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Robotic Long Bone Fracture Reduction
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1. Introduction

Medical robotics is still a relatively new field with researchers and companies all adopting
various styles and techniques to solve the challenges faced. This chapter outlines one unique
approach to the development of a medical robot for the reduction of broken femurs.
Fractures are common injuries, for example in adults over the age of 65 it is reported that
87% of falls results in a fracture (Canale & Campbell, 2003). This has lead to the
development of focused trauma centers having the capability to quickly diagnose and
respond with the appropriate treatment action and expertise. However, orthopedics as a
discipline is relatively conservative with a large scope for improvement. Often techniques
used are controversial and experience of the surgeon is limited as training is difficult.
Historically the main drivers for improvements in the tools and methods used have been the
large number of injuries during world wars. Development focus was on life and limb
preservation while the technology has remained relatively constant. Now there is an
opportunity with the increased advancement of technology to look at the processes and
overcome problems that previously could not be addressed.

Orthopedics has been identified as particularly suitable for robotic applications as bones are
relatively rigid structures and imaging techniques allow a computer to locate and register the
location of bones. This has lead to the implementation of new medical robotic technologies
such as ISS Robodoc for total hip replacement (Kazanzides et al., 1992.) and Acrobot for knee
replacement (Jakopec et al., 2003). These systems are commercially available and have been
successful in improving the accuracy and overall outcome of surgery.

Investigation into long bone fracture reduction in particular has received attention by
several groups. Gosling et al. (2005) and Westphal et al. (2006) developed a joystick tele-
operated system using a serial robot and carried out preliminary user studies. They showed
that the robotic system can achieve precise alignment and reduce intra-operative imaging.
Maeda et al. (2005) and Warisawa et al. (2004) also used a serial robot and examined three
control modes of manual jogging, power assist and automatic. Graham et al. (2006)
previously described a conceptual fracture reduction system including procedure planning
assistance and a parallel robot mechanism for reduction, this work is a further development
of that.

In previous research work many problems are only partially understood and/or solved. For
example radiation exposure, fatigue and problems in pre-operative planning remain. To
properly determine the needs and focus direction of research it is useful to form the
framework in Fig. 1. From this figure the main stakeholders are presented as system

Source: Medical Robotics, Book edited by Vanja Bozovic, ISBN 978-3-902613-18-9, pp.526, |-Tech Education and Publishing, Vienna, Austria
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86 Medical Robotics

recipients, users and designers typically representing patients, surgeons and researchers
respectively. Each of these stakeholders has different areas for improvements and these can
be determined by considering drivers from both the hospital and technology. There are
three main outcomes or goals established for fracture reduction; these are 1) to improve the
knowledge of fracture reduction surgery 2) to improve the process used to reduce the
fracture and 3) to improve the outcome of fracture reduction. From the figure these have
respective technology drivers of databases, interfaces and robotics. Combined they produce
a matrix of challenges to be solved and are discussed in the following paragraphs.
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Figure 1. System stakeholders and drivers
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Robotic Long Bone Fracture Reduction 87

