
Pergarnon 
Cornpur. Bioi. Med. Vol. 25. No. 2. pp. 183-191. 1995 

Copyriglit @ 1995 Elsevier Science Ltd 
Printed in Great Britain. All rights reserved 

0010-4825/95 $9.50 + 0.00 

BIOMECHANICS FOR PREOPERATIVE PLANNING 
AND SURGICAL SIMULATIONS IN ORTHOPAEDICS 

ROBERT V. O’TOOLE 111, BRANKLAV JARAMAZ, ANTHONY M. DrGlorA 111, 
CHRISTOPHER D. VISNIC and ROBERT H. REID 

Center for Orthopaedic Research, Shadyside Medical Center. 5200 Centre Ave., Suite 309. 
Pittsburgh, PA 15232, U.S.A. 

(Receiued 21 September 1994; receiued for publication 19 Oclober 1994) 

Abstract-Surgical simulations are particularly appropriate for the large volume and expense of 
joint replacement procedures in orthopaedics. A tint generation surgical simulator has been 
developed to model the implantation procedure for cementless acetabular and femoral compo- 
nents in total hip replacement surgery. The simulator is based upon finite clement analysis and 
predicts thc early postoperative mechanical environment that results from a proposed surgery. 
Sincc the short- and long-term clinical success of cementless hip replacement cornponcnts is very 
dependent upon the initial mechanics of the bone-implant system, such simulations can help 
orthopaedic surgcons to dcvelop better preoperative plans. 

Surgical simulation Total hip replacement Orthopaedics 
Biomechanics Preoperative planning Computer-assisted surgery 

1. INTRODUCTION 

Surgical training and practice present many opportunities for computer-generated 
simulations and environments to improve clinical techniques. Other researchers have 
already proposed the use of virtual environments to improve the practice of training 
surgcons [ 1-31. There is additional clinical benefit to be gained from developing patient- 
specific computer simulations for exploring the biomechanical consequences of surgical 
options before making the first incision on the actual patient. 

Procedures such as total joint replacements in orthopaedics are especially well suited 
for realistic surgical simulators. Joint replacements are expensive procedures and 
performed relatively frequently. Nearly 200000 total hip replacements in the U.S. (41 
and over 8OOOOO worldwide [ 5 ]  are performed each year at significant expense. The 
substantial volume and cost of these procedures warrant efforts to optimize surgical 
results through computer simulations. 

The short- and long-term clinical outcomes of a total joint replacement are very 
dependent upon the postoperative mechanical environment of the bone-implant system 
[6]. It is very difficult to generalize this environment because there is wide variation 
between patients. Such parameters as the bone geometry, the mechanical properties of 
the bone, the implant design and cutting system, and the nature of the clinical situation 
can vary widely. Furthermore, the specifics (such as fit. fill and micromotion) of the 
surgical implantation procedure can have a profound effect upon the initial biomechanics 
of the bone-implant system. i 

To develop a realistic mechanical simulation of a joint replacement procedure. i i  is 
therefore necessary to model both the surgical procedure and the mechanics of the 
resulting bone-implant system. Only through the creation of such biomechanics-based 
models can realistic surgical simulators be developed that will allow clinicians to explore 
and optimize the biomechanical consequences of a surgery in a computer environment 
before stepping in to  the operating room. 
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2 .  B A C K G R O U N D  

Total hip replacement involves the replacement of the body's defective joint with a 
new artificial joint. The new implant consists of an acetabular component (cup) and a 
femoral component (ball and stem). Currently in the U.S. almost all of thc acctabular 
components and about half of the femoral components are affixed to the  bone without 
using cement. This cementless technique relies on bone growing i n t o  a porous implant 
surface to achieve long-term stability. The initial stability is provided by "prcss-fitting" 
the component into an undersized cavity in the bone. Screws are also often uscd to 
provide additional stability for the cups. 

The short- and long-term clinical success of the cementless procedure is very dcpen- 
dent on the proper placement and fit of the implants within the bone 17-101. Too loose a 
fit and the implant may begin to  migrate. Gaps as small as 0.25 mm can also prevent bone 
ingrowth [ 11. 12) and lessen implant stability. Conversely too tight a fit can inducc large 
strains in the bone that lead to intraoperative fractures [13. 14). Currently, hemispherical 
reamers are used to prepare the acetabulum (hip socket) and hand-held broachcs are 
used to prepare the femur (thigh bone). Surgeons utilize their intraoperative experience 
to decide upon the amount of press-fit that is appropriate for a given patient. 

