bave to be stiiftad dong S R  thncs the length of Xc The new point 

will be d e d  Plb and is caiculated as fùiiows: 

pic= ( W+(R * mi), YPu+(R * y=), au+(R * zxf) ) (4) 

Figure 4.6 shows the f'émoral coordinate systan with the ohgin sbiffed- Wth the ongin 

moved, Yr is recalcuiated, this time as a vector niimmg fkom Pl6 to Pl& & is also . 

tecaldateci as the cross product ofthe new vector Yt and the previous vector Puu. 

For use in fùrther dculations Yt and Xr are rdcuiated as unit vectors- 

At this point the origin of the fémoral coonlinate system has b a n  located, and 

unit vecton representhg the x- and y-axes have bem calculatecl, relative to the global 

coordiiiate system. The same process can be used for the ti'bia.1 coordmate system, with 

the exception that the ongui does not have to be sMed. 

The next step in the process is to loaite the ongin of the bone pin coordinate 

systetn, and caldate the unit vectors representhg the x- and y-axes. The ongin of the 

bone pins coordinate systems is located on the centrai axis of the bone pin, proximal to 

the ha, on the inside edge of the goniometer mounting block The y-axis nuis paraiid 

to the shaf€ comectiug to the goniometer. In the case of the tiiia, the positive y-axis 

nuis towards the goniometer, and for the femur, the positive y-axis nins away ftom the 

goniorneter. For both bones, the z-axis is paralle1 to the bone pin proximal to the knee, 

and is positive in the l a t d  direction, for the right leg. The x-as completes the 

Cartesian coordiaate system. 

From the measutements taken a&r testing it is possible to calculaie the distance 

f?om points Pio and Pil to the inside edge of the attachments blocks for the goniorneta 

These points are labeIed Pi, and PI# in Figure 4.7. Note: this nquires that the distance 

fiom the bone to the b i d e  edge of the mounthg block be measured before the 

goniometer is removd âom the bone pins- 



FIGURE 4.6: Illustration of femur showing comded location of x- and y- 
axes. The z-&s completes the right-handed coordinate system. 



FIGURE 4.7: illustration of femur and bone pins showing the location of the 
bone pin coordinate system. The zaxis cornpletes a right hand coordinate 
system. 



The vector Piu is caicdated using formula (2). To calculate the coordinates of 

P17 the ratio W of the distance h m  Pil to Pn and the distance nom Pli to P g  is used. 

Hence the vector Pllm is: 

Pll,l7 = W * Pl19 

and 

Pl7 = ( XPU + XpIlJ7 s y ~ l l  +Y~ll.l7 % -11 + ~ 1 1 . 1 7  ) 

The location ofPl* is calculateci the same way. 

The vector from PI8 to Pl7 win be d e d  Y, where the subsaipt p denotes the 

bone pin mordmate system, This vector is calculatecl using f o d a  (2), and wiii 

represent the y-axis of the bone pin coordinate system. X,, is the cross product of Piri, 

and PIw. This veaor wiil represent the x-a& ofthe bone point coordinate system. 

Figure 4.6 shows the bone p coordinate system attacheci to the bone pins in the fmnu. 

As wÎth the fernord system X, and Y, shodd be converteci into unit veston for use in 

Now that the bone a d  bone pin coordinaîe systems have been located, relative 

to the global coordinate system, the t m d o d o n  matmc bmeen the two systems caa 

4.5.2 D e t e r d g  the Bone to Bone Pin Transformation Mmat 

The translation h m  the fernord coordiaate system to the bone pin coordinate 

system is equal to the distance betwcen the ongins. The origin of the fcmoral system is 

located a Pl6 and that of the bone pin systern is located at PiS. Hence the translation 

between the on* is qua1 to the distance h m  Pis to Pir. And the translation rnatmt 

is : 



To detemine the d o n  maûk that reflects the location ofthe mo sets of 

coordirvlte axes relative to each otha is a more cornplex process. In section 4.5.1, unit 

vectors wcre dcuiated which reprt~em the x- and y-axes of each coordinate system, 

These unit vectors are established dative to the global coordinate system used when 

locathg the points with the theodoüte. To d e t e e  the rotational orientation of the 

bone pin system, relative to the fernorai system, both sets of coordïnate axes are 

tramdateci to the origin of the global system as shom in Fi- 4.8. With the ongin of 

aiI three coordinase systems aligneci, the fmod systern is rotated until i ts axes are 

aligned with those of the global system The bone pin coordinate system is then rotated 

by the same amount. This gives the unit vectors representïng the axes ofthe bone pin 

coordinate system, in terms of the horai  system, The daails of this process are 

outliaed below. 

The fmt step is to align the femod coorduiate axes with the global coordinate 

axes. This is done by rotating the vectors representing the x- and yaxes of the femoral 

system, about the global axes, d the x- and y-axes of both systems are aligned. If the 

x- and y-axes are aügned then the z-axis must also be aligned- The order in which the 

fernorai coordinate axes are rotated about the x-, y-, and z-axes of the global system is 

not important. However, when calcuiathg the rotation ma* the x, y, and z rotation 

matrices must be dtiplied together in the same order as the rotations were petfomed. 

The y-axis of the femoral coorduiate systan can be aligneci with the global y 4 s  

by rotating it about the x- and z-axes ofthe global system- Figure 4.9a shows Yr in the x 

y plane of the giobai systmi.  To ai@ Yr with the y-axis it must be rotated by 8 about 

the z-axis. The rotation is womed e d g  the rotation rnatrix gïven in section 4.4. A 

rotation about the 2-acïs is calculated as follows: 



FIGURE 4.8: The femoral and bone pin coordinate systems shown translated 
to the origin of the global coordinate system in order to calculate the rotational 
transformation matrix between the two coordinate systems. 



FIGURE 4.9a: Yf must be rotated by 8 to align it with the global y 4 s  in 
the x y plane. 

FIGURE 4.9b: Yf must be rotated by 4 to align 1 with the global yaxis in 
the y z plane. 

FIGURE 4.9~: W' must be rotated by a to align it with the global xaxis in 
the xz plane. 



done usiag the rotation matrices. 

Ifthe rotations are dom «>mctiy, the d t  will be that shown, which hdicates that Yr 

is now aîigned with the global y-axïs. Xr is Plso dtiplied by the same two rotation 

maîrices, in the same order, givmg Xi'. The next step is to aiign X;' with the global x- 

ruris. Figure 4 . 9 ~  shows that Xi' must be rotated a degrees about the y-&S. 

X Y ~  

Y Y ~  

zyr' 
14 = 

Once again, ifthe rotations are doue conectiy, the r d t  w d i  be that shown, which 

indicates that the x-axis are alignesi. 

Multiplying the Y Y, and Z rotation matrices together gives an overall rotation 

matrix M. Note the order is important. 

IY = IYI 1x1 121 
X, and Y, are now rrmltiplied by tbU meaix, which rotates them by the seme amount 

-0  O O 1 

that Xf and Yr were rotated. At this point the fernorai, and bone pin coordinate systems, 

are in th& original rotational orientation. Beause the f iorai  system, is aiigned with 

the giobal system, the unit vectors X, and Y, of the bone pin coordinaie system, are 

expressed with respect to fernorai systern, To caldate 5 the cross product of X, and 

Y, is taken. X,, Y, a d  5 con be writtm as a 4x4 matrix. The first column win 

represent the relative location of the origin of the bone pin and fmoral mordhate 

COS 8 -sin8 0 0 
sin8 cos 8 0 0 
O O 1 0 

The resuiî of thu dplicat ion U Yi which must be aligneci with the y-axis in the y z 

piane. Figure 4.9b shows that Yi must be rotateci about the x-axis by +. Again this is 

1 

XYP 

YYP 
ZY* 

' 

1 

= 



system, but for now t c r o s  will k piaced t h s e  Ones arc put in the bottom row as place 

holders. Ifthe mit wctors X, Y, and 2, arc writtai in tams of the bone pin 

coordime systcm then the miitrix wül be di oner and =os. If the vectors are Wriffen 

in tams of the femoral system, they will be the vecton dailateci above. This 

relationslip can k written as foilows: 

where, R is the rotational transformation mstrot between the fernorai aud bone pin 

The complae transformation rnatxk TR, is the produa of the translation and 

rotation matrices- 

The process for dculating the transformation matrix fiom the tiiial coordinate 

systmi, to the tibia1 bone pin system, is vay similar to that outlined above. The major 

difKerence is tint the unit vecton for the tibia1 coordinate system, are calailateci in terms 

of the bone p h  coordinate systern, which is the opposite of the process for the femw. 