If the needs of the recipients or patients are considered from Fig. 1. aims are to provide an
experienced surgeon, maintain or increase the level of safety, reduce the length of hospital
stays while providing non-invasive surgery and maintaining comfort. Currently training of
new surgical staff for reduction procedures is difficult. Research has been undertaken to
improve surgeon training and resource use through simulation (Sourina et al., 2007),
however there still exists controversy around which existing solutions to apply. The result is
that often long bone reductions are carried out by people with only a few previous examples
to draw experience from. This leads to a discussion around surgery practices and outcomes
which are not tracked in a concise and available format so it is difficult to see what is
improving over time or to make comparisons between methods. Warisawa et al. (2004) and
Graham et al. (2006) both suggested the need for gentle reduction. This has the potential to
reduce trauma especially for elderly as the current manual reduction provides limited
information about the internal problems that could be occurring. Gentle reduction also can
lower the discomfort and pain experienced by the patient from the perineal post positioned
between the groin to provide counter force for reduction. Replacing the manual control with a
robotic device does raise safety questions for the patient and to solve this mechanical fuses
have been used (Warisawa et al., 2004; Masamune et al., 2001) along with monitoring force in
various forms to slow or prevent action (Davies et al. 2000; Ho et al., 1995; Taylor et al., 1994;
Paul et al., 1992). Robot patient registration should be non-invasive and avoid the use of
fiducials which can lead to patient discomfort (Howe & Matsuoka, 1999; Cinquin et al. 1995).
Referring back to Fig. 1. again from the perspective of system users or the surgeon it is seen
that there is a desire to improve the planning of surgery, have access to the correct data
when needed and a better tool for carrying out the actual reduction. This needs to be
addressed in a way that improves the existing problems with the operating room (OR) work
environment. Planning surgery takes time requiring a physical examination and pre-
operative x-rays which are difficult to interpret and visualize in a 3 dimensional (3-D)
format. The outcome of the plan is generally based on hands-on experience and text book
knowledge of the surgeon. The plan for reduction is currently executed with a manual
reduction table and fluoroscope machine. Reduction can be problematic and statistics from
Germany report 4111 patients are required to undergo corrective surgery from malrotation
alone, requiring at lest 7 additional days stay in hospital (Gosling et al., 2005). This can be
attributed in part to the reduction table which is limiting in the degrees of freedom (DoF)
and obtainable accuracies combined with mental strain from reconstructing images in 3-D.
The manual traction interface to carry out the operation requires the surgeon to exert forces
to counteract reduction which have been reported between 201 and 411 Newtons (Maeda et
al., 2005; Gosling et al., 2006) and can lead to physical fatigue. Radiation reduction is a
contributing motivator for a number of medical robotic research projects (Loser & Navab,
2000; Stoianovici et al., 2003; Cleary et al., 2002). In long bone reduction the same applies
where the close proximity to the fluoroscope machine can have harmful effects on the
surgeons health or effectively limit the number of operations they can carry out per year
without an appropriate distancing tool (Skjeldal & Backe, 1987). Finally a concern for the
broader user is resource (such as floor space and budgets) in the operating room which is
usually limited and new developments in long bone reduction should appropriately
consider this limitation in the design.

To address the problems listed in the previous two paragraphs this research has taken steps
towards developing the driving technologies. Driving technologies are those that provide
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solutions to the needs of users and recipients, ultimately achieving the three driving factors
from the hospital. Specifically the robot technologies for a parallel fracture reduction device
are being designed and prototyped. This will provide a new smart tool for the user
addressing the issue of radiation exposure, physical fatigue and manipulation accuracies. It
will also remain compact and integrate with existing hospital technologies. The underlying
modeling and analysis is carried out to produce a tool for robot control development and
identify appropriate data to be stored as a database to aid treatment planning pre-
operatively and inter-operatively. Interface technologies allowing interaction between the
user and robot are being developed for effective surgery to take place. The methods used to
develop these technologies are discussed in section 2. This is followed description of the
results obtained to date in section 3 and a discussion on what has been achieved in section 4.
Finally section 5 presents the future work to be done.

2. Methods

This section provides details on the methods and tools used to develop the solutions to the
driving technologies. This consists of the interface which includes visualizing the fracture,
planning assistance and human-robot-interaction. The physical robot and control design
methods are given followed by the database method, describing what is stored and the
motivation behind it.

2.1 Interface: Visualization of the Fracture

The main problem to be addressed here is the visualization of the fracture. This has an
impact on both the surgery process and also the method to perform pre-operative planning.
Visualization is concerned with taking fluoroscopy images and presenting them to the
surgeon in a useful form that can be easily interpreted. This is achieved by providing a 3-D
view to the surgeon generated from only a small number of fluoroscope images that can be
manipulated in real time. Fluoroscope images are used as opposed to detailed computer
tomography (CT) often seen in medical robotics applications (Jakopec et al. 2003; Joskowicz
et al. 1998; Kazanzides, 1992) as they are less resource intensive for the hospital, can be
obtained inter-operatively and is the same imaging technology currently used for reduction.
Previously concepts of fluoroscopy servoing have been presented using specially designed
needles although for some applications it is found that the level of detail contained in an
image is not sufficient (Cleary et al., 2002; Cleary et al., 2003; Loser & Navab, 2000). Other
applications have aimed at using fluoroscope images to register nail insertion with pre-
operative CT scans during closed medullary nailing in long bone surgery (Joskowicz et al.,
1998) and similarly use the images obtained of the nail for robot guidance (Wang et al.,
2004). The proposed approach in this research is to have a stored number of generic
structures or bones and take a minimum number of fluoroscope images to match the
appropriate model. Initial investigation into implementing matching of 2-Dimensional (2-D)
images has been undertaken however the limiting contrast and soft tissue obstruction in
fluoroscopy images still needs to be overcome. Currently the surgeon is required to
manually match 22 points in two consecutive images (Rensburg et al., 2005).

