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Abstract. Current surgical robotic systems in orthopaedics lack realis-
tic pre-operative simulations and utilize invasive methods to register bone
intra-operatively. A multidisciplinary group of researchers is addressing
these de�ciencies in the context of robotic cementless hip replacement
surgery. In this paper we outline our current research progress and a
road-map for the short-term future of our research agenda. This paper
addresses four components of this e�ort: (1) realistic anatomical model-
ing, (2) biomechanics-based simulations, (3) surface-based registration,
and (4) surgical robotics. We are integrating these components with the
goal of developing more capable and less invasive robotic systems for use
in orthopaedic surgery.

1 Introduction

The �eld of orthopaedics presents excellent opportunities for the incorporation
of robotic and computer-based technologies to improve surgical techniques. Pro-
cedures such as total joint replacement are performed in large numbers and at
signi�cant cost each year. Over 300,000 total hip and knee replacements occur
annually in the U.S. alone [3]. The short and long term clinical success of these
surgical procedures depends strongly on the proper alignment, placement, and
�t of the implant within the bony structure [9]. The clinical importance of pre-
cision and accuracy, along with the large number and high cost of the surgical
procedures, indicates that important contributions can be made through the use
of surgical robots and computer-based pre-operative planning and simulation in
orthopaedics.

Figure 1 outlines the four basic components of our research e�ort: (1) realis-
tic anatomical modeling, (2) biomechanics-based simulations, (3) surface-based
registration, and (4) surgical robotics. We are integrating these components with
the goal of developing more capable and less invasive robotic systems for use in
orthopaedic surgery.

In biomechanics, our goal is to allow a surgeon to simulate the mechanical
consequences of a proposed surgery, and to change surgical strategies based



Fig. 1. Interaction of Research Topics

upon these consequences. By coupling this realistic simulation and planning
capability with precise surgical robots, the surgeon can not only plan an \ideal"
surgery, but also ensure that it is carried out. To execute a surgical plan with
a robot, the system must possess the ability to register (determine the position
and orientation) a bone in the clinical environment. Surface-based registration is
desirable because it does not require �ducials to properly align the pre-operative
plan with the patient's anatomy. The success of both surgical registration and
pre-operative simulation is highly dependent upon the realism of geometric and
physical models. As such, anatomic modeling has also emerged as a distinct
research area. Our work attempts to join these four seemingly disparate research
topics into one integrated e�ort to improve techniques in orthopaedic robotics.

2 Modeling

While algorithms exist for the creation of geometric models from volumetric
medical data, little work has been published on the validation of these models.
One reason for this lack of research is that until recently, geometric surface mod-
els have been used primarily for visualization tasks that do not demand highly
accurate models. With the increased use of surface models for pre-operative
planning and intra-operative guidance, geometric model accuracy has taken on
new importance. Physical modeling issues subsume those associated with geo-
metric modeling. In addition to di�culties in generating the geometry of the
bone and implant, physical models must appropriately represent the underlying
constitutive laws.



2.1 Geometric Model Creation and Validation

The primary geometric model in our work is the polyhedral surface mesh. It is
used for visualizing 3D surface geometries and for surface-based intra-surgical
registration. A variety of techniques are available for reconstructing polyhedral
surface meshes directly from CT or MRI data [6]. We currently generate surface
meshes using several of these methods [2][8][1].

Geometric surface model validation is complicated since errors can be intro-
duced at several stages of model creation: during imaging, segmentation, and
surface creation. Furthermore, there are multiple measures of error that can be
used (e.g. Hausdor� distances, di�erence volumes, surface normal di�erences).
Since di�erent tasks place di�erent requirements upon the underlying model,
validation criteria should be application dependent. For example, a geometric
model used to specify pre-operative prosthesis placement may have very di�er-
ent accuracy requirements than one used for surface-based registration.

Geiger [2] provides an excellent discussion of surface model validation assum-
ing idealized input data. He uses an analytical model of a torus instead of actual
CT data to evaluate surfaces generated using several approaches. This work pro-
vides a �rst step towards the validation of surface models derived from clinically
realistic CT data. The following list suggests a progression of experiments (in
order of increasing complexity and realism) that could be performed to reach
this goal:

1. Analytic model of a solid (cylinder, torus) | no CT data
2. CT images of physical objects that can be analytically modeled (cylinder,

torus), constructed from bone analog
3. CT images of anatomical phantoms (femur, pelvis) made from bone analog
4. CT images of cadaver anatomy (femur, pelvis)

A fundamental issue in model validation is determining the \ground truth" to
which the reconstructed model will be compared. Ground truth can either be
determined by accurately sensing an existing object, or by accurately manufac-
turing an object based on an existing model. In Experiments 2 and 3, we can
use either method for obtaining ground truth, whereas in Experiment 4 we must
rely on accurate sensing.