The reason is; for the tibia, the transformation is nom bone to bone piginstead of fiom 

bone pin to bone. The three unit vectors, representing the x, y, and z-axis of the tibia1 

system, in temu ofthe bone pin grstem, are gggembled imo a 4x4 ma* dong with the 

relative location of the tibia1 origin This and the donnation mtrix 

caiculated for the fémur, are entered directly into the cornputu program outlined below. 



4.6 Proceshg the Kinematic Data 

The vast amount of maaix muhiplication rsquind to generate a masonable 

amount ofkinematic datr is bat M e d  by a cornputerCf A program d e d  RfIINO has 

b a n  developd in con@nction with the goniomcter for processiag the output data This 

program. writtai in C, reads in the goniorneter output füe and generates a n e -  file 

containing the rrlativt location of the tiôii and fémur in tcmis of the coordmste system 

descn'bed in section 4.2. 

As input, the program nquirrs: 1) the 4x4 mat& containhg the unit vectors 

represemting the tiiial coordinate system in tams of the bone pin wordinate 

system, described in d o n  4.5.2. 2) the transfomation rnatrix for transformuig fkom 

the fernorai bone pin coordinate system to the fernoral system, also d e s c r i i  in section 

4-52. 3) the goniorneter output data h m  a test recorded in a file. The data in the file 

must be in columns in the foilowiag orda: the output fkom rom potdometas 

number 1,2, and 3 foliowed by the output h m  linear potentiometaf number 1,2, and 3 

(for potemiorneter numbering see Figure 3 -2). 

Figure 4.10 shows a simple flow chart ofhow the program hctions. The 

program reads the nrSt line of data fkom the input me, thai uses this to d d a t e  the 

transformation matrices between each link ofthe goniorneter- Starting at the tibia, the 

transformafion d c e s  are ali dt ip l ied  togder- The metrix resulting fiom the 

multiplication is then used to calculate the rotation and transiation of the axa relative to 

the femurc- The program then repeats tbis proass until the end of the input file is 

reached. The resuit is an output He containhg the relative location of the tibia and 

femur, versus the the intaval ofthe data saaipikg, during t e ~ ~ g .  AppendDt B contains 

the source code for REINO. 

The present version of the program oniy caicuîates the rotations as this is all that 

was rquired for the testhg desaibed in Chppta 6. However, the program can be 

modifieci fairlv eady  to calculate the translations. 



input Tibia! and ~emoral 
Transfomiation Matrices 

goniorneter data frorn 
input file. 

t 

Calculate transformation 
matrix for each link of the 
goniometer. 

Multiply matrices 
togetherfnim tibia to 
fernur. 

c 
Calculate the three 
rotations and three 
translations from the 
resuR of matrix 
multiplication. 

C 
Write resuits to output 
file. 

FIGURE 4.1 0: Flow chart for the cornputer program RHINO, which, 
calculates the relative motion of the tibia and femur using the goniometer 
output data. 



A&r the test data hm bem collected, the procedure for p r o d g  the 

kinematic data, to detanmie the three rotations a, f3, and y, is as foflows: 

CainiLte the 4x4 mmix containhg the unit vectors rcprcsmthg the t i i  cuordinate 

system in terms of the t i i  bone jh coodb tc  system, d the tnasformation 

matrix for transfbrming h m  the horai  bone ph coordinate system to the femod 

system, Thse arc d e s a i  in section 4.5.2 

Enter these two d c e s  dirrcily imo the program REWO using an editor, and 

recompile the pro- (jt is cl- msrLEd in the source code whae to enter the 

matrices). 

Copy the raw output data into a new file and delete ail information except the output 

fkom the three rotary potedometers. The output sbould be in thne columns 

representing the output h m  roteiy potdometas number 1,2, and 3. 

The output data &om the potentiometers must be wnvated fiom volts to degrees- 

To convert the output of rotary potdometer d e r  one into degrees, the initial 

m o d g  data are useà. When the goniorneter is attacheci to the bone pins, yet still 

secured by the mounthg jig, the voltage output is recurded- This value rqresents 90 

degrees of flexion and is used dong with the potentiometer caüiration fktor 

(Chapter Five) to convert the voltage o u ~ u t  into degrees. For rotary potentiometem 

nuder two aad t h e  the voltage output is converteci into a positive or negative 

rotation about a set of axes m o d  onto the potentiometer. The zen> poht for 

both of these axes is the output ofthe potentiometer when the sbafts of aii three 

rotary potentiometers are mutually perpendicular. To ensure that this value does not 

change, the shafts of rotary potentiometers twa and three have beai filed flat on one 

side. For rotary potentiometer number two the value is 7.855 V and for rotary 

potentiometer d e r  thr# the value is 4.900 V. The output in degrees is caicuiated 

by subtracting the zero value nom the potent iom~ output and multiplyuig the 

remahder by the potdometer caliiration factor. 



5. The new output data file an then bc p d  by RHINO. The output file from 

RElINO wiil contain thrœ columns of data rrprescatmg the values of a, B, and y. 



5.1 Introduction 

With a worlcing prototype of the goniometer completed, the next step in design 

process is to calibrate the individuai potaitiomaers, and then test the accui'gcy of the 

goniometer as a whole. The purpor of caiiônting the potedometers is to: 1) check 

the linearity of their output, and 2) detamine the &%ration fhctors wbkh will be used 

to convert the voltage output into umts of displacement. Testing the goniometer as a 

whole wiîi involve determïning how acanately the goniameter can repeatedly locate a 

random point in space. In addition, the goniometer design arill be evaluated to determine . 

the acairacy with wbich à cm be removeci and then reattached to a rabbit. The ability to 

reattach the goniomw wnsistentiy Win be crucial for long term studies. 

5.2 Caiibmtioa of the Potentiomtters 

Calibration of the potemiometers involves recordhg the output of the 

potentiometers for a series oflmown &phcemen&, in both directions, and then 

checking the linearity of the output The dope of the voltagedisplacement cuve is the 

caliiration EBdor for the potentiomctcr, and the enor in the iinearity, is the eror in the 

output of the potentiometer. 

5.2.1 Caliiratioa o f  the Liear Potentiometers 

The linear potentiometers wae calirateci using a Mitutoyo displacement 

transducer which is accurate to 0.001 mm. Each potentiometer was momted in the 

îransducer and moved both ways through its entire range of motion in increments of 0.1 

mm. Usiag an input voltage of ZOv the output for each potentiometer was recorded. 



The voltage varnis duplacement curves for 1 the potentiomcters were very hear and 

showed no hysiercsis. The plot for potentiometer mimba one is s h o w  in Figure 5. la 

Table 5. 1 shows the caübtati~n factor a d  R* d u e  for each of the linear potesltiometers. 

Table 5.1: Slope and Liieuity ofthe Linear Potatiometers Calriration C m .  