After matching the femur, a 3-D view is displayed. This has the option to view the femur,
fibula, tibia, sacrum, hip, patella, visible muscle and muscle attachment lines. 3-D models
currently used are finite element meshes derived for the widely used Visible Human dataset
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and are stored in the generic WRL file format, also known as VRML (virtual reality
modeling language).

- : .

proximal muscle
attachment

o -

distal muscle
\ | attachment

Figure 2. Structure of the Hill muscle model

2.2 Interface: Planning Assistance

To assist the surgeon in planning the operation a model is developed to estimate the
expected force of each muscle. This will provide information intra-operatively about the
expected internal state of the fracture and assist by presenting a planned reduction path
based on minimal force exertion and position. The model also has further use in creating
and understanding robot requirements and developing control of the robot mechanism as
presented in section 2.4. In order to create the model the attachment location of visible
muscle on the bone mesh is obtained for each muscle. The well established Hill type muscle
model (Winters & Stark, 1985; Winters & Stark, 1988; Friederich & Brand, 1990) as in Fig. 2.
is then used to determine the force by each muscle as given in Eqn. 1.

F
e _ Fmax [SshAL/ALmaX _1] )
eSh -1
where
Fnax = 0.5 MPa A = 0.5 MPa[m/(2py)|sin(2c) )

sh =15+ 3x smf 3)

and F is the force generated by the equivalent muscle spring element in Fig. 2., sh is a
shape parameter, AL is the muscle extension, Ay is the physiological cross sectional area,
mis the muscle mass, y is the thickness, p is the muscle density, « is the muscle
pennation angle, smf is the percentage of slow muscle fibers and MPa is Mega Pascal’s.
The spring element is modeled in parallel with a dash-pot having damping ratio, ¢
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The muscle models combined with the moving geometry of the distal fragment during
reduction result in a system of equations in generalized coordinate ¢ . This can be written in

a state space form as Eqn. 4.
Mp(@)d+Cp(a,A)a+Gp(a) = Fp + R (4)

where My(q) is the mass matrix, Cy(q,q) are the velocity terms, Gy(Q) terms due to
gravity, Fyand R,are the force produced by the muscles and external reaction force

respectively.

2.3 Interface: Human-Robot-Interaction

The interface presented to the surgeon to control the robot plays an important role in the
success of implementation. Robot psychologists suggest humans are increasingly accepting
robots as co-workers and partners in tasks as opposed to a mechanical tool to be
commanded (Libin & Libin, 2004). Incorporating a user into the control is done in one of
four ways; by direct, supervisory, collaborative, or shared control (Bruemmer et al., 2005;
Shen et al., 2004). These are typically discussed in relation to navigation through tele-
operation of robotics, here they are applied to medical robotics. In direct or manual control
the user directly commands what to do for all movement. For supervisory control the robot
is still treated as a slave where the user makes higher level changes to the state of the
controllers and monitors the status. Under collaborative control the user becomes a resource
to the robot where both the robot and human share dialog to overcome difficulties. Lastly
shared control puts the human as a virtual presence in the system and can result in more
autonomy. Although there are many other definitions for control schemes such as adjustable
autonomy (Goodrich et al., 2007), tele-operation with safeguard (Krotkov et al., 1996) and
control with active constraint (Ho et al., 1995), the previously mentioned terminology will be
used as they cover the range of implementations. Most robotic applications use a form of
supervisory control where the robot will enact human commands with various levels of
autonomy depending on the complexity of the task. Fong et al. (2006; 2003; 2001) have made
many contributions on collaborative control which treats the robot as a partner and
communication occurs through a set of semantic dialogues. Shared control is not suitable for
long bone fracture reduction, however would find uses in applications such as heart surgery
where sharing the operation tasks and decisions could allow treatment of a beating heart.
Trusting the robot is important for a medical robot application. By allowing the robot to take
initiatives and decide when not to follow user instruction and suggest improvements to
users decision trust is gained. There will also be an increase in both safety and the outcome.
To achieve this a collaborative control approach is used. Under the collaborative control
scheme conversation needs to occur between the robot and human. Previously the authors
have suggested the use of technologies such as voice or augmented reality to bring human
qualities to the robot and allow the surgeons attention to remain on the operation (Graham
et al., 2006). Such dialogue could include “I have planned a reduction path would you like
to make corrections?”, “ready to begin reduction, shall I proceed?” or “Force higher than
expected, should I continue reduction?”. This takes the best aspects of supervisory control
with the robot following a plan specified by user understanding but allows the robot to
make situation critical decisions.

