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; Abstract 
Prosthetic joint implants currently in use exhibit high 
failure rates. Realistic computer modeling of prosthetic 
implants provides an opportunity for orthopedic 
biomechanics researchers and physicians to understand 
possible in vivo failure modes, without having to resort 
to lengthy and costly clinical trials. The research presented 
here is part of a larger effort to develop realistic models of 
implanted joint prostheses. The example used here is the 
thumb carpo-metacarpal (cmc) joint. The work, however, 
can be applied to any other human joints for which 
prosthetic implants have been designed. Preliminary 
results of prosthetic joint loading, without surrounding 
human tissue (Le., simulating conditions under which the 
prosthetic joint has not yet been implanted into the 
human joint), are presented, based on a three-dimensional, 
nonlinear finite element analysis of three different joint 
implant designs. 

Introduction 
Eight percent of the U.S. population is affected by CMC 
Osteoarthritis. Relief of pain in osteoarthritis depends on 
eliminating the incongruous articulating surfaces where 
high and non-normal forces are generated. The ratios of 
joint forces to the applied force have bccn calculatcd by 
Giurintano et al. (1994) to be about 18 times the applied 
load in a power pinch. The thumb power in pinch and grip 
measured by Crosby et al. (1994) is 27 Ib. This mcms 
that the normal CMC joint routinely sees forces in excess 
of 500 Ibs. A replacement joint must be able to handle 
these forces repetitively without dislocating, wearing out, 
or cutting out of the bones. 

Examination of ultra-high rnolccular weight polycthylcne 
(simply called "polyethylene" hereafter) total joint 
prosthetic components in pre-implant tests and in tests 
following revision or removal surgery has shown that 
polyethylene wear is a serious problem in joint 
replacements (Wright et al. 1986). Polycthylcne is 
frequently used to provide the articulating surfaces of joint 
implants and is thus subject to high degrees of contact 
stress in normal joint articulation and loading. A common 
failure mode in polyethylene components is sub-surface 
cracking in the presence of high stresscs (Wright et al. 
1986, DeHeer 1992). such as those found in normal 
thumb activity. 

Our objective has been to test several thumb CMC joint 
implant designs by determining contact strcsscs undcr a 
well-defined set of boundary conditions: The implant was 
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modeled alone, and uniaxial loading was applied to the 
articulating components. 

Methods 
The 3D joint implant models were based upon 3D iges 
surface definitions of three commonly used implant 
designs. The surfaces were read into TrueGrid software 
(XYZ Scientific Applications, Inc., Livermore, CA), and 
a volumetric mesh was created for each component of each 
implant design. Design goals for implant design A 
include long term pain relief and restoration of thumb 
function, including strength and dexterity, following 
injury and disease. The implant consists of (1) a 
polyeth ylene-titanium component, where the polyethylene 
provides the articulating surface and is reinforced with a 
metal saddle to prevent deformation, minimizing fatigue; 
the titanium stem is inserted into the metacarpal canal; 
and (2) a trapezial cobalt-chrome implant that is saddle 
shaped to increase metaphyseal bone surface contact area 
with the prosthesis and thereby dccrease. the forces per unit 
area of bone. Small pegs on the implant provide initial 
stability, but long term stability of the implant is 
dependent on wide metaphyseal bone contact. The 
articulating surfaces are the surfaces of revolution for the 
CMC joint axes. The surfaces are highly congruent, to 
reduce component wear. Joint smbility is provided by the 
deeply saddle-shaped surfaces. Design B was a ball and 
socket joint, a semi-consmined implant, with the socket 
residing on the uapczial side and lined with a polyethylene 
component, and the ball making up the articular surface of 
the metacarpal side, composed either titanium or cobalt- 
chrome. Design rationale for this implant design includes 
the desirc to make a geomeLricaIIy simple joint connecting 
the two bones in such a manner that dislocation is resisted 
under axial loading and moderatcly resisted under anterior- 
posterior and medial-lateral loading. The implant, while 
used to replace a 2 degree of frccdom biomcchanical joint, 
is a 3 dcgrce of freedom mechanism. Design C is a one- 
piccc silicone replacement designed to be implanted into 
metacarpal bone, with excision of the trapezium. This 
style of implant has been shown to be associated with 
dcstructive changes in the surrounding bone and related 
synovitis in a large fraction of clinical cases tested 
(Hofammann, 1987) and is usually recommended only in 
the elderly and only in hands of which little high-load 
activity is required. 