1 Potentiometer 1 Caü%rationFactor 1 Linearity (R? vahie) 1 

5.2.2 Caiiiration of the Rotary Potentiomders 

The rotary potentiometers were caliirated usbg an 8 inch diameter 360 degree 

protractor, inaemented to 0.5 degrees. Each potentiometer was moumed in the centre 

ofthe protractor and a pointer was attacheci to the s b f t  as sbown in Figure 5.2. The 

rotary potentiometas used for the goniorneter are a360 degree units but the expestecl 

rotations that they wiii be m d g  are ail much l e s  tban 360 degrees (120 degrees for 

potemiorneter 1 and less,thaa 30 degrees for potentiometers 2 & 3). Hence only a small 

portion of the entire range of each potentiometer will be used by the goniorneter. To 

find the most linear portion ofeach rotary potentiometer's range a rough, initial 

dbration ofthe entue range was pafomied The most linear portion of each 

potentiometer was then catirated more prezisely. Using an input of lûv, the output for 

each potentiometer was recorded as it was rotated both ways through its apected range 

in 0.5 degree increments. The voltage versus displacement plot for rotary potentiometer 

nmber one is shown in Figure 5. lb. W the rotary potentiometers were vay linear and 

showed no hysteresis. The d t s  of caüiration are shown in Table 5.2. 

One 

Two 
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Figure 5. l a: Calibraüon Cuve for Linear Potentiometer 
Number One 

Figure 5.7 b: Calibration Curve for Rotary Potentiometer 
Number One 



FlGU RE 5.2: Rotary potentiometer calibration system, showing the 
potentiometer mounted in the œnter of the protractor, with a pointer attached 
to the shaft 



Table 5.2: Slope and Lhesnty of the Rotary Potentiometd s Caliiiration C w e s .  

) ~otentiometer 1 CalibrationFactor 1 Limirty @' value) 1 

5.3 Testing the E m r  in the Goniornetels Output 

Two 

Quantifyiq the aror in the output of the goniometer is a cornplex task Sources 

of  error diredy associated with the goniometer inchide: the linearity of the 

potentiometers' output, defedions ofthe goniorneta's M e ,  and deflects of the bone 

and bone p h .  Indirect sources of error inchde the acarracy of the data acquisition 

system, the linearity of the powa supply, and its ability to hold a k e d  voltage 

accurately- For this research project, the ermr in the goniometn's output has only been 

invesàgated to the extent neceJsasr to confirm h t  the output is reasonably reüable, 

compared to otha sunilar devices, and the list of demands for the goniometer stated in 

Chapter Two. An in-depth cai'bration of goniometer would r-e the use of a system 

similar to those deveioped by Sommer et al. (1980), and Suntay et al. (1983). These 

systems are necessady complicated and imrolve the use ofboth mathematical and 

mechanid models for quantayylg the =or. It is encoutaging to note that Suntay et al. 

have discovered that Wheoreticai error anaiysis consistentiy overestimates the a d  

meaSUTexnmr emof', hence the total error is l e s  than the sum of the individual errors. 

Another interesthg concept wbich wuld be used to caiiiraîe the goniometer wodd 

involve the use of a robot The goniorneter cwld be attached to a rabbit leg in the 

standard fhhion. The fau, for example, couid be fïnnly anchored, while the robot was 

used to move the tibia through a hown range of motion The known path of the tibia 

couid be compared to the output fiom the goniometer, thus generating an estimation of 

the error in a situation more closefy resembling an actual test. 

34.658 "/v 
l 

1.0000 



The acauacy of the goniometers output was initiaiiy testeci by anchorhg one end 

of the goniometer to a h a .  fiat bast. ïhe otha a d  of the goniometer was then moved 

to various random locations, withlli the gomorneter's expected range of motion- At each 

new location the goniorneter was hdd in phce using a clamping system. The output 

âom each of the six potentiometas was recordecl, and the location ofthe moving end of 

the goniorneter was carefùily rnePsund To meuaue the location of the moving end a 

square was used to mark the location ofthe end, in the horizontal plane, onto a piece of 

papa attacheci to the base. A set ofMitutop digital calipers, acanate to 0.01 mm, 

were then used to measure the three dimensionai position of the pointer, using the centre 

of the base as the ongin. 

Mer a total of ten measwements were taken, the change in position of the 

pointer predicted by the potentiometem was compared to that show by the 

maisurements. Li order to caicuiate the change in position predicted by the 

potentiometers the equations gMn in Appendix A wae used. The di&rence between 

the two sets ofmeasurements was 0.59 20.46 mm (mean f SD). 

This system of diration does not give an absolute error for each of the three 

rotations and three translations. It does, however, predict the overall accuracy of the 

goniometer because the output fiom both the iiuear and rotary potentiometers is used to 

predict the change in position. 

The problern with this &%ration system is that thae is no -y to differentiate 

between emor due to the goniometer and error in measuring the three dimensional 

location of the rnoving end of the goaiometa. To sohre this problem the goniorneter 

was recaii'brated using a diiration system developed by Aoiiis et al. (1991). This 

system involves using the goniorneter to messure the distance between points on a steel 

plate. In a similar tiisbion to the &%ration system d e s a i  above, one end of the 

goniometer is attached to a heavy base. A pointer is attached to the other end of the 

goniometer which is moved âom point to point on the steel plate. At each new location 

the output of the goniometer is recorded. F i y  the distance baween the points 



predicted by the goniometer is the actupl distance- The distance between the points on 

the steel plate can k m t d y  messursd, thdore, the m o t  between the memurecl 

location and the predictcd l d o n  wiü be due almost entireiy to the goniometa. 

To paform this dbrati~n a 50 mm x 50 mm sheet of th  was rnomed onto a 

block of wood. A sharp pin was thai used to maice 12 d dents in the th, in a cuailar 

pattern The same pin was then attached to the moving end of the goniorneter and used 

as a pointer for locating the small dents on the sheet oftin The nwd end of the 

goniorneter was held in place by axtaching it to a heavy base. To simulate a test situation 

the fked end was considerd the tibia, and the wooden block was suspendexi within the 

range of motion of the femur. Figure 5.3 shows a pre- caliiration using this 

system During the a d  &%ration everytbing was as'shown in the figure, except for a 

piece of th attached to the wooden block, as described above. As More the distance 

between the points pndicted by the goniometer was compareci to actual distance 

measured by the Mhitoyo digital caiipers (acwate to 0.01 mm). Once again the 

equations m Appendix A wae used to caldate the location of the moving end of the 

goniorneter. The emr found betwen the two sets of rneasurements was 0.28 f 0.21 

mm (mean t SD). This value compares well to the estimated aror of 0.3 t 0.2 mm 

(mean I SD) calculateci for the Linlcage developed by Hoilis et rrl. (199 1). 

5.4 Testing the Emr iii the Repeatcd Mounthg of the Goniorneter 

One of the tequirements for the goniometer was that researchen should be able 

ta remove it fiom a rabbit, and then reattach it in a consistent fàshion. The m o h g  jig, 

descnibed in Section 3.4.2, makes this possiibk. To test the effectivenets of the mountmg 

jig to align the goniometer consistdy, a repeated attachrnent test was perforrned. 

Two whole rabbit legs, with bone pins already in place, were used to d u a t e  the 

ability to reattach the goniorneta consistently. Six tests were pafonned on each leg. 

For esch test, the bone pins were anchored using the mounting jig- The goniometer was 

aîtached, and the initial readhg fiom each of the potentiometers was recorded. Next the 
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m o d g  jig was removed, l d g  the gomorneter in place. The leg was thm manuaily 

moved through 10 bill flexion cycles. F i  the goniorneta was removeci aud the 

procedure was npeated. Table 5.3 shows the aor in the niitial rt.ding for each of the 

legs individdy, and fit both legs together. 

Table 5.3: Error in the Initial Reading when Reattaching the Goniorneter 
(standard deviation). 