www.intechopen.com



Robotic Long Bone Fracture Reduction 91

2.4 Robot Design: Physical Description
The work envelop requirements and accuracies have been derived from consultation with
OR staff and are given in Table 1, where X,y,z are defined as in Fig. 3. and 0,¢,¢p are

rotations about the axes respectively. The requirements reflect a desire to have 6 DoF when
manipulating the fracture back into correct anatomical alignment. The unit needs to be
compact so it doesn’t take up too much valuable OR floor space and can be moved easily if
needed. Remote operation should be allowed to move the surgeon away from the source of
radiation exposure. The device should also have fail safe features to prevent unnecessary
harm to the patient on an internal or external failure such as loss of power. As shown in Fig.
3. the current manual device has 3 DoF to globally locate the position of the leg, these are in
region & consisting of joints &, dyand d,. Region a, provides an additional 3 DoF used

when performing the reduction.

Parameter | Range (mm/deg) | Accuracy (mm/deg)
X +100 <1
y +100 <1
z +150 <1
0 +10 <1
¢ +10 <1
@ +30 <1

Table 1. Workspace requirements for fracture reduction

To replace the manual device a robotic parallel mechanism is selected. A computer model of
the design is shown in Fig. 4. comprising of 6 powered links in parallel joining a base and
top plate. The parallel structure can provide 6 DoF to correct the translation and malrotation
and has a number of benefits over similar featured serial mechanisms. There is a high
payload to weight ratio and a low moving mass meaning the device can be relatively small
while still being able to counteract the deforming forces from muscles. Multiple closed loop
chains increase stiffness and the linear actuators used often have a high gear ratio
preventing any back driving. This adds to safety if there is a failure during the operation
because the robot pose will remain held. Accuracy is high as error is averaged over the
parallel links rather than accumulated as in a serial mechanism. A restricted work volume
increases safety in an error state where the links cannot extend large amounts. Although this
restricts the overall motion by maintaining the passive joints in region a; from Fig. 3. the

motion is more than sufficient. Similar approaches where a global localization system is
used for a smaller, inherently safer devices can be seen in (Loser & Navab, 2000; Davies et al.
2000; Stoianovici et al. 2003; Cleary et al. 2002).
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Figure 3. Existing manual reduction device attached to patients foot a) the actual manual
device b) manual DoF diagram

Figure 4. CAD model of parallel mechanism

2.4 Robot Design: Control

The requirement for control of position and force for the robot is currently not well
understood. Efforts have been made to determine the maximum forces involved by Maeda
et al. (2005) and Gosling et al. (2006). They have both used different methods to measure
forces experimentally and have provided useful data however, results suffer from a number
of shortcomings. External events influence the force measured either from muscle activation,
friction, or additional measured force components from the techniques used. Modeling and
simulation offers an alternative to the limitations of in vivo results and has been used widely

in other applications such as determining the passive force the jaw (Curtis et al., 1999; Peck
et al., 2002).
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Figure 5. System diagram of the parallel robot and fractured bone

To construct a model for developing control strategies the simulated fracture force Eqn. 4. in
section 2.2 is combined with a simulated parallel platform. Modeling of a parallel platform
is well understood and examples of kinematics and dynamics can be found in work by
Harib & Srinivasan (2003) or Guo & Li (2006). The model used in this research incorporates
dynamics of the platform, link dynamics and actuator electrical and mechanical dynamics.
The resulting equation is also presented in the form

Mp(q)q+cp(q1Q)q+Gp(Q)zrp_d ©)
where
di : :
LE+ Ryl + Kby =V (7)

and T are the actuating forces for each link, d an external disturbance, K; motor torque

constant, i the current, L motor armature inductance, R,, motor armature resistance, Kg

back emf, $,, motor angular velocity, and v the voltage applied.

The complete system is shown in Fig. 5. where the external reaction force from the fractured
bone is treated as a disturbance.