New clinical robotic tools are beginning to emerge which provide the surgeon with a 
more accurate method for preparing the bone to implant cementless femoral components 
I 151. Robotic systems remove the inaccuracies of the current cutting tools. by allowing 
the surgeon to plan the procedure in a computer environment and then exccutc this plan 
with a precise robot. In addition to the Preoperative planner for the currently used 
robotic tool [16] other orthopaedic systems exist which allow medical imaging and 
implant data to be read in and manipulated [ 17, 18). 

One weak link in current computer preoperative planners for orthopaedics is that no 
fecdback is given to  the surgeon concerning the biomechanical consequences of a 
proposed procedure. This capability is certainly important for hand-held procedures, but 
it is vital for emerging robotic procedures where the surgeon is given no feedback from 
the "feel" of the cutting tools during the surgery to help evaluate the proposed plan. 

Although there have been many finite element models of implant systems, the 
literature presents relatively few biomechanical analyses of cementless hip replacement 
systems which examine the press-fit implantation procedure. Researchers tend to neglect 
the implantation procedure and begin their analysis with a "line-to-line" fit between the 
implant and the bone (19,201. This initial condition assumes that no significant assembly 
strains are created during the implantation procedure and that load can be transferred 
from the implant to the bone along the entire surface of the implant. In most cases, a 
realistic surgical simulator cannot utilize either of these assumptions with implants that 
utilize an initial press-fit to achieve the initial stability. 

3. P R O B L E M  S T A T E M E N T  

The ideal simulator for total hip replacement should allow the surgeon to investigate 
the consequences of surgical options (specific manufacturer's implant designs, implant 
placement, implant size, amount of press-fit, etc.) before performing the operation. Such 
a simulator provides the surgeon with clinically meaningful feedback concerning the 
proposed surgery through such measures as the stress-strain distribution in the bone, the 
per cent surface contact between implant and bone, the force required to press-fit and 
dislodge the implant and other biomechanically relevant metrics. 

A simulator which predicts the postoperative biomechanical environment, requires 
finite element analysis capabilities because of the complex, patient-specific nature of the 
hip replacement procedure. The bone-implant system exhibits highly nonlinear behavior 
with spatial and directional variations of material properties and geometry, a nonconser- 
vative implantation process, and nonlinear material properties (21,221. Such complexity 
insures that the analytical results are not always intuitive and can be difficult to 
generalize. 
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Surgical simulators should also allow any surgeon to evaluate the mechanical conse- 
quences of a procedure without requiring any particular expertise in computational 
mechanics. In keeping with this philosophy, emphasis must be placed upon developing a 
human computer interface that is simple to use for the surgeon. 

The first of three primary technical hurdles in developing a simulator is the creation of 
the computational physical model. A balance must be struck between the accuracy of the 
simulation and the computational time required to analyze the model. Accurate 3D finite 
element models can be generated from a patient’s CT scan data (231; however, the more 
degrees of freedom that are contained in these models the longer it will take to perform 
the analysis. Smaller idealized models can be used to  speed the calculations but must not 
misrepresent the nature of the surgical procedure. As today’s supercomputers become 
tomorrow’s desktop machines this issue will lessen in importance. 

Once the model has been created, the next technical task is the actual analysis of the 
surgical implantation procedure. The simulation should include the implantation pro- 
cedure and examine the press-fit nature of the system which inserts an implant into a 
cavity that is smaller than its volume. By modelling this process, the simulation can 
examine such issues as the consequences of the amount of press-fit on the mechanical 
environment induced in the bone. 

Finally, the simulation must be iterated in an attempt to optimize the mechanical 
outcome of the procedure. This procedure may initially occur by hand as a parametric 
study where a surgeon simply examines various surgical options. Ideally, a more 
automatic procedure would optimize the parameters of the procedure based upon an 
objective function. The parametric studies may help determine a reasonable objective 
function if combined with clinical outcome studies. 