I Test 1 Rotary Potentiometa~ ( d e )  1 Linear potentiometers (min) I 

As show in Table 5.3 the mounting jig is very effective in aligning the 

L 

Leg 1 

Leg 2 

goniorneter in a consistent hhion. It is interesthg to note that the value for linear 

potentiometer -ber three on Leg 1 is much higher than the others. This could be 

caused by the cornplex geometry ofthe goniorneter. A very small change in the other 

One 

O. 165 

0.184 

five potentiometers, fiom one test to the next, could be reflected as a large change in the 
.m 

remaiaiDg potentiometer. Even with this one larger enor value, the magnitude of the 

One 

0,002 

0.004 

error in the initial attachent values is less than the estimateci aror in the goniorneter's 

Two 

0.216 

0.478 

output. 

Three 

0.228 

0.268 
- 

Two 

0.0 19 

0,097 

Three 

0.257 

0,033 



CIBUTER Application of tk Goniomctcr to M c i n n  the Force on the 

MCdPl C o k t d  Ligment Veniu Tibti Rotation 

6.1 Introduction 

The goniometer was designeci to aliow joint research to be conductecl m i,. 

This is sigdïcant because most -ch ïnto the structurai properties ofligaments has 

left oniy the joint capsule, or ma just the ligament in question, intact. In Mvo testing 

should provide the most accurate represmtation of how the ligaments pdonn as the 

knee is moved through its entire range of motion. The goal of this research was to prove 

the value of the gomorneter so that in vfw testing of the structurai properties of the 

ligaments of the kiee can ôegjn. 

For this pilot study the goniorneter was wed in conjuncton with a load ce& to 

determine the force on the Medial Coiiatd Ligament NCL) versus tiiial rotation, at 

60,90, and 120 degms of flexion- The tests were performed on the nght legs ofNew 

Zealand white &bits, separated at the pelvis, with aü muscles and ligaments intact. ïhe 

long range goai of this project is to estabgsh a force versus rotation a w e  for the MCL 

at one joint angle. This information wiü dow a known load to be applied to the MCL, 

by using the goniometer to monitor both the joint angle and ti ial  rotation. Research can 

then begin into the &kt of varying amounts ofloading on the healiag of the MCL. 

Eventuaüy a set of guide lines couid be established h g  the magnitude of loading 

suggested, for opthmi heaiing versus say the cross-sectional ana of the ligament. This 

type of idormation could be very useftl in the rehabilitation of ha injuries, and could 

seme as a bask for simiiar investigations into the 0 t h  Ligaments of the kiee. 



The right legs of five one year 01d New Zeaiand white rabbits were used in thk 

experiment. Force on the MCL was m d  ushg a load ceil, and joint motion was 

measured Usmg the six degree of âecdom goniometa. 

The load ceil, coas*sting of thne naitudly p e r p c n d i ~  stnni gauged plates, 

attaches to the MCL at the t i i a i  insertion This is accomplished by removing a small 

bone chip, surrounding the t i i ï  insahion of the MCL, h m  the tibia The distal end of 

the load di is attached to the tiiia, and the proxhd end is wm~cted to the bone chip. 

To uisure that the aiignment of the MCL is not aitemi by the attachent ofthe load cell, 

the mounting holes are dnlled before the bone chip is fdiy removed. Figure 6.1 shows 

the load d attachai to the ri@ kg of a rabbit. Note: the connaaion between the 

MCL and the medial menisais was cut during the attachent of the load ceil. This was 

done to be consistent with the MCL teasile testhg procedure used at the University of 

Calgary- 
Re testing wery involveci barvestuig the right leg of the rabbit, and then 

attaching the load ceil to the MCL, and the goniormer to the laterai side of the leg. The 

load ceU is attached to the leg fht, as this r e q y k  precise surgery which would be 

complicated by the goniometer. The load celI was then removed ftom the leg, to prevent 

it fkom being damaged, while the bone pins wae insated for the goniorneter- The distal 

end of the load ceii was then attached to the tibia while the proximal end was la fiee. 

The load celi was then zeroed. Next the proximal end of the load c e U  was attached to 

the bone chip containhg the tibia1 insertion ofthe MCL. Wth the joint at approximateIy 

90 degms of =on the preload on the MCL was measured to check that it was close 

to the expected value of -3N- Figure 6.2 shows a rabbit kg with both the load ce11 and 

goniometer in place. 

The basic testing procedure involved mtating the foot extenially at joint angles of 

60.90, and 120 degrees. A total of twelve rotations were pdormed at each joint angle 



The testhg staaed by paforming Sa extemai rotations at each joint angle separately, 

starting wïth the d e s t  angle offlaion and moving on to the largest, This wes 

foliowed by six more e x t d  rotations a each joint angle, for *ch the joint angle was 

detenaineci nadomly. Bdore each test the foot wu d o w d  to rrairn to its nmiral 

resting position in order to start each rotation b m  a consistent anci nmnal position. 

The joint augie for cach test was determincd using the goniomeîer A digital 

dti-meter wu used to monitor the output of rotary potmtiometer number one, whkh 

was roughly aligned with the knee's axis of flexion. The initial reading, with the 

mouming jig di in plrcc ans taken as 90 degras of flexion. The caliration factor for 

the potmtiometer was then used to d e t d e  the output voltage for 60 and 120 degrees 

of flexion The resuits h m  the finai data tran&ormations show that this system 

determineci the flexion angie to within I 3 degtees. 

The output data fkom both the load ceU and the goniometer were recordeci by 

LabTech Note Book, at a samphg rate of20 Ht. The power supply for the goniometer 

was set at 10 v, and monitored by LabTech Note Book tu casw a constant output. 

A f k  testing, ail of the flesh was removed âom the fnnu and tibia, while the 

bone pias wen left in p h .  The bones were then soakeâ in bleach to remove any 

remaining tissue. Once the bones were completeIy cleaned, and dned, the boney 

landmarks were marked ont0 the boaes. The three dimensional locations of the boney 

landmarks, relative to the ends of the bone pias, were then measured, in order to locate 

the goniometer relative to the h o d  and tibia1 coordinate systems. This information 

was then used dong with the goniorneter output data to caldate the flexion angle, 

varus-valgus rotation and tiial rotation for ePch of the tests. This process is detailed in 

Chapter 4. 

To detaniine the zero point to be useâ for the t i i i  rotation data, the initial 

value for each of the 12 inchiduai tests at each joint angie was a v q e d .  The tibia1 

rotation and force data for each test were then combinecl to produce a force versus 

rotation a w e  for each test. Next the six similar tests at each joint angle (random and 



Figure 6.1: The load cell is shown attached to a rabbii kg. 



Figure 6.2: 8oth the load œll and the goniorneter are shown attached to a 

rabbit leg, ready for testing. 



non-random) wae combhcd to cnate a force nrsus rotation fle of aii the Smüer data 

at each joint anglee T b  file wris then nin through the pognm BMDP which Monned 

a poiynomiai tegression on the data to daamine a nprrsaaative force versus rotation 

c w e  for each group oftcsts. Haioe this proass crca~ed tcn force vasus rotation 

curves at each joint angle, one random and one non-nadom for each of the five rabbits. 

For two ofthe rabbit legs intanrl rotations were also pedbmed us@ the same 

procedure of six non-dom tests at cacb joint angle foiiowed ôy randorn testhg at aii 

three joint angles. îhe data &om these tests was processeci in the same way as the data 

nom the e x t d  rotation testing. 

For each individuai rabbît the force versus rotation curve was very consistent at 

each joint an* Figure 6.3 shows the raw force vasus rotation data for rabbit one at 90 

degrees of flexion. From the figure it is clear that the data are consistent fkom test to 

test. This is reinforcecl by the R' d u e  of 0.914 gaierateci by the polynomial regretsion 

The average R~ value for aii 30 tests is 0.856. The average R~ values, howwer, are not 

consistent for aIl johî angies- At 60 degrees the average R* value is 0.877, at 90 degrees 

the average R~ is O. 892, and at 120 degrees the average R~ value O. 80 1. 