The parallel robot should achieve reduction with a low force as well as position accuracy to
prevent damage to soft tissue while achieving best possible union. Considering the main
control tasks involve pulling and twisting the leg to comply with the environment there is
an intrinsic requirement for controlling force as well as position. To enable this a force
sensor is attached between the plate of the parallel robot and the end-effector interacting
with the patient measuring the three orthogonal axes. This will also serve as a safety device
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if forces become larger than a threshold value. This will be achieved by providing the
correct level of perception and cognition as part of the collaborative control.

5 Reduction
Surgeons JA— 1% robots
S ey
Fracture Imaging Treatment Documentation Outcome
Inspection
Tools Tools Tools Tools
Tools
S(reas?:trLijr‘tii‘on Image Procedure g/li?;ﬁl and Outcome
P descriptions definitions Y . reports

and models documentation

v
>

Repository

Figure 6. Database for a medical robotic system used to reduce fractured bones

2.3 Database Support

A database is used to track surgery performance. Typically true success of operations may
not be known for a period of time measured by years, so improvements and new techniques
are slow to propagate through. With operations performed in the digital domain many
aspects of the surgery can be stored and tracked, potentially leading to the development of
metrics that can be assessed. This may allow evaluation of good or bad outcomes or even
indicate the appropriate corrective action much quicker. The database should also act as a
supporting technology for pre-operative planning and inter-operative surgery and help
bring greater expertise to the surgeon and patient through wide distribution of knowledge
and experience. Data stored here would include the generic models of bones, muscle data,
and tools that can be used during the surgical process.

Fig. 6. shows how such a system could work with multiple surgeons performing multiple
operations with the fracture reduction robot. These are interfaced through a computer to a
single global repository where the data is stored. Fracture descriptions, models, image
descriptions, procedure definitions, medical and system documentation and outcome
reports can be stored within the repository and updated each time the surgeon and robot
takes the appropriate action. Storing the data will help build the tools used for all future
fracture inspections, lead to enhancement in imaging and accurate treatment with a high
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rate of successful outcomes. Documentation tools on the same system provide quick and
uniform access to searchable information saving time through reading distributed text
books. Overtime this could potentially build to be a very useful resource and help to
identify the metrics to better assess the surgical procedure.

3. Results

In this section the results that have been achieved to date are presented. These are from
modeling and visualization of the geometric bones to display to the surgeon and investigate
the fracture as well as the expected force generated. The prototype robotic platform is
presented along with the setup to mimic the fracture reduction environment. Lastly the
initial results from processing fluoroscopy x-ray images are given.

3.1 Modeling and Visualization

The modeled bones (Fig. 7.) are used to view the lower extremity, allowing rotation, and
zooming. The user can select which bones to view from the sacrum, hip, femur, tibia, fibula,
patella as well as which muscles to show if desired. Similarly a fracture can be created and
explored. The user also has the option of displaying which muscles will have an influence
on the force required to achieve reduction (Fig. 8.). These are displayed as lines from the
muscle insertion locations. The location of muscles, parameters that define their force
generation and the size of the bones may be changed as the user desires.

The force during a reduction may be found from any pose of the distal fragment by Eqn. 4.
and calculated during the movement of the fragment. For example the reduction force under
constant velocity has a maximum force of -352 N (Fig. 9.) from an initial displacement of 20,-
40,40 mmin X, y and z respectively with no malrotation.

3.2 Prototype Device

The prototype device (Fig. 10.) consists of a 6 DoF parallel platform mechanism and
reduction table. The platform is mounted horizontally and attaches to the manual DoF part
of the reduction table. In this example a foot holster is used to attach the platform to the
recipients leg and perform reduction. Alternatively the robot may be attached directly to the
femur with a pin through the femur head. The user can currently control the trajectory of the
parallel platform from a work station located away from the fractured bone. The specified
trajectory consists of a number of discrete points which are processed by a 6 axis control
card and amplified to the move the platforms 6 individual ball screw actuators. Optical
encoders on each actuator provide position feedback for closed loop control of the trajectory.

3.3 3-D Bone Reconstruction

To determine the pose of the distal fragment consecutive images are joined together by the
user to create a panorama of images showing the bone in lateral and anteroposterior (AP)
views. The translation is then found by the user selecting 22 common points (Fig. 11.). These
points are typically located around the perimeter of the bone similar to where the surgeon
would usually inspect during surgery. Points are selected by a point and click method and
accuracy depends on the average error of selected locations. Malroation is computed by
comparing the fractured bone with a healthy bone image and a best fit match is found. This
is a statistical method to give the most likely orientation.
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4. Discussion

This research into a medical robot for realigning fractured bones aims to develop the
interface, robot, and database technologies to improve the working situation for users and
outcome for recipients.