NIKE 3D is a nonlinear, implicit, three-dimensional finite 
element code developed at the Lawrence Livermore 
National Laboratory for the purposcs of studying dynamic, 
finite dcformalions. Spatial discretization is achieved in 
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this  model using 8-nodc solid (hexahedral) clcmcnts. 
Mcul pieces were modeled as rigid bodies: h e  preliminary 
marcrial modcI uscd for the polycrhylcne pieces was an 
isouopic, elastic modcl with varying clastic moduli tcstcd. 

Thc rcsulls dcscnbcd hcrc are bascd'on two analyses with a 
wcll dcfincd sct of boundary conditions. In the first 
simulation, we fix the trapczial componcnt in all six 
dcgrces of freedom, and we uniaxially Ioad thc mctacarpnl 
componcnt to force conuct between the two parts. Thc 
rcsulling contact forces on thc articular surfaces of thc 
mcracarpal and uaapczial componcnrs are caiculatcd and 
some mcasurc of congrucncy bctwccn thc two componcnts 
is csrablished. Prior to loading, rhc parts arc pcrfcctly 
aligned with onc another, so that rhc uniaxial nortiid 
loading force docs not acr to bring thc componcnrs inlo 
proper alignment. This simula[ion describcs [he cvcn[s 
that would occur insidc a uniaxially loadcd joiar, 
assuming it had bccn implantcd pcrfcctly. In rcality. joints 
are implantcd.with some dcgrcc of mis-alignmcnt. In ihc 
second simulation, wc begin with the nicucarpnl impliint 
mis-aligned slightly with rcspcct to Lhc uripczial implant. 
Thc uniaxial Ioading, howcvcr. is the  same. Agriin. 
conmci smesscs and dcgm of congrucncy arc csnblishctl. 

Results I 6: Discussion 
All thrcc implanr dcsigns wcrc mcshcd and anilyzcd (Fig. 
1 a, b, c). Sragc onc of tlic analysis rcprcsciucd a proof al' 
conccpr dcrnonscradon thai thc finitc clcrncni codc could 
be applicd succcssfuliy to analyzc largc dcfonii:iiion 
dynamics involving articulating componcnis. Succcssl'ul 
application of ihc coda was dcmonsv;ircd in  :i l l  thrcc 
ClSCS. 

Stage two involwxl uni-axial loading of the joints and 
calculations of congruency rncasures of he articulating 
implant components and the resulting contact stresses. 
Concenuated regions of high stress arc thought to 
rcpresent danger zones for joint failure due to the 
polycthylene surface failure mode. As expected, low 
measurcs of congruency tended 10 increase areas of contact 
stress. With loading in the physiological range (i.c., up to 
5 0  Ibs), some arcas of stress that exceeded the limits of 
polyclhylcnc were found. 

Thc ability to modcl large deformation behavior of 
prosthetic join[ implanrs is significant, because i t  sets the 
stagc for rcalistic modeling analysis of the prosthescs 
whcn implanted into the human joint. The work 
complcted thus lar has involved modeling of uniaxial 
loading of the joint implanrs alone. In addition, wc have 
modclcd conucL behavior simulating imperfqct surgical 
implantation, with initial conditions set to modcl implant 
componcnls offsct from thcir i d a  posirion and oiicntarion 
with rcspccc to onc anothcr. We arc currcntly working to 
cornbinc thc implant rnodcls with our cxisting rnodcis of 
t h c  normal, joint biomcchanics, without an implant. 
Using the rcsulting implant plus bone rnodcl will be uscd 
10 dcscribc hc in vivo behayior ofthe implanr. With such 
3 mottcl. wc will thcn pcrform oui analysis of 311 thrcc 
friilurc modcs. polycthylcnc surface failure, failurc to 
rcprotlucc norrnal joint kincrnaiics (c-g.. by producing a 
ioint wiih z1 dil'fcrcnt numlxr of dcgrccs of frccdorn or by 
producing incorrcct ol'rscts for thc joint axcs of roution), 
and failurc :it thc bonc-i~npl:int intcdacc. This work, in the 
largcr conicxi of bcing ablc to modcl [hc prosihciic 
impl3nt-hurnan tissuc systcni 2nd thc  intccictions of thc 
various iniitcririls, proviilcs 3 siynilic-mily improved 
nictliod for evaluation of prosilicrk joint inq?lm dcsisns. 
Tlic mcthotls r ind codcs used c:in bc iipplicd io any ollicr 
ioint for which surl'xc descriptions of tlic iiiip1:inis and 
Iiuman tissucs can hc obtliincd. 