For each Uidividuaf rabbit the force versus rotation m e s  generated from the 

non-random and random test data are vay  consistent. Figure 6.4 shows the random and 

non-mdom force versus rotation awes for rabbit one at 90 degrees of flexion. 

Figures 656.9 show the nndom and non-mdom force vasus rotation data, at 

aii joint mgies, for each individual rabboit. These n w e ~  show a consistent trend 

indicating tbat the MCL is recniitd the earliest at 120 degrees of flexion and the latest at 

60 de- of flexion h addition the dope of the force versus rotation m e  is 

generally pater with increasing joint angle. 



Figure 6.3: Raw Data for Extemal Tibial Rotation at 90 
Degretu of Flexion, for Rabbit #1 
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Rotation (degrees) 

Figure 6.4: Best Fit Curves for Non-Random (a) and 
Random (b) Extemal Tibial Rotation Data, at 90 Degrees 

of Flexion, for Rabbit #l . 
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Figure 6.5: Non-Random (a) and Random (b) Force 
Versus Extemal Tibial Rotation Cunres for Rabbit #1 

Rotation (degrees) 

Figure 6.6: Non-Random (a) and Random (b) Force 
Versus Extemal Tibial Rotation Curves for Rabbit n2 
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Figure 6.7: Non-Random (a) and Random (b) Force 
Versus Extemal Tibial Rotation Curves for Rabbit #3 

Rotation (degrees) 

Figure 6.8: Non-Random (a) and Random (b) Force 
Venus Extemal Tibial Rotation Curves for Rabbit #4 
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Figure 6.9: NoMandom (a) and Random (b) Force 
Versus Extemal Tibial Rotaüon Curves for Rabbit #5 

Rotation (Degrees) 

Figure 6. IO: Force Versus Extemal Tibial Rotation 
Curves for al1 Rabbits at 60 Degrees of Flexion 

Rotation (degrees) 



Figures 6.l06.12 show the d o m  and no~random force versus rotation ames 

for ail rabbits at each joint angle- 

The i n t d  rotation tests wae oaly pedomed on two &bits, as a negligi'ble 

change in force (iess tban 5 N) was measured on the MCL for aiî tests, at all joint angles. 

There was also an additional probiem ofthe internai rotation causing the pmximaI end of 

the load d to contact the muscles surrounding the fèmur, produchg fb force 

readings- 

6.4 Discussion 

The high R' values for aii ofthe polynomial regressions show that both the load 

cell and goniorneter are capable of produchg consistent test resuits. This is supported 

by the wnsistency ofthe random and non-mdom test data at each joint angle, for each 

individual rabbit, as demon~ttated in Figure 6.4. 

Figures 6.5-6.9 indicate that the MCL is r&ed earlier, and is Mér, with 

increashg joint angie. This seerns intuitively correct, based on the geome!try of the h e e  

joint. Figures 6 . h  and b show a sketch of the femur-MCL-ti'bia cornplex at 

approximately ni11 extension and fûii flexion respectiveiy. The change in orientation of 

the MCL is «awed by the femoral condyles posterior Ûanslation, relative to the tibia1 

plateau, during fiexion. By comparing the two figures it is evident that an equal amount 

of rotation WU cause a greater relative change in the length of the MCL at fidl flexion 

versus fidl adension Hence, at nill Becion, the greater change in length versus rotation 

will cause the M U  to be loaded earlier and at a higher rate than at full extension. 

In Figures 6.7 and 6.9 it is interesthg to note that the series of random tests 

(labeled ab, 90b, and 120b) display the pattern of earlier recruitment of the MCL with 

increasing joint angie. However, for the non-random series of tests the pattern is 

skewed- This wuid be causeci by the ciiffierence between how the random and non- 

random data are coîiected. During the random teshg the initial alignment of the foot 

will 



Figure 6.1 1 : Force Veraus Gcterrtal Tibia1 Rotation 
Curves for al1 Rabbits at 90 Degrees of Flexion 

Rotation (degrees) 

Figure 6.1 2: Force Versus Extemal Tibial Rotation 
Curves for al1 Rabbits at 120 Degrees of Flexion 

Rotaüon (degrees) 



Figure 6.13a: At full extension the MCL is almost parallel to the axis of 
rotation and henœ is extended slowly by tibia1 rotation. 

Figure 6.1 3b: At full flexion the MCL moves away from the axis of rotation 
and henœ is extended quickly by tibia1 rotation. 



be roughly consistent for all tests, and aay gndual changes are avcraged over tests 

paformed at a variety ofjoint angles. For the non-dom testhg a series of rotations is 

paformed at a single joint angle. This could dow one set of tests to be pedionned at a 

d i f f m  initiai rotation angie wbich wouid then shiff the entire force vasus rotation 

awe. To try and mhimize this problan the initiai t'b'ial rotation data fkom the mdom 

and non-random testing were averaged to calculate the zero point at each joint angle. 

However, this problan couid hclp to expiain the dismpancies in the data shown in 

Figures 6.7 and 6.9. 

The dopes of the load versus tiid rotation ames were calculateci for some of 

the tests. These did help to confhn an increascd Stiflciress in the MCL with increasing 

joint angle, but showed very littie wnsistency fiom rabbit to rabboit at each joint angle. 

This, howenr, would be expected afta acamimng Figwes 6.10-6.12. 

Figures 6.56.9 also show that the total amount oftiibial rotation decreases with 

increasing joint angle. This indicates that the knee joint has a greater ability to 

accommodate extenial rotation at d e r  joim angles. In addition, the maximum force 

on the MCL is lowa at saaller joint angles. This must affkct the loads d e d  by the 

other structures of the hee, as at aU joint angles the force applied to the rabbit's foot 

was approximdy eqwl To have wmplete confidence in this r d t ,  however, a 

method of appiying a consistent force to the foot, at each joint angle, will have to 

devdoped 

A f.urther e&ct of joint angle on the loading of the MCL is the nature of the 

loading itself At full extension the MCL is looded approximately as shown in Figure 

6.14a The insertions are roughly parailel and the ligament experiences a d o m  terisile 

load. At fidi flexion the insertions ofthe MCL are rotated relative to each other as 

shown in Figure 6.14b. This would appear to concentrate the load on the anterior fibers 

of the ligament, leaving the posterior portion unioaded. This raises several imeresting 

questions: 1) is the ligament p r e - s t d  in such a way so as to mewPue the average 

number of fibers loaded at each joint angle? 2) could this information be used to prrdict 



Motion of Tibia 

Figure 6.14a: At full extention the orientation of the femoral and tibial 
insertion of the MCL appears to allow the MCL to be unifomly loaded during 
tibial rotation. 

Motion of Femur 

Motion of Tibia 

Figure 6.14b: At full flexion the geometery of the knee appears to change 
the orientation of the femoral and tibial insertion of the MCL sufficiently to 
increase the tension on the anterior side and unload the posterior side. 



the location on the M U  whrr fàiiurc nrzt ocnas? and 3) does this cause the uitimate 

streagth of the MCL to be i&aed ôy joint angle? 

Figures 6.10-6-12 show tht the force vanu rotation ames, for all of the 

rabbits, t each joint angie are sianlar, but not identical, Wkn an attempt was made to 

nt a single a w e  to all the force vaais rotation data at each joint angle the R* value WBS 

ody -0.55. The most consistent data were generated at 90 degrees of flexion This is 

ais0 the joint angle with the highest werage R* &es, fbr the polynoxniai regnssioqs 

@ormeci on the raw force versus rotation data. This indiCates that 90 degrees of 

fiexion is the joint angle thM shows the most promising for produchg a reliable load 

versus tiiiial rotation awe. An additional adwntage of investjgathg the loadmg of the 

MCL at 90 de- is the more d o m  loadbg of the mtüe iigament reported by 

Ahmed et al. (1987). More d o m  loadhg should help to produce more consistent 

biological results aaoss the e n t h  MCL draing loading vasus healuig studies. 