Compared with other approaches to fracture reduction, the system being developed here
has a number of novel features. The geometric modeling has been effective in allowing a
surgeon to visualize the fractured bone and has not been reported elsewhere for fracture
reduction to the authors knowledge. By displaying the images to users in this form any
mental strain they would face from reconstructing images can be removed. In addition to
this, modeling of the forces during reduction has provided a means to determine the
requirement for a robotic device. Previously in vivo results had been presented (Maeda et
al., 2005; Gosling et al., 2006), however these were limited and suffered from problems
associated with taking measurement from living humans. The developed model provides
results similar to those measured by Gosling and can be seen to validate these results. This
provides a force requirement for the robot to at lest exert around 400 Newton's of force.

The force model also allows the reduction to be planned and verified in 3-D while
inspecting the position and expected forces involved. The combined models of bone, force
and that of the parallel platform provides a mechanism to rapidly develop control strategies
initially without the need for in vivo or phantom testing and will aid in achieving an
algorithm design that provides both position accuracy and gentle reduction force. The
model itself does also have limitations though. The interface between the platform and leg is
assumed rigid which is not strictly true for the use of a foot holster, but if the reduction
technique consisting of a pin through the femur is used this becomes more valid. Also the
parameters used to develop the model are based on those of averaged cadavers taken from
literature so force requirements of very athletic, young or old people need to be treated with
caution. Values can be adjusted, however currently what these are is unknown. The parallel
design of the robot is inherently safer than a serial mechanism and still allows the user to be
distant from the fluoroscopy machine preventing the harmful radiation exposure. Although
the use of parallel mechanism in the general medical robotics is not new (Jakopec et al.,
2003; Brandt et al., 1999) its application to fracture reduction is. As a replacement for the
existing manual traction device and using legacy imaging technology it integrates into the
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current procedure. This saves the hospital resources spent on a completely new system.
Matching of x-ray images to determine the pose of the fractured bone means there can be a
reduction in the overall number of images. The images provide a transformation for the
modeled distal fragment to the correct initial pose. This is good for the recipient reducing
their radiation exposure. However the problem of processing the fluoroscopy x-ray images
still needs to be properly solved.

The technologies that are still in development from the methods proposed also offer a lot of
potential. In particular the control scheme to gently reduce fractures as part of a
collaborative control scheme. Most medical robotics use force only as a monitored
component for safety purposes. There are a few applications such as the active constraint
(Ho et al., 1995) and for skin harvesting (Dombre et al., 2003) which have incorporated force
into the core control however much work is left to be done here to allow safe and compliant
interaction between man and machine. For the proposed scheme here it has been suggested
that treating the robot as a partner is important rather than a tool. This has potential to
increase acceptance which has been problematic in the field so far (Howe & Matsuoka,
1999). To achieve this the collaborative control schema will be used.

Databases are well understood, what has been described here is a method of storing the
information from surgery in the digital domain over time. It is hoped that this will help
spread the knowledge of what processes work and identify trends both good and bad that
will ultimately lead to greater patient care.

With an increased capacity to control the reduction of the fracture and visualize the
operation patients can expect fast, quality treatment. Errors in correcting malrotation can be
overcome and patients can expect shorter stays in hospital while surgeons experience
increases by distributing knowledge and they see an improved working environment.

This chapter has identified the problems with the existing fracture reduction method to
three main stakeholders. It has then gone on to discuss a method for development of a robot
for long bone fracture reduction that will address the problems each stakeholder has and
presented the results obtained to date.

5. Future Research

Future work will be undertaken to continue to develop the driving technologies. In
particular development of the control of the robotic device and the interface to surgeon.
Control is currently only by position, and it is intended to expand this to include a form of
force control. The robot will also be given the ability to interpret the data from its sensors
and make decisions based on that data. A phantom study is planned to assess the
effectiveness of the developed control strategy using artificial bones.

Much work still needs to be done into the processing of fluoroscopy images to determine if
it is viable to use these for registration and obtaining the pose of the fracture segments. Even
with the manual matching of images the accuracy needs to be achieved to less than 1 mmso
the robot position requirements can be achieved.
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