4.  R E S U L T S  

As a first step in developing a more realistic surgical simulator for total hip replace- 
ment. we have analyzed the implantation procedure for cementless acetabular and 
femoral implants. The implantation procedure was simulated through an incremental 
procedure. in which the implant is gradually driven toward its planned position in the 
bone. This mimics the surgeon inserting the implant into a prepared cavity in the bone. 
These simulations use idealized axisymmetric finite element models, as shown in Fig. l(a 
and b). to dcscribe the implantation-related mechanical phenomena. The simulation 
includcs largc displacement elements with contact coupling and nonlinear material 
properties to capture the complex nature of the bone-implant interface. The details of 
the biomechanics models are described elsewhere [24-261. 

The finite element models are the first to allow a press fit implantation procedure to be 
simulated. For example, Fig. 2 shows a simulation of the implantation of an acetabular 
cup into the acetabulum. The implant is forcefully driven into place and then comes to 
rest at a final position (with no external forces or joint loads applied), just as i t  does in 
the clinical implantation. The figure shows radial strains (on the left) and hoop strains 
(on the  right) in the bone for four steps of the implantation procedure. This particular 
simulation predicts significant strains in the bone and a large gap between the cup and the 
bone in the polar region. Such analyses can yield valuable information concerning the 
immediate postoperative state of the bone-implant systems. 

Our initial parametric studies using these simulations have predicted the existence of 
substantial assembly strains in the bone that are due to the implantation procedure prior 
to the  application of joint forces [24.25). These strains can lead to fractures of the bonehf 
the yield strength in the cortical region is exceeded. Furthermore, gaps of various 
magnitudes have been demonstrated to exist in the polar region of the acetabular cups. 
These gaps inhibit bone ingrowth and substantially change the load transfer mechanism 
from that of the natural hip [26]. Confidence in the validity of the simulations has been 
bolstered by cadaver studies that have verified the existence of fractures and gaps in the 
pelvis as predicted by the simulations [ 14). 



R. V. 0'Tooi.i 111 el ul. 

Acetabular 
Implant 

.ealized Model of 
the Implant 

(a) 

Implant 

Fig. 1. Real and idealized geometries of (a) acetabulum and implant; and (b) femur and femoral 
implant. 

These same models that were used to reach the above conclusions form the basis for a 
surgical simulator. The surgeon is able to select a specific implant, an implant size, the 
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Fig. 2.  Example surgical simulation for thc implantation of an acctabular cup into thc acctabu- 
lum in total hip rcplaccmcnt surgery. Thc implant is driven into placc and c o m a  to rest at a final 
position with no external forces. Thc ligurc shows radial strains (on thc left) and hoop strains (on 

the right) in the hone at cach of four steps of the implantation procedure. 

I 

amount of press-fit, and the appropriate size of the bone. These parameters can be 
selected for both the femur and the acetabulum and a simulation performed. 

The output of the acetabular simulations yield such parameters as the stress/strain 
fields in the bone, the percent contact between bone and implant. the size of gaps 
between the implant and the bone in the  polar region, and indicates if the limit strength 
in the cortical bone has been exceeded (which indicates cracking of the bone). An 
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Fig. 3. Output of thc surgical simulator comparing I .  2. and 4 mm press f i t  for thhc same size 
bone and implant. 

animation is also produced which demonstrates the dynamic change in stress state as the 
implant is pressed into place. 

Figure 3 shows output from three simulations with various amounts of press fit for the 
same acetabular implant type and bone size. There are four feedback parameters in Fig. 
3: the area of yield in the cancellous bone, the per cent surface contact between implant 
and bone, the radial force the bone transmits to the implant. and whether the ultimate 
yield limit in the cortical bone has been exceeded. Yield in the cortical region is 
unacceptable as it indicates bone cracking. Increasing the contact area is beneficial as it 
promotes bone ingrowth and therefore long term implant stability. The force required to 
dislodge the  implant is a function of the radial force, so this gives some indication of the 
implant stability. The relative area of yield in the cancellous region indicates the amount 
of stress placed upon the bone. The comparison in Fig. 3 shows the trade-offs between 
these metrics as the amount of press fit increases. 

The femoral simulation presents the same information to the user as the acetabular 
simulation, except that the percent contact area is not included. Since the current models 
are idealized as axisymmetric, the femoral bone and implant are in contact all the way 
along the periphery. This is not the case for the acetabular component, which bottoms 
out and only allows a certain region of the implant to contact the bone. For future 3D 
models, however, per cent surface contact will be an important measure for both 
implants. 