The two key cbaracteristîcs of the ofthe load vasus rotation m e s  sean to be 

the slope, and the turning point (Le. the rotation angle at which the load on the MCL 

begins to incnase). The variation in the turning point of the loading m e ,  for each 

individuai rabbit could t e  partly arplained by the dif16cuity in defining a zero position for 

tibiai rotation, The variation in the dope of the loading curves between the individual 

rabbits at a shgk joint angie appears to be relateci to the system used to control the joint 

angle during testîng- Extemai t i i  rotation tends to cause the joint angle to kcrease. 

The a m e s  with the steepest dope at each joint angie correspond to the tests in which 

the variation in flexion angle was wnstraiaed most efFéctive1y. FiUther testing with an 

improved joint angle control system shouid -ove the co~istency of the slope curves 

fiom rabbit to rabbia. Improved control ofthe joint angle may have the additional 

advamage of irnproving the consistency in the initial tibia1 rotational alignrnent. By 

concentrahg m e r  testing at 90 degrees of fle7cioq irnproving the joint angie control 

system, and irnproving the consistency of the initial tiiiai rotation, it should be possible 

to grnerate a much more consistent set of ames. However the surgeon was able to 



prrdict the Irioty of an individual rabbit's MCL, based on obmom made durhg the 

attachent ofthe l d  d. Tbese pfcdiction wae LUr substaatiated by the test data 

These biologid ciifkaces indiate tbat any force versus bibiai rotation nwe wiiî 

always be subject to a reasouable mount ofvariabüity betftreen PnmiPls. 

The tesdt that thae is a negligible change in force on the MCL driruig intemal 

tïial rotation seems ta be imuitiveiy CO- âom obsemations made during testiag. 

Figure 6.15 shows a sketch ofthe fémur-MCL-tiiia cornpiex Dwing externa1 rotation 

the bibial insertion ofthe MCL moves fiom A to B, which incre8ses the length of the 

Ma, and heuce loads the ligament. I n t d  rotation howeva moves the tiid insertion 

fiom A to C, which shortens the length ofthe MQ, and hence grnerates no load on the 

ligament. 

6.5 Conclusion 

This pilot study has shown that bath the load cell and the six degree of freedom 

goniometer are capable of producing consistent and vatuable scientSc dam The data 

show that extemal tibia1 rotation loads, and hane is constrahed by, the MCL whiie 

intemal rotation does not. The testhg was able to show that the MCL is recruited 

earlier, and has a steepe!r loading m e ,  with increasing joint angie. In addition the 

testing shows that as the joint angle incrtilses the totai load d e d  by the MCL 

increases, and the joint laxity decreases; when a consistent, memal rotational force, is 

applied to the foot. 

There dso appears to be a good pot& for fbture testing using the goniometer, 

and a load vasus tÏial rotation curve, to apply a hown load to the MCL. The results 



\ Extemal Interna 

L-2 
Rotation 

Figure 6.1 5: Extemal rotation moves the tibial inseraon of the MCL from A to B 
hich lengthens, and oius loads the ligament. lntemal rotation moves the 
tibial insertion from A to C shortening the MC1 and thus creating no load on 
the ligament 



indicates that the MCL b loaded in the moa consistent W o n  at 90 de- of flexion 

This wili dow testhg to begh  hto the elféct on the beiluig, of appiying a known load 

to a M U  injury modeL 



7.1 Introduction 

The goniorneter design process was vag successful The nnrl design meets aü of 

the demiads üstd in the design SPeQscationg, and most importantîy shows distinct 

promise to be an effective tool for joint research, During the &%ration of the 

goniometer, and the testing presented in Chapter Six, some areas for the possible 

improvement of the goniometer were noted. ELaving established the viability of 

deteminhg the load on the MCL vasus bone position, the possi'bilities for continueci Ui 

vivo joint research are extrerneiy broad. 

7.2 Conclusions From Tcstiag the Goniometer 

7.2.1 Performance of the Goniometer 

The goniorneta shouid prove to be an Sective research tool. O v d  the 

potentiometers pedomed weii within the goniometer, and as shown during caliiration, 

were dciently accurate for this application. 

The three rotary potentiometers worked smoothly togethex. One possible 

improvement wodd be halftum potmtiometas (or emn quarter tum units for 

potentiomaas 2 and 3). W1th the fidi turn unit, a 10 v change represents a 360 degree 

rotation. With a haifaini unit, 10 v wouki represent 180 de-. Therefore, the half 

tum unit would produce a larga voltage change for the same rotation. This larger 

change wouid be easier for the data acquisition systern detected, which wouid thmfore 

improve the accuracy- At the time of constniction, the fidl tum units used were the best 

availabIe alternative. 



The performance ofthe hear poteatiomctcrs is affècted by the nature of the load 

placed upon them Whn a fbrcc W apglied parailci to the sbaft of the potdometer it 

moves smoothiy unda vay d l d s .  However, whm the direction of the force 

applied to the is closa to the porpadiailir, the motion can be rough and even 

jaky. These d o n a l ,  suddm movemcmts of the lincar potdometers obviowly 

cornpromise the goniorneter's acamcyBccltracy Two poterdial solutioas to this problem are: 1) 

redesign the fiame wmecting the lincar potentiometers to include 6igh @ty lin- 

bearings, or 2) change the goniorneter design to an di romy potdomaer unit, Smilar 

to that developed by Kinzel et al. (1972). which was discussed in Chapter One. Adding 

Iuiear bearings should smooth out the opedon of the linear potenti~rneters~ but would 

increase the complexity of the h m e  and hence the weight ofthe goniometer. An ail 

rotary potentiometer unit wouid opaate more smoothly, but the rotary potentiometers 

weigh 4x as much as the Iinear potentiometers. This wouid also SiBnificantly increase the 

total weight ofthe goniometer. Henœ any irnprovemeat on the bctioning of the linear 

potentiometers, wiîl have to be a compromise between weight and perf~tmance~ 

At some point the exact error in the final output f?om the goniometer d have to 

be daefmjlled- None ofthe other research disaisseci in Chapter One mentions any type 

of caliration beyond what bas been done in Chapter Fm. However, ifthe goniometer 

is to be reliecl upon to distinguish between UicreasinBly d e r  changes in bone 

alignment, then a more precise qpadfication of the emor wül be required. Quantifying 

the exact total emr will be very diBcuit, as it is a combhîion ofmany différent fàctors 

including: the potentiometers, deflection of the goniometer h e ,  movement of the 

bone pins, quaüty ofthe volt meter within the data acquisition Jystem, and the 

measwernent of the location of the bone pins relative to the bone coordinate system. 