An important measure of clinical realism in the above experiments is the ease
with which an object of interest can be segmented from surrounding objects. In
order to study this issue at early stages of experimentation, we are using CT soft
tissue analogs. By surrounding an object with soft tissue analog during imaging,
we complicate the segmentation process and make the resulting images closer to
clinical reality. A second measure of experimental realism is the spatial density
variation within an object. Density variations, like that in real bone, compli-
cate segmentation by reducing the e�ectiveness of simple thresholding schemes.
Cadaver studies allow us to study both of the above e�ects. In cadaver stud-
ies, bones would be imaged within the cadaver and then dissected out and used
to build highly accurate ground truth models. We are currently investigating
Experiment 2 and plan to progress to Experiments 3 and 4.



2.2 Physical Model Creation

The geometric modeling of biological surfaces is a fairly well understood process.
This is not the case for the accurate physical modeling of complex biological sys-
tems such as the bone-implant systems in total joint replacements. Fundamental
research is still needed to create computer models that realistically mimic the
biomechanical properties of the bone-implant construct.

In contrast to bone, physical modeling of an implant is relatively straightfor-
ward since the material properties are well known and a geometric description
can be obtained from CAD models. The situation is much more di�cult for a
biological material such as bone. To simulate the mechanical consequences of
a total hip replacement surgery, the bone model must accurately represent the
geometric complexity and spatial distribution of material properties of a pa-
tient's femur and pelvis. Furthermore, bone exhibits a complex constitutive law
with signi�cant anisotropy, viscoelasticity, and nonlinearity. Additional nonlin-
earity arises from the contact between the implant and bone, with the interface
depending on numerous geometric, material, and loading parameters.

When developing biomechanical models, there are a variety of options which
progressively add realism to the resulting physical models. The types of models
we are currently investigating fall into one of the following four broad categories:

1. Idealized (e.g axisymmetric) geometry, and complex material properties |
both based upon the literature.

2. Idealized geometry, and complex material properties | both derived directly
from CT scan data.

3. Full 3D geometry based on CT data, but with idealized material properties.
4. Full 3D geometry, and complex material properties | both derived directly

from CT scan data.

The categories range from least (1) to most (4) clinically realistic. There is
a tradeo� between model complexity and the computational resources required
to perform a simulation with a given model. The simplest model that accurately
captures patient-speci�c mechanics is the best; however, more detailed models
are still useful to help validate simpli�ed approaches. As such, we are examining
models that fall into all of the above categories.

Our initial approach was to develop simpli�ed axisymmetric models to simu-
late the implantation of femoral and acetabular components (Category 1 above).
These models incorporated idealized material properties with bi-linear elastic
stress response and contact elements [10] [16]. While the bone geometries and
material properties were not derived from CT data, these models incorporated
many of the biomechanical complexities. Next, to help validate the results de-
rived with the �rst set of models, full 3D irregular mesh FEM models were de-
veloped with geometry based upon CT scan data, but using material properties
from the literature (Category 3 above).

Ideally, we wish to create realistic physical models directly from CT scans
(Category 4). One option for such models is an irregular tetrahedral mesh that is
grown directly from the CT data. Although potentially yielding a very realistic



simulation, the disadvantage of this approach is the di�culty in growing and
solving large irregular meshes. A second option is the use of a regular grid to
represent the CT data, while embedding the unstructured implant model within
the regular bone grid. Material properties can be based on the CT numbers
using experimentally derived relations. The disadvantage of this approach is
that it may yield a mesh that is too large unless the resolution is lowered. On
the other hand, special fast algorithms that exploit the regular structure can be
derived. Currently we are pursuing both the irregular and regular mesh options.

3 Simulations

Software systems exist that allow a surgeon to plan a surgery on the computer
before entering the operating room. In orthopaedics, a clinical system now ex-
ists that can carry out a pre-operative plan precisely for the femoral part of
total hip replacements [15]. In such systems, the surgeon can no longer rely on
intra-operative feedback to determine the proper placement and �t of a press-
�t implant. Instead, the surgeon must make these decisions by interacting with
geometric implant models and the CT data to plan the surgery on a computer.
By adding simulations of the mechanical consequences of a proposed surgery, it
may be possible to compensate for the lack of intra-operative feedback in the
current scenario.

We have simulated the press-�t insertion of cementless acetabular and femoral
components for total hip replacements. Unlike previous e�orts which have as-
sumed an initial line-to-line �t between the implant and bone, our models and
simulations have included contact coupling to simulate the actual implantation
process [10] [16] . We argue that since the short term success of the implants
depends strongly on the post-operative mechanical environment, this type of
simulation provides valuable information in planning the surgery.

Currently, we are working towards simulations using more realistic models
of the bone-implant system, as described above. These simulations will also in-
corporate contact coupling between bone and implant that occurs during the
forceful insertion of the oversized implant into the bone cavity. The choice of
model will dictate which solvers we ultimately use. For unstructured meshes we
are developing preconditioned conjugate gradiant methods. We are also devel-
oping fast multigrid methods that exploit the structure of the regular meshes.

A surgical simulation must be realistic, but must also run fast enough that the
information is useful clinically. Currently our analyses require between several
hours (simple models), to several weeks (full 3D models), using commercial code
and low-end workstations. By incorporating the latest algorithms and using high-
end workstations, we anticipate performing biomechanical simulations in near
real-time.