5 .  DISCUSSION 

As discussed above, this project is a first-generation surgical simulator and as such it 
uses a very crude human-computer interface. Surgeons are required to be quite familiar 
with computers, stress analysis, and computational mechanics to interpret the results of 
the studies. This is a limitation of the current system as any surgical simulator must be 
easy for a physician to use and to interpret the clinical significance of the results. Work is 
needed to produce a system that performs well in this respect. 
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A second limitation is the amount of time required to run each simulation. Each of the 
example simulations shown above required approximately 1 day of run-time and human 
interaction to generate results on  a DEC 5000/240 using ANSYS 5.0 (Swanson Analysis 
Systems Inc., Houston, PA) as the finite element analysis software. The current 
hardware precludes the surgeon from interacting in real-time with the simulation. 

The limitations in the current simulation result in the system being used vicariously by 
surgeons. The surgeon describes the desired simulations to an engineer who returns 
several days later with the results. This is useful, but the system may be more practical if 
a surgeon could examine the consequences of the surgery in real-time. With the ever- 
increasing speed of workstations this should be possible in the future. An improved user 
interface should also allow direct interaction between any surgeon and the surgical 
simulator. 

We are currently developing an automatized surgical simulation from patient-specific 
full-scale biomechanical models that are based upon CT scan data. The goals of this 
approach are to have a more accurate computational model and to develop a robust 
algorithm to generate a finite element mesh. We have successfully made the bridge 
between CT scan data and geometric models. The remaining technical issue is the 
automatic generation of a finite element mesh and the appropriate assignment of 
material properties based upon the CT scan data. The raw scan data and the elastic 
properties of the bone will be stochastically related, so a probabilistic approach to 
determine the properties from the data may be most appropriate. This would allow a 
simulator that could show not only areas where the bone will crack or yield, but also the 
associated probability of such an event. 

Ultimately, the surgical simulation might be improved if the analysis suggested a 
clinical plan automatically after examining the surgeon-selected options. This capability 
is years in the future as it is very uncertain what objective function should be maximized 
to help model a clinically successful surgery. A shorter term goal is the inclusion of bone 
remodelling work 127) into the simulation to help predict the long-term remodelling 
consequences of the operative procedure. Such an analysis may give valuable insight to 
the surgeon concerning the likely mechanical results of a surgery 10 years into the future. 

6. C O N C L U S I O N  

Surgical simulators have great potential to improve preoperative planning capabilities 
for total hip replacement surgery. This potential will only be realized if the simulators 
realistically model the mechanics of the procedure. This work presents a first-generation 
surgical simulation for total hip replacement that utilizes computational mechanics to 
provide a more realistic prediction of the mechanical consequences of the surgery. 
Although there are limitations of the current approach, this is a first step towards a 
surgical simulator that allows the orthopaedist to explore the biomechanical conse- 
quences of a proposed surgery. Surgical simulators that incorporate biomechanical 
modelling have potential to improve the clinical outcomes of total hip replacement 
surgeries by improving surgeons' preoperative planning capabilities. 

7. S U M M A R Y  

A first-generation surgical simulator is described for cementless total hip replacement 
in orthopaedics. This simulator is based upon finite element analyses that allow the 
implantation process to be simulated realistically. The surgeon is able to investigate the 
consequences o f  variations in implant type, implant style. size of the bone cavity, a 4  
size of the patient's bone. The simulation presents the results in the form of stress-strain 
distributions in the bone. per cent surface contact between the implant and the bone, and 
the radial force that can be correlated with initial implant stability. 

Limitations of the current simulator involve the human computer interface and the 
speed o f  thc process. The interface requires significant computer literacy and is therefore 
not yet appropriate for the typical surgeon. Additionally, the simulations take in the 
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order of onc day to run using current hardware. Work is underway to improve the 
interface. and new generations of computer hardware should reduce the simulation time 
so that it may be run in real time in the not too distant future. 

This work is a first step in producing a preoperative planner for orthopaedics that 
provides the surgeon with clinically meaningful feedback. This biomechanical feedback 
can help guide the surgeon to plan a surgery that is best for the patient. 
Acknon.ledRement.s-This work was partially supported hy thc Compctitivc Rcscarch Fund at Shadyside 
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