7.2.2 Pafotm~l~lce of the Goniorneter Mounting and Attachment System 

There were no problems with the goniorneta mounting and attachment system 

Once attache& the goniometer stayed securely in place. It did not hinder the leg's 



natural motion and dowed good accas to most areas ofthe leg. The fbct that the 

goniorneta can be mounted either medially, or Irtadiy, d e  it adaptable enough for 

most e x p e r i m e ~ n ~ ~  

The rnoMtmg jig wwas vay e&ctive fot attacbg the goniorneta. The cornplex 

shape d siippgr surface ofthe bone makc h s d q  the bone pins very d8Ecuit d o u t  

the aid of the m o h g  jig. Oiily a couple ofpractice rounds were necessary to gain the 

SM ropuirrd to insat the bone pins quiddy and accwately- 

Befbre a set of experiments is undertaken it is important to check the adjwbnent 

of the potentiometers. Al1 of the potentiometers, and in particulaf the Iinear 

potentiometers, can be adjustecl relative to one anotha. It is important to attach the 

goniometers to a leg and check that the adjustment is 'such that the goniorneter will not 

hinder the motion requked for c~mnr tesbng. Afta adjusting the potentiometers, it is - 

then Unportant to ensure that ail of the potenfiorneter shafts are at right angles. The 

entire series oftests described in Chapter Six were conducted *out having to re adjua 

the goniorneter, but it is foreseeable that a s d e s  of tests requiring severe joint positions 

wuid requke readjustrnent- 

7.2.3 Performance of the Data PmcesPing System 

The data pmcessïng system, mduding the data acquisition software, the 

transfodon @OIS, and the cornputa program RHINO, worked weli throughout 

the research. However, the series of calculations required to detemine the location of 

the bone coordinate systems relaîive to the bone p h  coordinate systems pmved to be 

tedious. This process was greatiy simptified by creating a spread sheet capable of doing 

almost ail of the dcuiaîions. One possible improvanat would be to integrate these 

equations into the cornputer program RHNO. Ideaiiy, the user wodd enter two input 

fifes h o  the cornputer: the relative location of the points on the bones, and the output 

data nom the potentiometers. The cornputer would then perfonn all the CalCUIations and 



transformations, and output the dative location of the bons, in tams of the ISB 

coordinate axes. 

The ideal &a proccssing system w d d  p&ce a mi tirne dupiay of the bone's 

relative location in terms of the ISB coordinatc This would aiiow researchers to 

know where the bones were during tating. The probIem wiui mdng this type of set- 

up is that it is very ciifficuit to determine the arct ôone to bone pin transformatio~~~ util 

the leg has been removed aoUi the rabbit and cleanai of flesh. This problem could b 

SOM by ushg an average location fbr the bone pins baseci on previous tests. It has 

been found that, with the mountiag jig, the bone pins are inserted in a -y consistent 

fidion. Thdore, a set of average bone to bone pin traasformations could be used to 

provide a reasonably accurate estimation of bone location during testing. This system 

wodd not give the precise relative location of the bones, but it could inaease the range 

of tests that the goniorneter is capable of perfonnllig. 

7.3 Conclusions From Erpcrimtntai Resalts 

The goniomdagaeraiiy hctioned very weii during the testing descriied in 

Chapter Six The load cdl, however, preseated soxne problems, that can be avoided by 

following the correct procedure. The &%ration matrbc for the load cell is not constant 

and hence it shodd be rccaicuiated mmiediately befbm, or der, each test. It is also 

imporuuit to use the correct method of zaoing the load cell kfore each test. The load 

celi should be aroed with the d i d  end attached to the tibia and the p r o d  end Eee. 

In addition, once the Ioad ceii is attached to the tibia t should be aiiowed to equaiïze in 

temperature with the rabôii More it is zaoed. Do not zero the load celi with both ends 

attached to the rabbit, either More or af€a the bone chip has beai removed. Zeroing 

the load ceU with the proximal end attached to the Îrad bone chip wiU elirninate the pre- 

load. Gttaching the proximai end of the load ceii to the tibia bdore the bone chip is 

removed can gaierate very high loads within the load ceii, due to the curvature of the 



bone. These loads cm be in arcnu of LOO N. Obvioudy tolriDg tbis large pre-load as the 

zero point wül skew ail of the test data It is rlso hdpbil to place a smaii amount of 

m e 1  mabrcylate uada each Cid of the load ceii rad then a h  it to the ai More 

the bone chip is rernoved Oacc the glue is dry the load ceii can be removed, and the 

bone chip cut fia. This Win mate customized mouaiiag pads fOt the load ce& which 

will eawn: 1) the secure conneciion of the load ceU, and 2) that the orientation of the 

tibial insertion, of the M U ,  is lrept constrnt 

Cam should also be tskm whcn insating the bone pins. It is important to check 

that the V-notch in the guide tube is centreci on the bone before the pilot hole is drilleci- 

Ifa hole is not drilleci squarely through the bone it is possible to move the guide tiibe to a 

new location at the t i i  end ofthe mountiag jig. Additional mounting locations could 

also be made at femoral end ofthe mouming jig. However, changing the location of the 

guide tube wiil mean thet the mouming bracket on the goniorneter wiIi also have to be 

moved- Iftbis ïs not done carefiiily it couid change the orientation of the goniometer 

relative to the 1% Haice, it is desirable to gain sufnciemt skül in mounting the 

goniometer to get it right the fkst tirne- ïhe best method for this is desmied in Chapter 

Three. 

A final problern area is deteminbg the position of zero tiial rotation. This is a 

gray area, as no precise method ntists by which this point can be definecl. For the testing 

desaibed in Chapter Six the zero point was d&ed as the average stamng point for both 

the random and noniandom testing pcrformed et each joint angle. Ali efforts were made 

to start each test with the foot m its neutral position. Thus the zero point used to 

generate the finai d t s  is the average of 12 attempts to locate the foot's n d  

position, at tach joint angle. It is obviously very important to locaîe the zero point 

propedy, as any shift in the zero point will shift the e n t h  force versus rotation m e .  

One potential improvement for the testmg procedure wodd be some sort of a pin systan 

to hold the f ~ m u r  at a constant otientaîion, at each joint angie. This muid help improve 

the consistency of the starting point for each test. Figure 7.1 shows one method by 



Pins Through Femw 

+-----b 
Joint Angle Changed 
by Sliding Foot 

Figure 7.1: A fiame, similar to the one shown above, could be used to 
hold the femur during testing, and thus imprwe oie consistency of the 
legs alignment Note: the pins should pas$ through the *mur and be 
supporteci by the fmme on both sides. 



which the f m  cwM be hdd tar testing. Two pins wouid be drilled through the fanur 

(these d d  elso be used for a the goMometer). These pins wouid be attacheci 

to a single piut on each side which d d  then k cornedeci to a fhme using rome type 

of bearing. This would aibw the ânair to rotate as the foot io dide ôack anct foah to 

change the joint angle. UaimaEaiiig a constant orientation of the fcmir should improve 

the consistency ofthe foot's location at the start of each test. 

ûne final ana of conam c d d  be the output h m  the program REILNO. This 

wiil usUay. indime the tibial r o t a b  rit the start of each test is approximately 15 

d e m .  This does not meen that the tiiia has alnasy been rotated by this amount 

before each test beguis. This ody ïndicates that the coordinate system impod  upon the 

t i i  is rotated by this amount r e b e  to the fernorai caordiaate system. Because the 

coordinate systems are imposed upon the bones, their zero point is not n d y  gohg 

to be the same as the joints naturai zero point. These values should however be chaaged 

to refiect the natural zero point of the joint as described above. 

1) The three rotary potentiometers worked very weii and should continue to be used 

unles appropxiate half or quatter turn MitJ can be located. 

2) Ifthe linear potentiometers remaïn h the goniorneter then they should be coupled 

with linear bearings to smooth out their operation Ifthe b a r  potentiometers are to be 

removed then they shodd be replacexi with rotary potentiometers, in a design similar to 

that of Kinze1 et al. (1972). 

3) If long t e m  testing is to be canied out using the goniorneter then a removable 

attachment system wiii be required. The system dmloped by KoMck et crl. (1994) 

look promiJing. 



4) The amputer program -0 couid be impmved by hciucüng the equetions to 

dcuiate the bone O bone pin transformafioll~~ 

5 )  To have complete confidence m the goniorneter teSuIts, the exact aror in the final 

output of the goniometer wili hve to be estimateci accurateiy- 

6)  A possible improvexnent for niiurr b i i  rotation testing is the system shown in 

Figure 7.1. A set of pins could be insertcd h o  the f m  to mintain it at a constant 

alignment during testing. This system shodd hcrease the consistency ofthe joint 

alignment diiring testing- 

7.5 Future Directions for the Goniorneter 

The goniometer has the potential to become a very valuable research tool as 

demonstrateci by the testïng descriied in Chapter Six. Some ofthe potential f h r e  

applications of the goniometer include 1) oriiminiag the Merences in how the MCL is 

loaded at different johi angles, 2) detamiamg the &kt of varyïng degrees of loading on 

the healing of the MCL, and 3) devdoping l d  celis for the other ligaments within the 

kuee. The results in Chapter Six iadicate that the loading on the MCL varies with joint 

angie- This is the type of excituig information that f h r e  h vivo research can atpand 

upon. The potentid to produce a load versus 'bial rotation m e  is also vgy promismg. 