Once realistic surgical simulations exist, work can progress on parametric
studies of total joint replacement. Variables include the implant size and place-
ment, and the shape of the bone cavity. The long-term goal of this work is not



only to model the consequences of a surgery, but to create a system that can
suggest optimal parameters to the surgeon.

4 Registration

Intra-surgical registration is the process of establishing a common reference
frame between pre-surgical data and the corresponding patient anatomy. Once
a common reference frame is established, pre-surgical data can be used to guide
robotic tool movements [7], superimpose graphical overlays of internal anatomy
upon a surgeon's view of the patient [4], position radiosurgical equipment [13],
or guide a surgeon's tool movements [12]. Recent clinical approaches to intra-
surgical registration assume a known correspondence between points in the two
data sets being registered [15]. This is usually achieved by attaching �ducials

to the underlying object, and extracting the locations of these markers in both
data sets. Unfortunately, attachment of �ducials typically require an additional
surgical procedure prior to the collection of pre-surgical data. Furthermore, these
�ducials are invasive and cause added trauma to the patient in sites far from the
primary surgical �eld.

An alternative to �ducial-based registration is to use surfaces that are in-
trinsic to the data itself. If data from the bounding surface of an object can be
extracted pre- and intra-surgically, these data sets can be matched to perform
registration. Several research groups have investigated such surface-based meth-
ods in medical registration [14][4][11][5]. A bene�t of these techniques is that
they do not require the use of costly and invasive external markers. Surface-
based methods, however, place a heavy burden on sensing and modeling tech-
nology since accurate pre- and intra-surgical surface data are needed. This is a
much more di�cult sensing task than acquiring 3D �ducial locations as required
by previous approaches.

As we demonstrated in [14], the accuracy resulting from surface-based reg-
istration depends highly on the underlying data. These data include the geo-
metric surface models from pre-operative CT scans, as well as data collected
intra-surgically using digitizing probes, ultrasound, 
uoroscopes or CT. We are
currently developing methods for planning the acquisition of potentially costly
intra-surgical registration data using pre-operative geometric models as input.
The goal of this work is to select data that will result in the best possible regis-
tration accuracy, while minimizing the quantity of data required.

5 Robotics

In total hip replacement surgery, the modeling, simulation, and registration com-
ponents manifest themselves in the robotic milling of a bone cavity. The focus
of our work is on the milling of the acetabulum (socket in the pelvis) to prepare
for the implantation of a cementless acetabular component. We have developed
a robotic testbed to demonstrate registration and cutting strategies. The test-
bed is not designed for clinical use, so issues of sterility, sensor redundancy, and



clinical safety have not been addressed. Our system consists of a 5 DOF SCARA
direct drive manipulator (Adept, San Jose, CA) with an attached 6 axis force-
torque sensor (JR3 Inc, Woodland, CA) and pneumatic milling tool. The overall
system con�guration is conceptually similar to that used by Taylor [15].

A pre-operative plan is de�ned using our custom planner and models of the
implants. There are three reference frames of interest: (1) the CT reference frame
(where the pre-operative plan is de�ned), (2) the intra-operative sensor reference
frame (where bone surface data are de�ned), and (3) the robot reference frame
(where the actual robot paths are de�ned). Intra-operative surface data and
a surface model from the CT data are used to determine the transformation
between sensor and CT reference frames (as described in Section 4). The trans-
formation between the sensor and the robot frames is derived by repeatedly
moving the robot and sensor to the same point in space, recording the locations,
and then calculating an average transformation matrix.

The above process yields the pose of the bone and a cutting plan in the
robot's coordinates. Shapes in the bone can be milled by �rst making broad cuts
to remove large amounts of material in a short time, and then returning to �nish
the cavity with �ner passes. We have demonstrated (on pelvis bone phantoms)
milling of hemispherical cavities that match the shape of the implants, but are
undersized to allow varying amounts of press-�t. These shapes are high precision
versions of the cavities created with standard hand-held tools, but arbitrary
shapes could be generated should the biomechanics simulations predict that a
non-hemispherical cavity is preferable.

Current work centers on milling less-rigidly �xed bones. With high speed
tracking it may be possible to do away with rigid �xation and allow some small
(millimeters) motion of the bone. The robotic system would compensate for this
motion. The accuracy and bandwidth requirements of such a system are stren-
uous, and much work is needed to evaluate the clinical e�cacy of the concept.

6 Conclusion

The value of surgical robots is greatly enhanced by realistic surgical simula-
tions, less invasive registration methods, and accurate modeling. Surgical sim-
ulations will enhance the surgeon's ability to investigate the implications of
pre-operative plans. Surface-based registration will eliminate invasive and costly
�ducials which limit the clinical application of orthopaedic robotics. Accurate
modeling is a prerequisite for realistic simulations and precise intra-operative
registration. Each of these components are worthy research e�orts on their own;
together, they form a framework for advancing the clinical utility of medical
robotics.
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