This would allow researchers to put a known load on the MCL by using the goniorneta 

to monitor both rotation and flexion angle. The success of the ài vivo testing of the 

MCL, alsa indiates that in vNo testing of the otha ligaments in the kme is possiiIe- 

The combination of the goniomter and the load d for the MCL creates a 

powaful research system- By using these two took together a large amount ofnew data 

about the loading of the MCL ha9 been generated. Vay little research has ever been 

dom h o  the in vivo loadiag environment of the MCL The simple fBa that exterilal 



tibia rotation loads the MCL is a new development. The additionai information into the 

nature of the todhg of the MCL, iad the poss1.bilit.y ofgenerating a load vasus ti'bial 

rotation awe. are -er tatswny to the power of this combiion of nserrch tools. 

By followiag the suggestions and ~lxommendations made in tbis diripter, there is a wide 

range of exciting applications for the goniorneter as a biomechanid -ch tool. 
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T b  set of tmdbnnation equaions W based on the work ofEvaus et al. (1994). 

This ayie of ttansfomation equptioons is dmwd in tbnt steps baseci on the geometq of 

the goniometer. The ht step is to caiculaîe a set ofequtions which reflect how the 

geome&y of the gonïometer dl aSct the o r i d o n  of the potentiomcters. The second 

step is to calculate how the goniorneter's rexnote 10CILtteon h m  the biee wili rnéa the 

magniaide of the displacements meastueci by the goniometa. The final step is to 

c o m b e  the first two sets of equations into a single set of transformation equations. For 

this projeci this style of transformation eqyations was never derived beyond step one. 

The hcreasing wmplexïty. compared to the system of transformation equaîions 

desaibed in Chapter Four, made the @ans too aimbasome. This initial set of 

equations was, howmr, uscfiil in cali'brating the goniorneter. 

For the &%ration ofthe goniorneter descnied in Chapter Five the change in 

position of the pointer atîached to the goniometer (sa Figure 5.4) was calculateci using 

the following equations. It û not recommended to attempt to use these equations to 

d a t e  the output data of the goniometer. They are only induded for completeness as 

they were used during the caliiration of the goniorneter- The purpose of the equations is 

to account for the additionai displacement of the pointa caused by the rotational 

potentiometers. The magnitude of these additional displacements is proportional to the 

length of the pointer, and the O- ofthe shaft ofR3 compareci to RI and R2. RIy R2, 

and R3 represent rotationai poteatiomcters one. two. and tbree, and LI, L2, and L3 

represent linear potentiometas one, two, and t b .  



wher e: 

A&= 

AYR = 

UR = 

where: 

a AY, and A2 = The change in the x. y, and z location of the poima. 

fil, AL2, and AL3 = The change in lïnear potentiomaers one, two, and 

three* 

A& AY, and A& = The cbamge in x. y, and z d by the rotary 

potemiometers- 

K = The lm@ of the pointer. 

S = The distance fiom the shaft if=, to the shaft ofR1, dong the shaft of 

R2. 

Cm CR) = The cabration factors of R2 and R3. 

R2&& = The initiai and onsl value of R2 in volts. 

R3i R3t = The iiiitid and finai value of R3 in volts. 

As mentioned in Chapter Five a set of ri@ hand coordinate axes is attached to the base 

shown in Figure 5.4. The x-ercÛ is p d e l  to LI, the y-ds p d e l  to L2, and the z-axis 

is p d e l  to U. 



Appeadf B: Sou- code for RBMO 

I* program to traaPlrte goniometer data into rotations */ 
/* about the ISB coorcünate axes */ 
I* by Daren Tnmaine */ 

void rotata; 
void gono; 

/* utilities */ 
void mdt40; 
void writ-data(); 
int read_data(); 

aoat fiot [4][4], d [ 4 ]  [4]; 

I* Enter the fimoral bone pin to bone traasformation mafnx Here! ! ! */ 

ftot[0][0]=.99949; fiot[O][l]=.006767; fiot [O] [2]=.03 1 12; fkot[O][3 P; 
&ot[l][O]=.ûû 13 13; fiot[l][I]=.98509; fiot[l][2]=. 17203; fiot[l][3]=0; 
fiot[2][0]=.03 182; frot[2][1~. 1719; fiot[2][2]=-9846; fkot[2][3]=û; 
fi0t[3] [O]+; not~][i]=o; âot 131 1214; - tiot[31[3]=1; 

I* Enter the unit vectors repilesenting the tibiaî coordinate system *I 
I* interms of the t i i i  bone pin doordinate systern Here! !! */ 

d [ O ]  [O]*; unit[O][ 11796262; &[O] [2]=.ûû7647; Umt[O] [3]=+27073; 
unit [l][O]=û; unit[1][1]=-02 134; unit[1][2]=.99863; unit[l][3]=-04765; 

[O]+, uait[2][1]=.27; unit121 [2]=.OS 164; unit[2] [3]=.96 146; 
unit[3][0]=1; uait[3][i]=l; unit [3] [2]=1; unit[3] [3]=1; 

/* gon is used to dt ip ly  tunit by goniometer rotations, then 60% for each time */ 



void rotate (za,ya,xa,rot) 
float za,ya,xri; 
float rot [4][4]; 
{ 

void muit40; 
float d0#[4] [4]; 
float i4l MI Y Pl 141. xk4l[4l; 
inti, j; 
za = 3.1416/180*ta; 
ya = 3.1416/180ia; 
xa = 3,1416/180Sra; 

mdt4 (&y,dott); 
for (ii;ic=3;ite) 

for (Fo jc=3;j*)  rot^]^] = dott[iJu]; 

mdt4 (z,rot,dott); 
for (PO;i<=3;itt) 

for (FO;j<=3;i*) rotD]m = dottD][i]; 



l* bction gon */ 

/* get file narne */ 
printf ("Wlease enta the name of your niw data file: "); 
d("% 14sn, name); 

/* di rad-data to open file */ 
n m p  = read-data(raw, me); 

d t 4  @ga,tidot); 
for O;i<=3;i+t) 

for (j=û;j<=3J*) gig@][j] = dotD]m; 

d t 4  (fanur,giga,dot); 
for @O;i<=3;i*) 

for (j=ûj<=3;j-H) gi&~]m = do@] [il; 



P use dinction cosines to get angks h m  giga */ 

alpha = 180/3.1416*dpha; 
beta = ISO/3,l4l6*beta; 
gamma = l8OB .1416*gannna; 

for C=û;i<=2;i*) 
cooked@c]kl[il= O; 

cookedM[O] = aipha; 
cooked@c][l] = bao; 
cooked[k][2] = gamma; 

Wtit-data (cooked, nump); 
1 
/* hction to read data in fiom file */ 

int read-data(raww, namee) 
float raflyw- 131; 
char nameeu; 
{ 

for (i=O;i<=PMAX-l;i++) 
{ 



/* nuMion to write output data */ 

void Wfif-data (COOS num) 
float cook[PMAX][3]; 
int mua; 
{ 

int ï, j; 
cbar nUrme[l5]; 
HLE 

printf("W1ease enter the name of your output file: "); 
scanfÇ%14sn, k e ) ;  
fpp = fopen (hune, "wn); 

for 0; i<=3; i*) 
for 64 ;  j<=3; j++) ddot@]lj]=O; 



{ 
for (ko; k-3; Irn) 




